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Regulation of protein phosphatase 2A (PP2A) activity and
NMDA receptor (NMDAR) phosphorylation state contribute to
the modulation of synaptic plasticity, yet these two mecha-
nisms have not been functionally linked. The NMDAR subunit
NR3A is equipped with a unique carboxyl domain that is differ-
ent from other NMDAR subunits. We hypothesized that the
NR3A C-terminal intracellular domain might serve as synaptic
anchor for the phosphatase in the developing CNS. A cDNA
library was screened by the yeast two-hybrid method using the
NR3A carboxyl domain as the bait. The catalytic subunit of
the serine–threonine PP2A was found to be associated with the
NR3A carboxyl domain. Immunoprecipitation studies indicated
that the NR3A subunit formed a stable complex with PP2A in
the rat brain in vivo. Association of PP2A with NMDARs led to
an increase in the phosphatase activity of PP2A and the de-

phosphorylation of serine 897 of the NMDAR subunit NR1.
Stimulation of NMDARs led to the dissociation of PP2A from
the complex and the reduction of PP2A activity. A peptide
corresponding to the PP2A–NR3A binding domain functioned
as a negative regulator of PP2A activity. These data suggest
that NMDARs are allosteric modulators of PP2A, which in turn
controls their phosphorylation state. The data delineate a
mechanistic model of the dynamic regulation of a PP2A–
NMDAR signaling complex, mediated by the interaction of
NR3A and PP2A, and suggest a novel NMDAR-mediated sig-
naling mechanism in addition to the traditional ionotropic func-
tions of NMDARs.
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Signaling through protein phosphorylation is of importance for
the normal development and function of the nervous system
(Walaas and Greengard, 1991; Roche et al., 1994; Levitan, 1999;
Swope et al., 1999). The phosphorylation state of neuronal pro-
teins is tightly balanced and controlled in vivo by the opposing
activities of protein kinases and phosphatases. The dynamic na-
ture of protein phosphorylation serves to maintain the efficacy
and specificity of intracellular signals, which participate in the
modulation of phosphorylation status, and substrate specificity of
signal transduction proteins (Faux and Scott, 1996; Smart, 1997).
Accumulating evidence demonstrates that both the temporal and
spatial extent of protein kinases and phosphatases are regulated
by an intricate system of protein–protein interactions (Ziff, 1997;
Fraser and Scott, 1999).

Protein phosphatase 2A (PP2A) is one of the major serine–
threonine phosphatases that exists as a multisubunit enzyme
complex and is expressed at high levels in the CNS (Strack et al.,
1998). The enzyme complex consists of a 36 kDa catalytic subunit
(PP2A-C) and a 65 kDa structural subunit (PP2A-A) forming a
core enzyme, which then associates with a variable regulatory

subunit (PP2A-B) to constitute the heterotrimeric PP2A holoen-
zyme (Mumby and Walter, 1993). PP2A plays key roles in many
fundamental cellular processes, including signal transduction
(Mumby, 1995) and gene expression (Schonthal, 1995). There are
intriguing functional similarities between PP2A and NMDA re-
ceptors (NMDARs). Both contribute to the regulation of neural
functions such as synaptic transmission and plasticity. For exam-
ple, previous studies have shown that one form of synaptic plas-
ticity, long-term depression (LTD) is thought to be dependent on
the change of the phosphorylation state of glutamate receptors in
general (Lee et al., 1998, 2000) and the activity of phosphatases,
possibly PP1 and PP2A in particular (Mulkey et al., 1993, 1994;
Thiels et al., 1998). However, the functional relationship between
PP2A and NMDARs and its molecular determinants has not
been defined (Wang et al., 1994).

NMDARs are heteromultimeric complexes that are comprised
of at least two types of subunits, the principal subunit NR1 and
the modulatory subunit NR2A-D (Moriyoshi et al., 1991; Meguro
et al., 1992; Monyer et al., 1992). Both types of subunits have
carboxyl intracellular domains (Kutsuwada et al., 1992) that in-
teract with associated proteins that regulate NMDAR function
(Sheng and Pak, 1999). Recently, an additional developmentally
regulated NMDAR subunit NR3A has been identified (formerly
called �-1 or NMDAR-L) (Ciabarra et al., 1995; Sucher et al.,
1995). This receptor subunit has been shown to attenuate
NMDA-mediated currents when co-expressed with NR1 and
NR2 subunits in Xenopus oocytes (Ciabarra et al., 1995; Sucher et
al., 1995). Cortical neurons from NR3A “knock-out” mice
showed enhanced NMDA responses and increased dendritic
spine density (Das et al., 1998). NR3A is equipped with a unique
carboxyl domain that is different from other NMDAR subunits.
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We undertook the present study to investigate whether the NR3A
C-terminal intracellular domain might serve as a target for asso-
ciated proteins with signaling function in the developing CNS.

