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The relative content of NR2 subunits in the NMDA receptor confers
specific signaling properties and plasticity to synapses. However,
the mechanisms that dynamically govern the retention of synaptic
NMDARs, in particular 2A-NMDARs, remain poorly understood.
Here, we investigate the dynamic interaction between NR2 C
termini and proteins containing PSD-95/Discs-large/ZO-1 homology
(PDZ) scaffold proteins at the single molecule level by using high-
resolution imaging. We report that a biomimetic divalent competing
ligand, mimicking the last 15 amino acids of NR2A C terminus,
specifically and efficiently disrupts the interaction between 2A-
NMDARs, but not 2B-NMDARs, and PDZ proteins on the time scale
of minutes. Furthermore, displacing 2A-NMDARs out of synapses
lead to a compensatory increase in synaptic NR2B-NMDARs, pro-
viding functional evidence that the anchoring mechanism of 2A- or
2B-NMDARs is different. These data reveal an unexpected role of
the NR2 subunit divalent arrangement in providing specific anchor-
ing within synapses, highlighting the need to study such dynamic
interactions in native conditions.
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The identification of the cellular mechanisms involved in the
regulation of glutamate receptor trafficking is crucial to our

understanding of synaptic maturation and plasticity. One com-
mon paradigm of these processes is the activation of the calcium-
permeable postsynaptic NMDA receptors (NMDARs). In the
neocortex, the most abundant types of NMDARs are composed
of NR1 subunits associated with NR2A (enriched in synapses)
and/or NR2B subunits (1). Rapid changes in the synaptic 2A/2B
NMDAR ratio have been reported during connection refine-
ments and synaptic plasticity (2), and several key molecular
interactions have been shown to control the trafficking of in-
tracellular and membrane NMDARs (3–6).
The intracellular proteins that interact with the C terminus of

the subunits, through direct binding or modification of the
phosphorylation state, are likely candidates for regulating the
synaptic retention of NMDARs. Indeed, intracellular domains of
NR2 subunits provide a binding motif for proteins of the post-
synaptic density such as PSD-95 and SAP102 (7–10). The binding
of the NR2B subunit C terminus to PDZ domain-containing
scaffold proteins regulates, in part, the synaptic retention of this
receptor (8, 9, 11–14). For the 2A-NMDARs, which make up the
majority of synaptic NMDARs, the role of such interactions in
synaptic retention remains controversial. Indeed, long-term ex-
pression of NR2A subunits with a truncated or mutated C ter-
minus does not affect synaptic NMDAR currents in cerebellar or
hippocampal neurons (9, 15), whereas deletion of the NR2A
subunit C terminus sequence significantly reduces NMDAR
synaptic signaling (11, 14, 16, 17). Currently, there is no simple
explanation for this discrepancy, and the use of long-term ex-
pression of exogenous NR subunits and lack of good pharmaco-
logical tools to discriminate between 2A- or 2B-NMDAR

signaling (18) render interpretation more difficult. Here, we apply
biomimetic divalent peptide-based competing ligands to acutely
interfere with the PDZ domain-containing scaffold proteins-2A-
NMDAR interaction and use single quantum dot (QD) tracking
to image, with subwavelength precision, the dynamics of surface
synaptic NMDARs.

