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Abstract
The NMDAR subunit NR3A is most highly expressed during
the second postnatal week, when synaptogenesis reaches
peak levels. Genetic ablation or overexpression of the NR3A
subunit negatively interferes with the maturation of cortical
synapses and leads to changes in the shape and number of
dendritic spines, the density of which is increased in NR3A
knock-out mice and decreased in NR3A-overexpressing
transgenic mice. Alterations in spine density have been
linked to dysregulation of mTOR signaling and synaptic pro-
tein translation. Using a yeast two-hybrid system, we identi-
fied the mTOR-activating GTPase Rheb as an interacting pro-
tein of the NMDAR subunit NR3A. We confirmed the interac-
tion in mammalian cells by expressing recombinant Rheb
and NR3A and showed that Rheb and NR3A could be co-im-
munoprecipitated from synaptic plasma membranes from
the developing rat brain. These data suggest that NR3A se-
questers synaptic Rheb and might thus function as a break
of the mTOR-dependent synaptic translation of protein.
Copyright © 2010 S. Karger AG, Basel

Introduction

Glutamatergic synapses are sites of expression of the
molecular and structural changes underlying learning
and memory in the central nervous system. The experi-
ence and activity-dependent refinement of synaptic con-
nections is commonly referred to as synaptic plasticity [1].
Functionally, synaptic plasticity is expressed as long-term
potentiation (LTP) and long-term depression (LTD), long-
lasting enhancement and weakening of the activity of
synapses, respectively [2]. Structurally, synaptic plasticity
is evident in the changing shape and size of the postsyn-
aptic dendritic spines [3]. At the molecular level, synaptic
plasticity is dependent on the activation of the N-methyl-
D-aspartate receptor (NMDAR) subtype of glutamate re-
ceptors (GluRs) and increased dendritic protein synthesis
[4]. NMDARs are heteromeric complexes composed of
NR1 and NR2 subunits (NR2A-NR2D) and in some cas-
es additional NR3 subunits (NR3A or NR3B) [5]. The sub-
unit composition of NMDARs is developmentally regu-
lated and influenced by neuronal activity and sensory ex-
perience [6]. In rodents, NR3A is most highly expressed
during the second postnatal week, when synaptogenesis
reaches peak levels [7, 8]. Deletion or overexpression of
NR3A interfered with the maturation of cortical synapses
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and led to changes in the shape and number of dendritic
spines, the density of which was increased in NR3A
knockout mice and decreased in NR3A-overexpressing
transgenic mice [8-10]. The molecular mechanism cou-
pling NR3A to regulation of dendritic spine density is not
known. Possible clues, however, can be gained from an-
other condition in which increased spine number is a
hallmark, namely fragile X syndrome (FXS). Inactivation
of the X-linked FMRI1 gene and the resulting absence of
its gene product fragile X mental retardation protein
(FMRP) cause the most common inherited form of cogni-
tive deficiency in humans. FMRP is an RNA-binding pro-
tein that specifically binds to and regulates the translation
of certain mRNAs at excitatory synapses [11]. FXS is
therefore considered to be primarily a disease of dysregu-
lated mRNA translation and protein-synthesis-depen-
dent synaptic plasticity [12]. Recent results indicate that
the activity of FMRP is dependent on its phosphorylation
status, which is under bidirectional control of signaling
module involving the ribosomal protein S6 kinase (S6K1)
and the serine-threonine protein phosphatase PP2A [13,
14]. PP2A is activated upon stimulation of the metabo-
tropic glutamate receptor (mGluR) 5, and S6K1 and PP2A
activity are both modulated via the signaling pathway in-
volving the mammalian target of rapamycin (mTOR), a
central control switch of protein synthesis [15]. As PP2A
was previously shown to form a signaling complex with
NMDARs via interaction between its catalytic subunit
and the NMDAR subunit NR3A [16], we wondered wheth-
er changes in dendritic spine density observed upon dele-
tion or overexpression of NR3A might be mediated via its
interaction with the machinery controlling dendritic pro-
tein synthesis. Here we report that NR3A interacts with
the small GTPase Ras homologue enriched in brain
(Rheb). Rheb expression is increased by NMDAR-medi-
ated synaptic activity [17] and has recently been shown to
stimulate the activity of the mTOR signaling complex 1
(TORCI), leading to increased protein translation [15].
Together, these data indicate that NR3A constitutes a
physical link between NMDARs and a critical regulator
of protein translation, Rheb and suggest a role for NR3A
containing NMDARs in protein-translation-dependent
dendritic spine density and synaptic plasticity.