MATERIALS AND METHODS
Yeast two-hybrid screen. The NR3A cDNA encoding the full-length
intracellular C terminus (NR3Ac, Gly 1-Ser 165) was amplified by PCR.
The resulting PCR products were purified using the QIAquick PCR
purification kit (Qiagen, Hilden, Germany) and subsequently subcloned
into the expression vector pEG202 in-frame with a LexA DNA-binding
domain. This expression construct, together with a URA reporter plas-
mid and a human fetal brain cDNA library in plasmid pJG4–5, was
transformed into yeast strain Saccharomyces cerevisiae EGY48 by the
lithium acetate method to screen for NR3A-associated proteins. The
transformants were selected on the basis of the formation of (1) blue
colonies on selective plates lacking uracil, histidine (-His), and trypto-
phan, and containing 5-bromo-4-chloro-3-indolyl-�-D-galactosidase, and
(2) LEU gene expression from a chromosomal lexAop-LEU reporter on
plates lacking leucine (-Leu). Expression of the lacZ reporter gene was
determined by measuring �-galactosidase activity using 2-nitrophenyl-�-
D-galactopyranoside as substrate as described previously (Rose et al.,
1990). A series of NR3A C-terminal deletions were constructed
(NR3Ac-1, Gly 1-Phe 37; NR3Ac-2, Gly 1-Gln 20; NR3Ac-3, Tyr 21-Phe 37;
NR3Ac-4, Leu 8-His 30; NR3Ac-5, Val 38-Ser 165; NR3Ac-6, Leu 132-
Ser 165), transformed into yeast strain Saccharomyces cerevisiae EGY48,
and assayed for �-galactosidase activity. The sequences of the constructs
were verified by DNA sequencing using the AutoRead Sequencing Kit
(Amersham Pharmacia Biotech, Arlington Heights, IL).

Construction of an NR3A without the intracellular carboxyl-domain by
site-directed mutagenesis. Site-directed mutagenesis was performed as
described previously (Ho et al., 1989). A pair of primers (5�-CC ATC
CTG ACC ACC ATT TGA GAA CAC ATA GTG CAC AG-3� and
5�-CT GTG CAC TAT GTG TTC TCA AAT GGT GGT CAG GAT
GG-3�) encoding the desired mutations was used to change the first
codon of the NR3A intracellular carboxyl domain into a stop codon that
generated an NR3A protein lacking the intracellular carboxyl-domain
(NR3A �-c). Mutations were confirmed by DNA sequencing.

Preparation of synaptic plasma membranes and postsynaptic densities.
Sucrose gradient extraction method was used to prepare synaptic plasma
membranes (SPMs) and postsynaptic densities (PSDs) as previously
described (Rogers et al., 1991). Protein concentration of SPM and
PSD was determined by bicinchoninic acid protein assay (Sigma, St.
Louis, MO).

Preparation of cerebrocortical neurons. Cerebrocortical neurons were
prepared from the cerebral cortex of mice at embryonic day 16. Cerebral
cortices freed of meninges were incubated in 10 ml of 0.25% trypsin in
HBSS without calcium and magnesium (Life Technologies, Gaithers-
burg, MD) for 5 min at 37°C. Then, the cell suspension was sieved
through a 70 mm sterile Mesh nylon filter (Spectrum Medical Industries,
New Delhi, India), diluted in warm DMEM containing 10% fetal bovine
serum and 2 �M L-glutamine (Life Technologies), and plated on culture
dishes coated with 12.5 �g/ml poly-D-lysine (Sigma). The cells were
exposed to 40 �M cytosine arabinoside (Sigma) after day 3 and incubated
for 24 hr to inhibit astrocytic growth. At day 7 after in vitro seeding,
cultures were harvested, and the resulting cell pellets were resuspended
in RIPA buffer and homogenized in a Potter–Elvehjem homogenizer.
The homogenates were centrifuged at 20,800 � g for 10 min at 4°C to
remove the nuclei and mitochondria. The supernatant was subsequently
used for immunoprecipitation and Western blotting analysis.

Transfection of human embryonic kidney (HEK) 293 cells and stimula-
tion of NMDARs in transfected HEK 293 cells and cerebrocortical neurons.
For transient expression of heteromeric NMDARs, including NR1,
NR2B, and NR3A, HEK 293 cells were transiently transfected using
calcium phosphate precipitation. A total of 28 �g of cDNA were trans-
fected per 100 mm tissue culture plate. The NR1, NR2B, and NR3A
cDNAs were transfected in a 1:2:4 ratio. To prevent NMDAR-mediated
cell death of transfected cells, 20 �M 7-chlorokynurenate was added to
the culture media. Forty-eight hours after transfection, cells were har-
vested and homogenized in RIPA buffer (150 mM sodium chloride, 1%
NP-40, 0.5% deoxycholic acid, 0.1% SDS, 50 mM Tris-HCl, pH 7.5, 1 mM
EDTA, pH 8, 1 mM EGTA, pH 8, and 20 �M 7-chlorokynurenate).
Activation of NMDARs in cerebrocortical neurons and transfected HEK
293 cells expressing heteromeric NMDARs was induced by adding 200
�M NMDA, 10 �M glycine, and 2.5 mM calcium in nominally Mg 2�-free

Hank’s solution at 37°C for 5 min. Cell extracts were prepared immedi-
ately after the exposure to NMDA.