Results
Design of a Biomimetic Multivalent Ligand to Disrupt the Interaction
Between NR2A Subunit and PDZ Domain-Containing Scaffold Proteins
(PDZ Proteins). The molecular mechanisms involved in the dy-
namic retention of 2A-NMDARs within postsynaptic membranes
are not defined. To investigate these mechanisms, we developed
a peptide-based ligand that strongly and acutely perturbs the
interaction between NR2A subunit and PDZ proteins (Fig. 1A).
Similar strategies have previously been used to dissociate the
PDZ scaffold–NMDAR interaction (19–21). In these studies,
disruption of the PDZ protein–NMDAR interaction was ach-
ieved by using monovalent peptide sequences that corresponded
to the last nine to 10 residues of a single subunit (NR2A or
NR2B). We reasoned that the efficiency of such an approach
could be improved by using synthetic ligands that would better
mimic the native interactions. Indeed, because (i) NMDARs are
heterodimeric complexes composed of NR2 subunit dimers and
(ii) the scaffold proteins (e.g., PSD-95, PSD-93 and SAP-102),
which interact with NMDARs, each contain clusters of PDZ
domains that recognize similar targets (22), we hypothesized that
a ligand composed of two NR2 C-terminal binding motifs would
more efficiently dissociate the native scaffold PDZ domain–
NMDAR interactions. In the current design, we conjugated two
of the 15 residue C-terminal sequences of the PSD-95 NR2A
binding motifs via their N-termini (Fig. S1 A and B). Homologous
monovalent sequences and a previously described nonsense se-
quence were used as controls (Fig. S1 A–D) (23). A series of
ligands incorporating a solvatochromic fluorophore was first used
to evaluate the binding constants with recombinant PSD-95 PDZ
domains 1 and 2 (23). The divalent ligand displayed a sevenfold
increase of affinity for the tandem domain in comparison with the
monovalent homolog (Fig. S1C), confirming the advantage of
divalency. The ligands were then appropriately modified for
specific experiments, e.g., for cell studies, by addition of a TAT
cell-transduction sequence to generate TAT-NR2A15 or TAT-
[NR2A15]2 and/or a labeling dye (BODIPY-fluorescein).
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Interaction Between 2A-NMDARs and PDZ Proteins Regulates NMDAR
Synaptic Retention. To investigate the ligand efficacy in neuronal
preparations, hippocampal cultured neurons were incubated with
a saturating (5–10 μM) nontoxic (i.e., no neuronal damage ob-
served) concentration of TAT-[NS15]2 or TAT-[NR2A15]2. After
a 10-min incubation period, neurons were efficiently labeled by the
different BODIPY-containing ligands (SI Materials and Methods).
To investigate the specific impact of the ligands on the surface
2A-NMDAR anchoring, we used single QD tracking as a high-
resolution approach to estimate 2A-NMDAR surface diffusion
in live neurons (24). Native 2A-NMDARs were detected by using a
QD-antibody complex directed against the extracellular N terminus
of the NR2A subunit (Fig. 1B and SI Materials and Methods) and
their surface localization, i.e., onto a postsynaptic marker or out-
side synapse, determined during the recording session. The overall
surface diffusion of 2A-NMDARs was increased after monovalent
TAT-NR2A15 and divalent TAT-[NR2A15]2 ligand incubation, al-
though to very different extents: (i) the cumulative distribution of
coefficient diffusion was highly shifted by TAT-[NR2A15]2 in-
cubation; (ii) the diffusion coefficient medians were threefold and
27-fold increased by TAT-NR2A15 and TAT-[NR2A15]2, re-
spectively [i.e., TAT-[NS15]2 median of 4.10−3 μm2/s, interquartile
range (IQR) of 0–2.10−2 μm2/s, n = 530 trajectories; TAT-
[NR2A15]2 median of 11.10−2 μm2/s, IQR of 6.10−4-5.10−1 μm2/s,
n= 303 trajectories; P > 0.05]; and (iii) the fraction of mobile 2A-
NMDARs (membrane diffusion >0.0075 μm2/s) increased by 2%
and 42% after TAT-NR2A15 and TAT-[NR2A15]2, respectively
(Fig. 1C). Similar results were obtained when examining solely
synaptic 2A-NMDARs (Fig. S2), indicating that disruption of the
2A-NMDAR anchoring increases the fraction of mobile receptors.
To investigate the impact of TAT-[NR2A15]2 on identified