Materials and Methods

Yeast Two-Hybrid Screen

A yeast two-hybrid screen, with the full-length intracellular
C-terminus of NR3A (NR3Ac, Glygs;—Seryjjs) as bait, was per-
formed as described in detail previously [16]. Briefly, NR3Ac was
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amplified by PCR and subcloned into the expression vector
pEG202 in-frame with a LexA DNA-binding domain. This ex-
pression construct, together with a URA reporter plasmid and a
human fetal brain cDNA library in plasmid pJG4-5, was trans-
formed into yeast strain Saccharomyces cerevisiae EGY48 by the
lithium acetate method to screen for associated proteins. The
transformants were selected on the basis of the formation of (1)
blue colonies on plates lacking uracil, histidine and tryptophan
and containing 5-bromo-4-chloro-3-indolyl-B-D-galactosidase,
and (2) LEU gene expression from a chromosomal lexAop-LEU
reporter on plates without leucine. Expression of the lacZ report-
er gene was determined by measuring 3-galactosidase activity us-
ing 2-nitrophenyl-B-D-galactopyranoside as substrate. NR3Ac
and two NR3A C-terminal deletions (NR3Ac-5, Valogg-Ser;is;
NR3Ac-6, Leujggy-Seryq;s) were transformed into yeast and as-
sayed for 3-galactosidase activity.

In vitro Protein-Binding Assays

The NR3Ac (amino acid residues 952-1,115), NR3Ac frag-
ments and Rheb were amplified by PCR. The NR3Ac primers
used were: 5-CGCGGATCCATGGCTAGCATGACTGGTGG-
ACAGC-3" and 5-CCGCTCGAGCTAGGATTCACAAGTCC-
GATTTGTC-3". The Rheb primers had the sequence: 5'-GG-
ATTCCATATGCCTCAGTCCAAGTCCCGG-3" and 5'-CCG-
CTCGAGCTTTTCTGCTTCCAAAATTATCCTTC-3". NR3Ac
and NR3Ac fragments were subcloned into the pGEX-4T-1 vector
(GE Healthcare Biosciences), and Rheb (residues 1-169) was sub-
cloned into pET-21b (Novagen) for expression in Escherichia coli.
Recombinant GST, GST-NR3Ac or its truncated proteins (1 pg)
were incubated with 1 g of Rheb-His at 25°C for 15 min in PBS.
Glutathione Sepharose resin (10 nl, GE Healthcare Biosciences)
was then added to the mixture. The GST protein-bound resin was
washed 3 times using PBS buffer plus 20 mM imidazole and 0.1%
Triton X-100, and all the associated proteins were boiled and ana-
lyzed by SDS-PAGE/immunoblotting using anti-His or anti-GST
antibodies.

Construction of Myc-Rheb

Rheb was amplified by polymerase chain reaction (PCR) using
the forward primer 5'-AGTCTAGACTATGCCTCAGTCCAAG-
TCCCGG-3' and reverse primer 5-CGGAATTCTCACATCA-
CCGAGCACGAAGACTT-3". The PCR product was then cloned
into the pcDNA3.1-myc-His A vector (Invitrogen).

Transfection of Human Embryonic Kidney (HEK) 293 Cells

HEK293T cells were transiently transfected with NR3A and
Rheb expression constructs using calcium phosphate precipita-
tion. Two days after transfection, cells were harvested and homog-
enized in RIPA buffer (150 mM sodium chloride, 1% NP-40, 0.1%
deoxycholic acid, 0.05% SDS, 50 mM Tris-HCI, pH 7.5, 1 mM
EDTA, pH 8, 1 mM EGTA and complete protease inhibitor;
Roche).