Assay of endogenous PP2A activity. Endogenous PP2A activity was
determined by the serine–threonine phosphatase assay (Promega, Mad-
ison, WI). Tissue samples from rat brain, cell lysates of transfected HEK
293 cells, and cerebrocortical neurons were homogenized in RIPA buffer
containing a freshly prepared protease inhibitor mixture of 1 mM phe-
nylmethylsulfonyl fluoride (PMSF), 20 �g/ml benzamidine, 10 �M leu-
peptin, 1 �M pepstatin, and 20 �M 7-chlorokynurenate. Protein concen-
tration of homogenates was determined by bicinchoninic acid protein
assay. A total of 5 �g of homogenate was used for assay. A PP2A
inhibitor, 1 nM okadaic acid (OA) (Life Technologies Inc.), was added
and incubated at 30°C for 30 min.

Peptide synthesis. Synthetic peptide (SP1) was purified by HPLC (Gen-
emed Synthesis, San Francisco, CA). The amino acid sequence of the
synthetic peptide was: GEHIVHRLLLPRIKNKSKLQYWLHTSQR-
FHRALNTSF.

Immunoprecipitation, gel electrophoresis, and immunoblotting. Protein
samples from rat brain membrane fractions, 600 �g of SPM and PSD, and
cell lysates of transfected HEK 293 cells and cerebrocortical neurons
were used for immunoprecipitation. Primary antibody (10 �g/ml) was
added and incubated for 2 hr at 4°C, followed by 2 hr incubation with
GammaBind Plus Sepharose (1:1 slurry in RIPA buffer). Immunopre-
cipitates were eluted from GammaBind Plus Sepharose in sample loading
buffer (126 mM Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 1 M urea, 300
mM dithiothreitol, 1 mM PMSF, and 0.005% bromophenol blue) at 100°C
for 7 min. Immunoprecipitated samples were analyzed by SDS-PAGE
and immunoblotting after electro-transfer of proteins to polyvinylidene
difluoride membranes. Antibodies used for immunoblotting included
anti-NR3A, provided by J. S. Trimmer (State University of New York,
Stony Brook, NY); anti-NR1 (PharMingen, San Diego, CA); anti-
phospho-NR1 (Upstate Biotechnology, Lake Placid, NY); 6F9 against
PP2A core enzyme and holoenzyme, provided by G. Walter (University
of California, San Diego, CA); PR65 and PR55� antibodies, provided by
B. A. Hemmings (Friedrich Miescher-Institut, Basel, Switzerland); and
anti-PP2A catalytic subunit (PharMingen). Immunoblots were developed
by enhanced chemiluminescence (ECL; Amersham Pharmacia Biotech)
and visualized on Hyperfilm (Amersham Pharmacia Biotech). The films
were scanned into Adobe Photoshop with a Microtek optical scanner and
stored as gray-scale images in TIFF file format. The intensity of labeling
was quantified by measuring the gray value of the pixels contained in a
rectangular area matching the bands of interest. The mean intensity of
labeling obtained for each antibody band was calculated by subtracting
the background value (measured at the site of the corresponding anti-
body band in the IgG lane). For the developmental profile of rat brain,
the value obtained at postnatal day 0 (P0) for both NR1 and NR3A (as
illustrated in Fig. 5D) was selected as a reference point, and all other
values were normalized to the reference point and expressed as
percentage.

RESULTS
Identification of PP2A as an NR3A interacting protein
and characterization of the PP2A–NR3A interaction
domain
A human fetal brain cDNA library was screened by the yeast
two-hybrid method using the full-length carboxyl intracellular
domain of the NR3A subunit as the “bait.” Approximately
1,000,000 clones were screened, and initially 36 clones were iden-
tified as interactors. After DNA sequence analysis and database
screening using the National Center for Biotechnology Informa-
tion Basic Local Alignment Search Tool, one clone was identified
as the �-isoform of the catalytic subunit of the serine–threonine
PP2A. Transformation of yeast cells confirmed that this clone
interacted with NR3A and gave the strongest signal among the
other clones in a �-galactosidase assay. These results indicated
that the carboxyl intracellular domain of the NR3A subunit
appeared to contain a PP2A binding site. To further define the
nature of interaction between NR3A and PP2A, various bait
fragments containing different amino acid cassettes were con-
structed and assayed for their binding activities to PP2A (Fig. 1).
The strength of the interaction between the N-terminal 37 amino
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acid cassette of the NR3A intracellular domain (NR3Ac-1) and
PP2A was similar to that of the full-length carboxyl intracellular
domain (NR3Ac). Other bait fragments, NR3Ac-2–4, containing
truncated regions of NR3Ac-1, and NR3Ac-5 and -6 lacking the
entire region of NR3Ac-1, were found to bind weakly to PP2A
(Fig. 1). These results suggested that the N-terminal 37 amino
acid cassette of the NR3A intracellular domain was necessary and
sufficient for binding PP2A.