single synaptic 2A-NMDARs, QD-2A-NMDAR complexes were

tracked within synapse before and in the presence of TAT-
[NR2A15]2 or TAT-[NS15]2 (Fig. 1D). After TAT-[NS15]2 in-
cubation (10 min) the fraction of 2A-NMDARs that remained
within synapses was unchanged, although a slight but not signifi-
cant (P > 0.05) decrease is noted, consistent with the basal ex-
change rate of surface NMDARs between synaptic and extra-
synaptic membranes (25–27). However, within the same time
frame in the presence of TAT-[NR2A15]2, approximately half of
the synaptic 2A-NMDARs escaped the synaptic area (Fig. 1 D
and E), indicating that anchoring of synaptic 2A-NMDARs by
PDZ scaffolds is a dynamic process. To further confirm the im-
pact of the ligand on the surface NMDAR synaptic population,
and not only single receptor, we expressed the NR1 subunit
(obligatory subunit of surface NMDARs) fused to Super Ecliptic
pHluorin at its extracellular N terminus (SEP-NR1) to isolate
the surface fraction and quantify the average surface diffusion of
SEP-NR1-containing NMDARs using fluorescence recovery af-
ter photobleaching (FRAP; Fig. S3 A–C). The recovery of SEP-
NR1 fluorescence in dendrites was approximately 50%, whereas
it was only 20% in synapses (25). Consistently, a decrease of the
percentage of immobile synaptic receptors was observed, i.e.,
from 85% before incubation with TAT-[NR2A15]2 to 65% fol-
lowing 20 min incubation (Fig. 1E). The proportion of immobile
receptors outside synapses was not affected, suggesting that
TAT-[NR2A15]2 acts on synaptically enriched 2A-NMDARs (11,
28). Finally, these results were further confirmed with immuno-
cytochemical staining of synaptic NR2A subunits (colabeled with
PSD-95), as, over a large fraction of synapses (TAT-[NR2A15]2,
n = 1,684 synapses; TAT-[NS15]2, n = 1,981), TAT-[NR2A15]2
consistently reduced the synaptic content of 2A-NMDARs (Fig.
S3 D and E).
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Fig. 1. Acute disruption of the interaction between 2A-NMDARs and PDZ proteins using a NR2A-derived multivalent ligand. (A) Schematic representation of
a membrane NMDAR, a scaffoldMAGUK protein, and the newly developed divalent ligandmimicking the C terminus (15 last amino acids) of two NR2A subunit
subunits (TAT-[NR2A15]2). (B) Representative trajectories of surface 2A-NMDARs, based on QD-coupled antibodies against an extracellular epitope of the NR2A
(Upper Left), after 10 to 20 min of incubation with TAT-[NS15]2 (Upper) or TAT-[NR2A15]2 (Lower). The green areas correspond to synaptic sites labeled with
Mitotracker. (Scalebar: 1 μm.) (C) Cumulativedistributionof the instantaneousdiffusion coefficientof 2A-NMDARs. Thefirst point corresponds to thepercentage
of immobile receptors (bin size, 0.0075 μm2/s). Note thehigher increase in themobility of 2A-NMDARs inducedby the divalent TAT-[NR2A15]2 (n=303 trajectories;
solidgray line) comparedwithmonovalent TAT-NR2A15 (n=170; dashedgray line) or TAT-NS15 (dashedand solidblack lines; TAT-[NS15]2,n=530 trajectories; TAT-
NS15, n = 153 trajectories). (D) Displacement of individual NR2A-coupledQDs after incubationwith TAT-[NR2A15]2. The neuronswere incubatedwithMitotracker
(green) and NR2A-coupled QDs (red spots). The localization of NR2A-coupled QDs was followed for 10 min after acute addition (arrow) of 5 μM TAT-[NS15]2
(Upper) or 5 μMTAT-[NR2A15]2 (Lower). (Scale bar: 1 μm.) (E) The synaptic localizationofNR2A-coupledQDs decreasedover the 10min recordingafter incubation
with both TAT-[NS15]2 (n = 11) and TAT-[NR2A15]2 (n = 6). The reduction was significantly higher for TAT-[NR2A15]2 (*P < 0.05).
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NR2A-Derived Ligand Does Not Interfere with 2B-NMDAR, Kv
Potassium Channel, or GABAA Receptor Surface Trafficking. The
NR2 subunits are thought to associate with PSD-95 via a C-
terminal 4-aa sequence, which is identical in NR2A and NR2B
subunits. Other upstream amino acid sequences that differ be-
tween NR2A and NR2B subunits have also been implicated in
PSD-95 binding (29), and there is some evidence that, at least for
potassium channels, binding to PSD-95 tandem PDZ domains
involves up to 12 C-terminal residues (30). Interestingly, the
amino acid sequence homology decreases to only 60% after
alignment of NR2A and NR2B subunit 15 C-terminal residues
(Fig. S1). Although most studies on isolated PDZ domains and
minimal peptides derived from the C-termini of binding partners
tend to limit the ligand interacting residues to the C-terminal 4
aa, we anticipated that the native interactions might achieve
higher specificity by engaging additional residues, constituting
the rationale for using the last 15 aa of the NR2A subunit. We
first analyzed the effect of TAT-[NR2A15]2 on native 2B-
NMDAR surface diffusion [measured in young hippocampal
cultured neurons that do not express 2A-NMDAR (25)]. Strik-
ingly, TAT-[NR2A15]2 had no effect on the surface diffusion of
native 2B-NMDARs (Fig. 2A). The diffusion coefficient dis-
tributions were superimposed, indicating that TAT-[NR2A15]2
did not affect the anchoring of 2B-NMDARs. Because the syn-
aptic anchoring of 2B-NMDARs may not depend on the in-
teraction with PDZ proteins, we compared the surface trafficking
of NR2B WT (2B-WT) and a NR2B mutant (i.e., 2B-S1480A),
which does not coimmunoprecipitate with PSD-95 (9). The dif-
fusion coefficient was significantly higher for 2B-S1480A (me-
dian of 0.57 μm2/s, IQR of 0.24–1.08 μm2/s, n = 694 trajectories)
than for 2B-WT (median of 0.32 μm2/s, IQR of 0.13–0.69 μm2/s,
n = 344 trajectories) and the synaptic dwell time, defined as the
mean time spent by a mobile receptor in the synaptic area, was
significantly higher for 2B-WT compared with 2B-S1480A (Fig.
2C). Both 2B-WT and 2B-S1480A were confined within the
synapse but to a significantly lower degree for 2B-S1480A (Fig.
2D). These results demonstrate that the synaptic retention of
surface 2B-NMDARs is dynamically regulated by the interaction
with PDZ proteins (9) and insensitive to TAT-[NR2A15]2 ligand.
In addition, incubating the neurons with TAT-NR2B15 (5 μM, 10
min) that mimics the last 15 aa of the NR2B subunit C terminus
increased the surface diffusion of synaptic 2B-NMDARs without
affecting the one of 2A-NMDARs (Fig. S4), consistent with
previous biochemical reports using similar ligands (23, 24). Fi-
nally, a monovalent ligand containing only the last 6 aa of the
NR2 C-terminus sequence (TAT-NR2X15), which is identical for
NR2A and NR2B subunits, increased the surface diffusion of
both 2A- and 2B-NMDARs (Fig. S5), indicating that the PDZ
binding sequence (last few amino acids of the C terminus) is
indeed necessary to anchor the receptor in the synapse, and
upstream amino acid sequence(s) provide a specificity motif for
NR2 subunit.
To further test the specificity of the ligand, we then reasoned