Preparation of Synaptic Plasma Membranes

Tissue was collected from 10-day-old male Long-Evans rats
(Charles River Laboratories). The rats were sacrificed by decapita-
tion and their whole brains (including olfactory bulbs and cere-
bella) dissected aseptically. The brains were washed in ice-cold
PBS and homogenized in 5 ml homogenization buffer (0.36 M su-
crose, 7 mM Tris pH 7.5, 0.5 M EGTA, 0.25 mM DTT, 1 mM NaF,
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1 mM B-glycerol phosphate, 1 mM Na;VO,, Roche Complete pro-
tease inhibitor cocktail tablet) per brain using 12-14 strokes of a
Potter-Elvehjem homogenizer (Wheaton). After adding another
5 ml homogenization buffer (HB) per brain to the homogenates,
they were spun at 1,500 g for 2 min. The supernatant was then
spun at 23,000 g for 6 min. 1-2 ml of the resulting pellet was col-
lected as crude membranes (CM), dissolved in an equivalent vol-
ume of NP-40 lysis buffer (50 mm Tris-HCI pH 8.0, 150 mM NaCl,
1% NP-40, 5 mM EDTA, Roche Complete protease inhibitor cock-
tail tablet), re-homogenized with 2 strokes, and stored at -80°C.
The remainder of the pellet was placed on top of a discontinuous
Ficoll (Sigma) gradient consisting of 2 layers: a 13% Ficoll/HB so-
lution and a 5% Ficoll/HB solution. This gradient was spun at
45,000 g for 45 min. Synaptic plasma membranes (SPM) were col-
lected from the interface between the two Ficoll solutions, washed
in ice-cold PBS, and spun at 23,000 g for 20 min. The resulting
pellets were re-suspended in an equivalent volume of NP-40 lysis
buffer and stored at —-80°C. Protein concentration of CM and SPM
was determined by bicinchoninic acid protein assay (Sigma).

Generation of Anti-Rheb Antibodies

Rhebl polyclonal antibodies were generated by immunizing
rabbits with mouse Rhebl-GST fusion protein. The specificity of
the antibody was confirmed by blotting extracts of HEK293 cells
that had been transfected with either Rhebl or Rheb2, and brain
extracts from Rhebl knockout mice.

Immunoprecipitation, Gel Electrophoresis, and

Immunoblotting

For immunoprecipitation, protein A/G agarose (Santa Cruz)
were added to HEK293 cell lysates to pre-clear the lysates. Pri-
mary antibodies (10 ug/ml) were then added and incubated over-
nightat4°C, followed by 2 h incubation with protein A/G agarose.
Immunoprecipitates were eluted from the agarose in sample load-
ing buffer (Invitrogen). Immunoprecipitates were analyzed by
SDS-PAGE and immunoblotting after electrotransfer of proteins
to polyvinylidene difluoride membranes. Antibodies used for im-
munoblotting and immunoprecipitation included anti-NR3A
and c-myc (cell signaling).

The Seize X Protein G Immunoprecipitation Kit (Pierce) was
used to crosslink the antibodies to Immobilized Protein G Plus
agarose beads. Bead slurry (400 wl of 50%) was centrifuged at
3,000 g for 1 min at RT. The beads were re-suspended in 300 .l of
bind/wash (B/W) buffer containing 100 p.g of antibody. This mix-
ture was rocked for 15 min at room temperature (RT), centrifuged
at 3,000 g for 1 min at RT, and then washed 3 times in 500 w1l B/W
buffer. DSS crosslinker-in-DMSO mixture (25 pl) was added, and
the mixture was rocked for 60 min at RT. The mixture was then
centrifuged at 3,000 g for 1 min at RT, and the beads were washed
5 times in 500 pl of elution buffer, followed by 2 times in B/W
buffer. B/W buffer (200 1) was added to the cross-linked beads,
and 40 pl of this 50% slurry was centrifuged at 3,000 g for 1 min
at RT. The beads were then washed in 50 ] NP-40 lysis buffer and
spun down at 500 g for 1 min at RT. The cross-linked beads were
re-suspended in 20 wl NP-40 lysis buffer and added to sample
protein (1 to 5 mg). The samples were incubated on a rocker for
2 h at RT or overnight at 4°C. The mixture was centrifuged at
5,000 g for 1 min at RT and washed 3 times in 50 pl NP-40 lysis
buffer. Antigen was eluted from the beads using 15 pl elution
buffer added 3 consecutive times and collected as separate frac-
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Fig. 1. Interaction of NR3A with Rheb in yeast. The intracellular
C-terminus of NR3A (NR3Ac: Glyys;-Seryps) and two deletion
constructs (NR3Ac-5 and NR3Ac-6) were used in a yeast two-
hybrid assay. The grey boxes correspond to the constructs used in
the assay. Corresponding (3-galactosidase activities of each con-
struct on interaction with Rheb are summarized in the histo-
gram. Binding of Rheb to NR3Ac-6 was significantly decreased
compared to NR3Ac and NR3Ac-5 (p < 0.001 and p < 0.01, one-
way analysis of variance followed by Tukey’s multiple comparison
test). The mean of the 3-galactosidase activities from 3-4 experi-
ments are given in nanomoles per minute per milligram of protein
+ SEM.