Association of PP2A with NR3A mediated through the
carboxyl intracellular domain of NR3A
To investigate whether the association of PP2A with NR3A could
be detected in mammalian cells, HEK 293 cells were transiently
transfected with full-length NR3A cDNA that was cloned previ-
ously into the mammalian expression vector pBK-CMV. Cell
extracts from transfected HEK 293 cells were then used for
immunoprecipitation. Anti-PP2A monoclonal antibody 6F9,
which was shown previously to recognize and immunoprecipitate
specifically the PP2A core enzyme and holoenzyme (Kremmer et
al., 1997), was used for these experiments. The 6F9 antibody
co-immunoprecipitated PP2A with NR3A, whereas a control
antibody (anti-rat IgG) did not (Fig. 2A). The expression of PP2A
subunits was detected in lysates from HEK 293 cells transiently
transfected with NR3A (Fig. 2B) by immunoblotting. These
results showed that the PP2A formed a complex with NR3A in
mammalian cells. Next, we examined whether the carboxyl intra-
cellular domain of NR3A was essential for interacting with PP2A
in mammalian cells. A mutant of NR3A lacking the carboxyl
intracellular domain (NR3A �-c) was constructed by site-
directed mutagenesis (Fig. 2C). This deletion mutant was trans-
fected into HEK 293 cells, and the cell extracts were subsequently
used for immunoprecipitation. No co-immunoprecipitation (co-
IP) between NR3A �-c and PP2A was detected (Fig. 2D). The
lack of association between PP2A and NR3A �-c indicated that
the carboxyl intracellular domain of NR3A was necessary for the
PP2A–NR3A interaction in mammalian cells.

Co-immunoprecipitation of PP2A with NR3A in rat
brain membrane fractions
Similarly to the NMDAR subunit NR1, both NR3A and PP2A
were detected in fractions enriched in SPMs and PSDs (Das et al.,

1998; Kennedy, 2000) (Fig. 2E), a structure thought to be impor-
tant in clustering and anchoring of glutamate receptors. To de-
termine whether PP2A directly interacted with NR3A in the
brain, immunoprecipitation was performed in SPM and PSD
fractions from rat brain. NR3A protein was detected in immuno-
precipitates from both SPM and PSD fractions when anti-PP2A
monoclonal antibody 6F9 was used but not in immunoprecipitates
in which a nonspecific anti-rat IgG antibody was used as control
(Fig. 2F). These results provided direct evidence that PP2A was
associated with NR3A in the brain consistent with the results in
HEK 293 cells.

NMDAR-activity-dependent association of PP2A with
NR3A in transfected HEK 293 cells and neurons
After establishing a physical link between PP2A and NR3A, it
was of interest to identify specific signals governing the formation
of the PP2A–NR3A complex. Therefore, we conducted experi-
ments to investigate whether the NMDAR channel activity could
regulate the association of the PP2A with NR3A in mammalian
cells. Transfection of HEK 293 cells with vectors for NMDAR
subunits NR1 � NR2B � NR3A was performed and the cell
extracts were used for immunoprecipitation. Triple combination
of transfection was performed because expression of NR3A by
itself did not lead to the formation of NMDAR channels in
Xenopus oocytes (Ciabarra et al., 1995; Sucher et al., 1995) and in
HEK 293 cells (Pérez-Otaño et al., 2001), but expression of
NR3A with NR1 and NR2 subunits gave rise to NMDAR-gated
channels with unique properties. These included low Ca2� per-
meability and attenuation of NMDA-mediated currents in those
expression systems (Pérez-Otaño et al., 2001). NR3A protein was
detected in anti-PP2A (6F9) immunoprecipitates in the absence
of NMDAR stimulation by NMDA (Fig. 3A). In contrast, when
NMDARs were activated by NMDA (200 �M NMDA, 10 �M

glycine, and 2.5 mM Ca2� in nominally Mg2�-free Hank’s solu-
tion), PP2A–NR3A co-IP was not detected (Fig. 3A). At the same
time, no significant change was observed in immunoprecipitates
of the NMDAR subunit NR1 or co-IP of that subunit with NR3A
(Fig. 3A). Similar results were obtained in cerebrocortical neu-
rons (Fig. 3B). The expression of PP2A subunits was detected in
lysates from cerebrocortical neurons (Fig. 3C). These results
support the notion that NMDAR channel activity could elicit
“on” and “off” signals to selectively regulate the association of
PP2A with NMDAR in HEK 293 cells and neurons.