that if TAT-[NR2A15]2 competes specifically against the NR2A
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Fig. 2. TAT-[NR2A15]2 incubation does not affect native 2B-NMDARs or
NR2A subunit mutant that does not bind to PDZ proteins. (A) Native 2B-
NMDARs were tracked using QDs coupled to antibodies directed against an
extracellular epitope of endogenous NR2B subunit in presence of TAT-[NS15]2
(n = 675 trajectories) or TAT-[NR2A15]2 (n = 442 trajectories). The frequency
distribution (cumulative; Upper Right) of diffusion coefficients revealed that
TAT-[NR2A15]2 did not significantly affect the diffusion of native 2B-NMDARs
(P > 0.05, Mann–Whitney test). (B) The surface diffusion of recombinant 2B-
NMDARs was assessed using recombinant flag-tagged NR2B subunits: WT
(2B-WT) or mutant form (2B-S1480A) that does not bind PDZ proteins. These
subunits were tracked using anti-Flag coupled QDs. Representative 40-s
trajectories of anti-Flag QDs tracking 2B-WT (Left) or 2B-S1480A (Right).
(Scale bar: 500 nm.) The starting and ending point are referred as t0 and t40s,
respectively. The green areas correspond to synapses. (C) Synaptic dwell time
was measured for 2B-NMDARs containing 2B-WT (n = 235 trajectories) or 2B-

S1480A (n = 532 trajectories). Note the reduction in the time spent by 2B-
S1480A within the synapse (**P < 0.01, t test). (D) Plot of the mean square
displacement (MSD) versus time for synaptic receptors containing the subunit
2B-WT or 2B-S1480A. The curves exhibit a negative curvature characteristic of
a confined behavior. Note the higher degree of confinement for 2B-WT
subunits. (E) Synaptic dwell time was measured for 2A-NMDARs containing
either 2A-WT (n = 487 trajectories) or mutant 2A-S1462A (n = 474 trajecto-
ries). Note the reduction in the time spent by the mutant within the synapse
(**P < 0.01, t test). (F) The frequency distribution of diffusion coefficients of
mutant 2A-S1462A in absence (n = 58 trajectories; black squares) or presence
of TAT-[NR2A15]2 (n = 94 trajectories; gray squares). No significant difference
was observed (P > 0.05, Mann–Whitney test).
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C-terminal domain for the binding to its PDZ proteins, it would
have no additional effect on the diffusion of 2A-NMDARs
containing a 2A-S1462A mutation in the C terminus that pre-
vents NR2A/PSD-95 coimmunoprecipitation (co-IP) (9). The
2A-S1462A displayed a threefold higher surface diffusion (P <
0.001) and 1.4-fold shorter dwell time (Fig. 2E) than WT 2A-
NMDARs. TAT-[NR2A15]2 did not increase the surface diffu-
sion of 2A-S1462A (Fig. 2F), indicating that the TAT-
[NR2A15]2-induced increase in 2A-NMDAR surface diffusion
was occluded by the 2A-S1462A-induced increase in 2A-
NMDAR surface diffusion. We then tested the specificity of
TAT-[NR2A15]2 on other membrane proteins by imaging the
surface trafficking of the native potassium channel Kv1.3, en-
dogenously expressed in hippocampal neurons (31), because its
C terminus contains a PDZ binding site similar to those of
NR2A and NR2B subunits (Fig. S6A) (32). Remarkably, TAT-
[NR2A15]2 produced no change in the diffusion pattern, the
mobile fraction, the global diffusion coefficient, or the surface
distribution of Kv1.3 channels (Fig. S6 B–E). Thus, although
NR2A and Kv1.3 channel bind PDZ site with similar affinities
(32) and exhibit a high similarity in their C-terminus amino acid
sequence, TAT-[NR2A15]2 specifically acts on surface 2A-
NMDARs and not on surface Kv1.3 channel. In addition, we
report that TAT-[NR2A15]2 does not impact on the surface
GABAA receptor (Fig. S6F), which is not anchored in synapse by
a PDZ domain-binding motif (33).