tions. The samples were heated at 95°C for 5 min and used im-
mediately for SDS-PAGE gel electrophoresis or stored at —20°C for
later use. Immunoblotting was performed after transfer of pro-
teins to polyvinylidene difluoride (PVDF) membranes using the
iBlot (Invitrogen) dry blotting system. PVDF membranes were
blocked in 5% non-fat dry milk (NFDM)/Tris-base saline with
0.1% Tween 20 (TBST) for 1-2 h, incubated in primary antibody
(in 5% NFDM/TBST) overnight at 4°C, rinsed twice in TBST (100
mM Tris Base, 154 mM NaCl, 1 ml/l Tween 20), washed 3 times in
TBST for 5 min each, and then incubated in secondary antibody
(in 5% NFDM/TBST) for 1 h at RT. The blots were visualized us-
ing the SuperSignal West Femto Chemiluminescence Substrate
Kit (Pierce). The anti-NR3A antibodies were purchased from
Chemicon International. Secondary antibodies used were horse-
radish peroxidase (HRP)-conjugated Goat Anti-Mouse IgG
(Pierce; 1:10,000) and Goat Anti-Rabbit IgG (Pierce; 1:10,000).

Results

We used a yeast two-hybrid system to screen for
NR3A-associated proteins in a human embryonic brain
cDNA library using the full-length intracellular C-termi-
nus as bait [16]. One of the 36 clones that we initially iden-
tified as interactors coded for the small GTPase Rheb, a
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Fig. 2. Characterization of the NR3Ac
Rheb-binding domain. The strongest
binding was of Rheb was observed to a
central region between amino acids 967
and 1,039 (lanes 3-5). Some binding was
observed to the N-terminal flanking re-
gion (amino acids 952-964, lane 2), while
no binding was observed to the C-terminal
flanking region (amino acids 1,034-115,
lanes 9 and 10). Recombinant glutathione-
S-transferase (GST), GST-NR3Ac or its
truncated fusion proteins were incubated
with Rheb-His protein and glutathione
sepharose resin. The GST protein-bound
resin was washed 3 times and the associ-
ated proteins were boiled and analyzed by
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gel electrophoresis and immunoblotting
using anti-His (top gel) or anti-GST anti-
bodies (bottom gel). This experiment was
repeated three times with similar results.

H_/
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member of the Ras superfamily of GTP-binding proteins
[17, 18]. Re-transformation of yeast cells confirmed that
this clone interacted with NR3A and indicated that the
carboxyl intracellular domain of the NR3A subunit ap-
peared to contain a Rheb-binding site. We showed previ-
ously that the catalytic subunit of the serine-threonine
protein phosphatase 2A (PP2A) bound to the N-terminal
37-amino-acid cassette of NR3Ac [16, 19].