Selective dephosphorylation of NR1 and allosteric
activation of endogenous PP2A activity by the
formation of an PP2A–NR3A complex
NMDAR subunit NR1 is expressed ubiquitously in the brain and
is the principal subunit for the formation of recombinant
NMDARs in neurons (Moriyoshi et al., 1991; Meguro et al.,
1992; Monyer et al., 1992). To delineate the functional conse-
quences of the association of PP2A with NMDARs, we investi-
gated whether the PP2A–NMDAR complex could influence the
phosphorylation state of the essential NMDAR subunit NR1.
Transfection of HEK 293 cells with combinations of NR1 �
NR2B � NR3A and NR1 � NR2B � NR3A �-c was performed,
and cell extracts were used for immunoprecipitation with anti-
NR1 antibody. The phosphorylation state of NR1 was deter-
mined by immunoblotting with anti-phospho-NR1 antibody (spe-
cific for phosphorylation on Ser 897 residue on NR1) (Tingley et
al., 1997). Phospho-NR1 was virtually undetectable in HEK 293
cells expressing NR1 � NR2B � NR3A. In contrast, a significant
level of anti-phopsho-NR1 was observed in HEK 293 cells ex-

Figure 1. Interaction of NR3A with PP2A. The entire carboxyl intra-
cellular domain of NR3A (NR3Ac: Gly 1-Ser 165) and various deletion
constructs (NR3Ac-1–NR3Ac-6) were used in a yeast two-hybrid assay.
Hatched areas correspond to the constructs used in the assay; open boxes
indicate the deletions that were made from the carboxyl intracellular
domain. Corresponding �-galactosidase activities of each construct on
interaction with PP2A are summarized in the histogram. �-galactosi-
dase activities are given in nanomoles per minute per milligram of
protein � SEM.
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pressing NR1 � NR2B � NR3A �-c or when NR1 � NR2B �
NR3A-expressing cells were stimulated by the addition of
NMDA (Fig. 4A). These results provided evidence that Ser 897
of the NR1 subunit was a direct or indirect in vivo target for
PP2A-mediated dephosphorylation of NMDARs. Furthermore,
the difference between the phosphorylation level of NMDARs in
HEK 293 cells expressing NR1 � NR2B � NR3A and NR1 �

NR2B � NR3A �-c or NR1 � NR2B � NR3A (stimulated by
the addition of NMDA) indicated that the phosphorylation state
of NMDARs was specifically influenced by the formation of a
PP2A–NMDAR complex.

Next, we asked whether the enzymatic activity of PP2A was
influenced by the formation of the PP2A–NMDAR complex.
HEK 293 cells were transfected with a triple combination of NR1

Figure 2. PP2A–NR3A interaction mediated through the carboxyl intracellular domain of NR3A. A, Lysates from HEK 293 cells transiently transfected
with NR3A were immunoprecipitated with control IgG antibody (anti-rat IgG) and anti-PP2A monoclonal antibody 6F9. Western blots were probed with
monoclonal antibody anti-NR3A. Data are representative of six experiments showing similar results. B, Lysates from HEK 293 cells transiently
transfected with NR3A were separated by SDS-PAGE, and the expression of PP2A was detected by probing with antibody PR65 (recognizing the
A-subunit), antibody PR55� (recognizing the B-subunit), and antibody anti-PP2Ac (recognizing the C-subunit). C, Schematic drawing of NR3A �-c. The
part of the carboxyl intracellular domain of NR3A that was deleted is indicated by the dotted line. TM I-IV designates transmembrane regions I-IV. M
II designates membrane loop M II. D, Lysates from cells transfected with NR3A �-c were immunoprecipitated with control IgG antibody (anti-rat IgG)
or monoclonal antibody 6F9. Western blots were probed with monoclonal antibody anti-NR3A to detect the expression of NR3A �-c. E, Co-
immunoprecipitation of PP2A with NR3A in rat brain membrane fractions. Lysates from rat brain membrane fractions were separated by SDS-PAGE,
and the expression of PP2A and NR1 was detected by probing with antibody PR65 (recognizing the A-subunit), antibody PR55� (recognizing the
B-subunit), antibody anti-PP2Ac (recognizing the C-subunit), and anti-NR1. F, Immunoprecipitations from synaptic plasma membrane (SPM ) and
postsynaptic density (PSD) fractions from rat brain were performed using control IgG antibody and monoclonal antibody 6F9, which was used to
immunoprecipitate PP2A (core enzyme and/or holoenzyme). Western blots were probed with monoclonal antibody anti-NR3A.
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� NR2B � NR3A or NR1 � NR2B � NR3A �-c or NR3A
alone. Solubilized extracts from these cells were used to assay
endogenous PP2A activity. PP2A activity was found to be in-
creased more than eightfold in cells transfected with NR1 �
NR2B � NR3A compared with the control (8.6 � 0.5; n � 6; p �
0.01) ( Fig. 4B). Such an increase in PP2A activity was observed
neither in cells transfected with NR1 � NR2B � NR3A that
were treated with NMDA nor in cells transfected with the triple
combination consisting of NR1 � NR2B � NR3A �-c or NR3A
alone (Fig. 4B). These data suggested that the formation of a
complex between NMDARs and PP2A, mediated by the interac-
tion of the carboxyl intracellular domain of NR3A and PP2A,
activated PP2A. On the other hand, stimulation of NMDARs
by the agonist NMDA in the presence of the co-agonist glycine
and the absence of magnesium led to the dissociation of PP2A
from the complex resulting in the attenuation of PP2A activity. In
addition, co-expression of NMDAR subunits NR1, NR2B, and
NR3A that would lead to the formation of NMDAR channels
was required for the regulation of PP2A activity.

Blockade of endogenous PP2A activity by a synthetic
peptide in transfected HEK 293 cells, cultured
neurons, and rat brain membrane fractions
A peptide (SP1) corresponding to the PP2A–NR3A binding
domain was synthesized. To test its effect on the PP2A–NR3A
interaction and the resulting activation of PP2A activity, solubi-
lized extract fractions from HEK 293 cells expressing NR1 �
NR2B � NR3A were incubated with SP1, and the effect of this
peptide on endogenous PP2A activity was determined. A signif-
icant reduction of endogenous PP2A activity was observed in
protein extracts from HEK 293 cells expressing NR1 � NR2B �
NR3A that were treated with SP1 (5 �M) compared with control
(76.1 � 1.3%; n � 3; p � 0.001) (Fig. 5A). The inhibitory effect of
SP1 was similar to the blocking effect of the PP2A inhibitor, OA
(Fig. 5A). A dose–response relationship curve for the effect of
SP1 on PP2A activity was constructed, and the data were fit to the
Hill equation (Fig. 5B). SP1 inhibited PP2A activity with an
inhibitory concentration at half maximum (IC50) of 1.5 �M. To
test whether SP1 could inhibit PP2A activity in cultured neurons
and the brain, the peptide was added to the solubilized extract
fractions from cerebrocortical neurons in culture and rat brain at
different stages of development (postnatal days 0, 4, 8, 12, and 16,
and adult). Similar to its effect in HEK 293 cells, SP1 inhibited

Figure 3. NMDAR activity-dependent association of PP2A with NR3A
in transfected HEK 293 cells and neurons. A, HEK 293 cells expressing
heteromeric NMDARs consisting of NR1 � NR2B � NR3A were
incubated in the absence or presence of NMDA (200 �M NMDA, 10 �M
glycine, and 2.5 mM Ca 2� in nominally Mg 2�-free Hank’s solution).
Immunoprecipitations were performed using control IgG antibody, mono-

4

clonal antibody 6F9, and NR1. Top, Western blots probed with monoclo-
nal antibody anti-NR3A and anti-NR1. Bottom, lef t, Intensity (mean gray
level � SD) of NR3A labeling in the presence (co-IP with 6F9, 14.9 � 2.8;
co-IP with NR1, 103.7 � 15.3) and absence (co-IP with 6F9, 69.2 � 2.3;
co-IP with NR1, 104.3 � 12.1) of NMDAR stimulation (co-IP with 6F9,
p � 0.00005; co-IP with NR1, p � 0.5; n � 3 separate experiments). B,
Cells from cerebrocortical neurons were incubated in the absence or
presence of NMDA. The cell lysates were subsequently immunoprecipi-
tated with control IgG antibody or monoclonal antibody 6F9 or NR1. Top,
Western blots probed with monoclonal antibody anti-NR3A and anti-
NR1. Bottom, lef t, Intensity (mean gray level � SD) of NR3A labeling in
the presence (co-IP with 6F9, 4.4 � 1.9; co-IP with NR1, 66.9 � 14.8) and
absence (co-IP with 6F9, 60.6 � 8.0; co-IP with NR1, 68.5 � 8.8) of
NMDAR stimulation (co-IP with 6F9, p � 0.005; co-IP with NR1, p �
0.5; n � 3 separate experiments). C, Lysates from cerebrocortical neurons
were separated by SDS-PAGE, and the expression of PP2A was detected
by probing with antibody PR65 (recognizing the PP2A-A subunit), anti-
body PR55� (recognizing the PP2A-B subunit), and antibody anti-PP2Ac
(recognizing the PP2A-C subunit).
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endogenous PP2A activity in cerebrocortical neurons (Fig. 5C)
and the rodent brain at all stages of development tested (Fig. 5D).

Endogenous PP2A activity from rat brain extracts was found to
peak around P8 before dropping significantly around P12 to a
low level of activity in the adult (Fig. 5D). Interestingly, the de-
velopmental profile of PP2A activity appeared to parallel the
protein expression profile of NR3A, which increased from P0 to
P8, peaked at P8, and then decreased gradually between P12 and
P20, with low levels of expression in the adult animals. In con-
trast, the protein expression level of NR1 showed less variation
during the brain development (Fig. 5D). These data are consis-
tent with the idea that both PP2A and NR3A are developmen-
tally regulated in a similar way, being related to the functions of
each other.