To define the binding domain of Rheb of NR3Ac, we
used various NR3Ac deletion constructs in both the yeast
two-hybrid assay and in vitro protein-binding assays.
First, we used the bait fragments, NR3Ac-5 and NR3Ac-
6, that were used in our previous study [16] to identify the
binding domain of the catalytic subunit of PP2A to assay
for their binding activities to Rheb in yeast (fig. 1). We
found that Rheb bound to both deletion constructs but
the binding to NR3Ac-6 was significantly decreased
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compared to NR3Ac and NR3Ac-5 (p < 0.001 and p <
0.01, one-way analysis of variance followed by Tukey’s
multiple comparison test; fig. 1). Next, we used in vitro
protein-binding assays to further define the Rheb-bind-
ing domain of NR3Ac (fig. 2). Rheb appeared to bind
most strongly to a central region of the NR3A C-terminal
located between amino acids 967 and 1,039 (lanes 3-5)
with much weaker binding to the N-terminal flanking
region (aa 952-964, lane 2). Rheb did not appear to inter-
act with the very C-terminal flanking region (aa 1,034-
1,115, lanes 9 and 10). These results indicate that the
Rheb-binding domain of NR3Ac appears to overlap with
but extend beyond the previously defined PP2A-binding
domain of NR3A [16].

The Rheb-binding central region of the NR3A C-ter-
minal located between amino acids 967 and 1,039 ap-
peared to contain at least two sites that rendered it sensi-
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Fig. 3. Association of Rheb and NR3A in HEK293 cells and in the
developing rat brain. a HEK293 cells were transiently transfect-
ed with the full-length NR3A alone or NR3A and Rheb-Myec. Ly-
sates were immunoprecipitated with either anti-NR3A or anti-
Myc antibodies and separated by SDS-PAGE. Western blots of
anti-NR3A-precipitated samples were probed with anti-Myc an-
tibodies and vice versa. Detection of Rheb-Myc in the lanes pre-
cipitated with anti-NR3A and vice versa following co-transfec-
tion with NR3A and Rheb-Myc but not in lysates transfected with
NR3Ac alone indicate that both proteins interact with each other
in HEK293 cells. b Immunoprecipitation from crude membrane
(CM) and synaptic plasma membrane (SPM) fractions (5 mg pro-
tein/sample) from rat brain at postnatal day 8 was performed us-
ing non-specific control IgG antibodies and anti-Rheb antibod-
ies. The immunoprecipitates were analyzed by Western blotting
with anti-NR3A antibodies. NR3A was detected when CM and
SPM were subjected to immunoprecipitation with anti-Rheb an-
tibodies (dark band in the two lanes on the left) or NR3A antibod-
ies (third lane from left). No NR3A was detected when CM and
SPM were subjected to immunoprecipitation with nonspecific
IgG antibodies (right lane). Together, the results indicate that
Rheb and NR3A associate in the brain and that the NR3A/Rheb
complex is likely present at synapses. The examples shown are
from the same Western blot and similar results were obtained in
two additional experiments.

tive to proteolytic degradation as evident by the appear-
ance of additional bands in lanes 4 and 5. Interestingly,
estimation of the secondary structure of the Rheb-bind-
ing domain of NR3Ac using the Xtal program [20, 21]
indicated the presence of a helix flanked by two loop re-
gions consistent with the previous observation of high
frequency of proteolytic cleavage sites in a-helices and
loops [22]. Whether or not proteolytic cleavage of NR3Ac
occurs in neurons and might play a functional role re-
mains to be investigated.

In order to investigate whether NR3A and Rheb also
interacted in mammalian cells, we transiently transfect-
ed human embryonic kidney (HEK) 293 cells with the
full-length NR3A and a Rheb/Myc fusion protein. Myc
served as a ‘tag’ that allowed us to perform immunopre-
cipitation and Western blot experiments using anti-Myc
antibodies. The results of these experiments showed that
Rheb associated with NR3A in the HEK293 cells and
formed a stable complex that could be immunoprecipi-
tated using either anti-NR3A or anti-Myc antibodies.

Next, we determined whether Rheb also interacted
with NR3A in the brain. We performed immunoprecipi-
tation using an anti-Rheb antibody in crude membranes
(CM) and synaptic plasma membranes (SPM) fractions
from the developing rat brain. We detected NR3A protein
in immunoprecipitates from both CM and SPM fractions

Rheb and NR3A
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when anti-Rheb antibody was used but not in immuno-
precipitates in which a nonspecific anti-rat IgG antibody
was used as control (fig. 3). These results demonstrated
that Rheb was associated with NR3A in the developing
postnatal brain.