DISCUSSION
Protein phosphorylation has been established as an important
mechanism for the regulation of NMDAR function. In particular,
the action of protein kinases on NMDARs has been extensively
studied. The NR1 subunit is a target for phosphorylation by both
protein kinase A and protein kinase C (Tingley et al., 1997). For
example, it was shown previously that serine residue 897 of the
NR1 subunit could be phosphorylated by protein kinase A. The
data of the present study indicate that the association of PP2A
with the NMDAR complex that was mediated by the NR3A
subunit was accompanied by the dephosphorylation of this serine
residue. Interestingly, protein kinase A was reported to be closely
associated with the NMDAR complex through its association
with the scaffold protein yotiao (Westphal et al., 1999). In addi-
tion, another phosphatase, PP1, was also shown to be associated
with yotiao. Thus, both kinases and phosphatases are located in
physical proximity to their target substrates. Together, these
results delineate a mechanistic framework explaining earlier find-
ings of an electrophysiological study that demonstrated that phos-
phatase inhibitors enhanced NMDA currents, whereas either PP1
or PP2A decreased the open probabilities of NMDAR-gated
channels (Wang et al., 1994). To date, only two features that
distinguish NR3A-containing receptors from those without the
subunit have been described: (1) reduced single channel conduc-
tance, and (2) reduced calcium permeability (Das et al., 1998;
Pérez-Otaño et al., 2001). Both properties have been shown to be
“persistent” characteristics of NR3A-containing NMDARs in
the sense that neither repeated application of NMDA nor pulling
of patches changed these properties. It is therefore unlikely that
these biophysical properties would be influenced by PP2A or, for
that matter, be dependent on the phosphorylation state of serine
897 of NR1. Thus, possible effects of the PP2A–NR3A interac-
tion and the phosphorylation state of serine 897 of NR1 on
biophysical or pharmacological properties of NMDARs remain to
be established. It is conceivable, however, that the described
dependence of the PP2A–NR3A interaction and the phosphory-
lation of serine 897 on NMDAR stimulation could be interpreted
as a biochemical signal indicating the recent history of activity of
individual NMDARs at synapses. Glutamatergic synapses ex-
pressing NMDA receptors containing the NR3A subunit that
have not been exposed to glutamate (“unstimulated” synapses)
would be characterized by dephosphorylated serine 897 of NR1.
In contrast, synapses that have previously been exposed to gluta-
mate (“stimulated” synapses) would be distinguished by phos-
phorylated serine 897. Serine 897 has been shown to be directly
phosphorylated by protein kinase A, which is thought to be in
close proximity to NR1 through binding to the NR1 associated
protein yotiao (Westphal et al., 1999). It is not known whether or
not the association between yotiao and NR1 is itself regulated by
phosphorylation.

Thus, it is possible to speculate that protein kinase A, PP2A,
and NMDARs are part of a signaling mechanism linking the
history of NMDAR stimulation to the phosphorylation of state of
serine 897 of NR1. Along these lines, the finding that NR3A
knock-out mice showed an increased density of spines in cortical
neurons might indicate that such a signaling pathway could be
involved in the regulation of the growth of dendritic spines. In
fact, NMDAR activity has been implicated previously in the
modulation of dendritic arbors (McAllister et al., 1996) and
spines (Woolley and McEwen, 1994; Woolley et al., 1997),

Figure 4. Dephosphorylation of the NMDAR subunit NR1 and activa-
tion of endogenous PP2A activity in transfected HEK 293 cells. A, HEK
293 cells were transiently transfected with a triple combination of
NMDAR subunits consisting of NR1 � NR2B � NR3A and NR1 �
NR2B � NR3A �-c. After incubation in the absence or presence of
NMDA (200 �M NMDA, 10 �M glycine and 2.5 mM Ca 2� in nominally
Mg 2�-free Hank’s solution), cells were harvested, and lysates of trans-
fected cells were immunoprecipitated with monoclonal antibody anti-
NR1. Blots were probed with monoclonal antibody anti-phospho-NR1 to
detect the phosphorylated form of NR1. NR1 protein was detected by
probing with monoclonal antibody anti-NR1. Three individual experi-
ments using different batches of protein samples showed similar results. B,
Lysates from transfected HEK 293 cells of NR1 � NR2B � NR3A, NR1
� NR2B � NR3A (treated with NMDA as above), and NR1 � NR2B �
NR3A �-c were used to assay the endogenous PP2A activity using a
phosphopeptide as a substrate. Endogenous PP2A activities are given in
picomoles phosphate per minute per microgram of protein � SD. Data
are representative of three experiments showing similar results.
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whereas PP2A has been shown to influence the modification of
synaptic structures (Saito et al., 1995; Strack et al., 1997).

Numerous studies indicate that modification of protein phos-
phorylation is a critical element leading to the induction of
synaptic plasticity. For example, long-term potentiation is accom-
panied by increased glutamate receptor phosphorylation through
various protein kinases and a concomitant decrease in protein
phosphatase activity (Bliss and Collingridge, 1993; Mulkey et al.,
1993; Soderling and Derkach, 2000). In contrast, a decrease in
synaptic strength, LTD, has been shown to be dependent on
glutamate receptor dephosphorylation mediated by an increase in
the activity of protein phosphatases, possibly PP1 and PP2A (Lee
et al., 1998, 2000; Thiels et al., 1998). Thus, coordination of kinase
and phosphatase activities is crucial for the modulation of synap-
tic plasticity. Intriguingly, our data demonstrate the association
between NMDARs and PP2A in vivo, providing a direct link
between a glutamate receptor and an associated phosphatase. In
particular, the data of the present study delineate a mechanistic
model of the dynamic regulation of a PP2A–NMDAR signaling
complex, mediated by the interaction of NR3A and PP2A, and
suggest a novel NMDAR-mediated signaling mechanism, in ad-
dition to the traditional ionotropic functions of NMDARs.

Our data indicate that the balance between kinase and phos-
phatase activities is subject to regulation by NMDAR activity;
stimulation of NMDARs led to a decrease in the enzymatic
activity of PP2A and the physical separation of PP2A from
NR3A. It will be interesting to investigate the fate of the released
PP2A. In particular, it will be important to characterize whether
the previously NMDAR-associated PP2A serves as a signaling
molecule acting on downstream targets or whether it will be
recycled for binding to other, inactive NMDARs.

The ubiquitously expressed PP2A plays a major role in many
cellular processes ranging from the initiation of DNA replication
to cell growth and differentiation to apoptosis. The regulation of
the enzymatic activity of PP2A is highly complex, involving a
multitude of mechanisms (Ruediger et al., 1991; Sontag et al.,
1993, 1996; Lin et al., 1998; Westphal et al., 1998; Price and
Mumby, 1999). One such mechanism involves the association of
the catalytic subunit of PP2A with a number of regulatory B
subunits. The B subunits themselves are targets of a number of
unrelated proteins that can associate with them and thus influ-
ence PP2A activity. For example, an adenovirus protein, E4orf4,
has been shown to associate with PP2A through an interaction
with the PP2A-B subunit, PR55�. The resulting PP2A–E4orf4

Figure 5. Blockade of endogenous PP2A activity by a synthetic peptide
(SP1). A, Solubilized extract fractions from HEK 293 cells transfected
with NR1 � NR2B � NR3A were used to assay the endogenous PP2A
activity in the absence (12.5 � 0.1 pmol � min �1 � �g �1) or presence
(2.6 � 0.2 pmol � min �1 � �g �1) of SP1 (5 �M; p � 0.1 � 10 �8; n � 3
separate experiments). Incubation with the specific PP2A inhibitor 1 nM

4

OA was used as control to block endogenous PP2A activity in transfected
HEK 293 cells. B, Dose–response curve for the inhibition of PP2A
activity by SP1. Solubilized extract fractions from HEK 293 cells trans-
fected with NR1 � NR2B � NR3A were used to evaluate the IC50 of SP1
on PP2A activity. The maximum inhibitory effect of SP1 was normalized
to 1. Each data point represents the average of three experiments � SD.
C, Solubilized extract fractions from cerebrocortical neurons were used to
determine the endogenous PP2A activity in the absence (3.6 � 0.09
pmol � min �1 � �g �1) or presence (2.9 � 0.09 pmol � min �1 � �g �1) of SP1
(5 �M; p � 0.001; n � 3 separate experiments). D, Solubilized extract
fractions from rat brain at different stages of development (P0, P4, P8,
P12, P16, P20, and adult) were used to assay the endogenous PP2A
activity in the absence or presence of 5 �M SP1, and each data point
represents the average of three experiments � SD ( p � 0.005 at all
points). The developmental protein expression profiles of NR3A and
NR1 were determined, and the expression levels were normalized relative
to P0 and expressed as percentage � SD. Three individual experiments
using different batches of protein samples showed similar results.
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complex is thought to mediate the regulation of AP-1 transcrip-
tional activity, which occurs during the late stage of viral infection
(Kleinberger and Shenk, 1993). Similarly, a complex formed by
two HIV-encoded proteins, NCp7 and Vpr, has been shown to
bind to and activate the PP2A holoenzyme containing the B
subunit PR61 (Tung et al., 1997). Our data suggest a novel
mechanism of regulation of PP2A activity through the formation
of a receptor–enzyme complex involving the catalytic subunit of
PP2A. Formation of such a complex might be important in a
variety of signaling cascades involving PP2A.
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