Discussion

Using a yeast two-hybrid system, we identified the
small GTPase Rheb as an interacting protein of the
NMDAR subunit NR3A. We confirmed that this interac-
tion could also occur in mammalian cells by expressing
recombinant Rheb and NR3A in HEK293 cells. We fi-
nally showed that Rheb and NR3A could be co-immuno-
precipitated from synaptic plasma membranes from the
developing rat brain. Using the yeast two-hybrid system
and an in vitro protein-binding assay, we localized the
Rheb-binding domain to the amino-terminal half of the
NR3A intracellular C-terminus. This area overlaps with
but exceeds the previously identified binding site of the
catalytic subunit of PP2A [16].

Although Rheb was first identified as a growth factor
and synaptic activity-regulated gene in the rat brain, its
function remained obscure until the discovery that this
small GTPase is an activator of the serine-threonine ki-
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nase mTOR. The mTOR kinase is part of two structur-
ally distinct complexes, mMTORCI1 and mTORC2. Rheb is
known to activate mTORCI1. TORC1, but not TORC2,
is sensitive to acute administration of rapamycin. The
best characterized TORCI substrates are the ribosomal
S6 kinases 1 and 2 and the eukaryotic initiation factor 4E
(eIF4E)-binding proteins (4E-BPs), critical components
of the machinery involved in initiation of protein transla-
tion [4]. The mTORCI complex has been shown to inte-
grate inputs from various intra- and extracellular stimu-
li including nutrients (amino acids), growth factors, and
energy status (AMP/ATP ratio) [15]. Our finding that
Rheb directly binds to an NMDAR subunit is consistent
with the notion that synaptic NMDAR activity is one of
the signaling pathways converging on mTOR [23] based
on the presence of eIF4E, 4E-BPs mTOR and S6K in den-
drites and the inhibitory effects of rapamycin on the late
phase of LTP in the hippocampus [24].

Rather than directly acting on mTORCI, several of the
mTORCI inputs negatively regulate the complex through
the action of TSC1 and TSC2, also referred to as tuberin
and hamartin, respectively. These two proteins form a
complex thatacts as GTPase-activating protein (GAP) to-
wards Rheb, which under their influence converts GTP
to GDP and becomes inactive. In the absence of func-
tional TSC1/TSC2, Rheb becomes constitutively active
and protein translation is freed from any regulatory con-
straints imposed on it by the signaling pathways converg-
ing on the TSC1/TSC2 GAP. Mutation of TSC1/TSC2 is
the cause of tuberous sclerosis, a genetic disease charac-
terized by the occurrence of benign tumors (hamarto-
mas) in various organs including the brain, as well as neu-
rological symptoms including seizures, cognitive deficits
and autism. Thus, like FXS, tuberous sclerosis is a disease
of dysregulated protein translation. In fact, recent re-
search indicates that FMRP knockout mice exhibit dys-
regulated mTOR signaling [25].

Viewed together, there is convincing evidence that in-
creased spine density is due to increased (dysregulated)
protein synthesis as a consequence of increase activity of

the mTOR-signaling cascade. As increased spine density
has been observed in NR3A knockout mice, it is reason-
able to hypothesize that genetic ablation of this subunit
leads to dysregulated protein synthesis. Viewed in this
context, it is tempting to speculate that NR3A normally
sequesters synaptic Rheb and thus serves as a break of
synaptic mTOR activity. Deletion of NR3A would release
the break and increase mTOR activity, while overex-
pression of NR3A would engage the break and decrease
mTOR activity. An increasing body of evidence strongly
argues for a role of mTOR in the formation of long-last-
ing synaptic plasticity and memory [4, 26]. Thus, the ob-
served defect in memory consolidation in NR3A-over-
expressing transgenic mice [10] is consistent with the
sequestration of Rheb by NR3A and concomitant down-
regulation of mMTORCI activity and memory consolida-
tion. Our results indicate that the Rheb-binding domain
of NR3A partially overlaps with the previously identified
binding domain of the catalytic subunit of PP2A [16]. As
PP2A appeared to dissociate from NR3A upon NMDAR
activation [16], it is possible that Rheb is sequestered by
NR3A in an activity-dependent manner following the
dissociation of PP2A. Along these lines, it is of note that
regulation of mTOR signaling via the sequestration of
Rheb by an interacting protein has recently been report-
ed to couple glycolytic flux and glucose metabolism to
mTORCI activity [27].
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