Interaction Between NR2A Subunits and PSD-95 Is Specifically
Disrupted by the NR2A Ligand. Because the PDZ-containing scaf-
folding proteins change during development, i.e., PSD-95 is the
dominant scaffolding protein inmature neurons and SAP102 is the
dominant scaffolding protein in immature neurons, the possibility
that the TAT-[NR2A15]2 ligand better interacts with certain PDZ
proteins remains to be tested. For this, we first measured, from
forebrain homogenates, the impact of the NR2A ligand on the
interaction between PSD-95 and NR2A or NR2B subunits using
co-IP. The PSD-95/2A subunit interaction was specifically affected
by the ligand whereas the PSD-95/2B subunit interaction remains
unaffected (Fig. S7). Furthermore, we used a heterologous cell
system to further determine the impact of the ligand on the in-
teraction between NR2 subunit and the most abundant PDZ
proteins, PSD-95. In heterologous cells, 2A- and 2B-NMDARs
coimmunoprecipitate with the four PSD-95 MAGUK family of

scaffolding proteins (34). In addition, PSD-95 enhances 2A- and
2B-NMDAR cell surface expression through a process that
requires the NR2 C terminus sequence -ESDV (34). To test the
specificity of TAT-[NR2A15]2 on 2A- and 2B-NMDAR traffick-
ing, we then measured the effect of PSD-95 on cell surface 2A- or
2B-NMDAR expression, as previously described (34). We first
observed that either TAT-[NS15]2 or TAT-[NR2A15]2 had no ef-
fect per se on the basal expression of the subunit (Fig. 3). PSD-95
enhanced the cell surface expression of both 2A- and 2B-
NMDARs (Fig. 3). The incubation with TAT-[NR2A15]2 com-
pletely blocked the PSD-95-induced 2A-NMDAR surface ex-
pression, whereas TAT-[NR2A15]2 had no effect on PSD-95-
induced 2B-NMDAR surface expression (Fig. 3). In all conditions,
TAT-[NS15]2 incubation had no significant effect on the PSD-95-
induced NR2-NMDAR surface expression. All together, these
data demonstrate, in neuronal and heterologous systems, that the
TAT-[NR2A15]2 divalent ligand specifically blocks the interaction
between 2A-NMDARs (no effect on 2B-NMDARs) and the most
abundant protein of the postsynaptic density, PSD-95.

Rapid Redistribution of 2A- and 2B-NMDARs in Excitatory Synapses.
As TAT-[NR2A15]2 specifically destabilizes synaptic 2A-
NMDARs, we investigated the functional consequences of such
an effect by first measuring NMDAR-mediated synaptic cur-
rents. We report that, in the presence of [NR2A15]2 (within re-
cording pipette), the kinetics of NMDAR miniature excitatory
postsynaptic currents (mEPSCs) were significantly increased
whereas AMPAR mEPSC remained unchanged (Fig. S8). We
then recorded evoked NMDA excitatory postsynaptic currents
(eEPSC) from CA1 pyramidal neurons (P16–20; Fig. 4A) and
found that a 15- to 20-min dialysis of [NR2A15]2 significantly
increased the Ro 25-6981 (NR2B subunit antagonist, 1 μM)-in-
duced inhibition of NMDAR current (Fig. 4A), consistent with
an increased contribution of 2B-NMDARs to synaptic currents.
Interestingly, the amplitude of both mEPSCs and eEPSCs
remained unchanged in the presence of [NR2A15]2, indicating
that the [NR2A15]2-induced removal of 2A-NMDARs from
synapse was compensated by the insertion of other NMDARs
with slower kinetics (Fig. 4B). To gain insight in the NR2-
NMDAR trafficking at identified synapses, the fluorescence in-
tensity of surface NR2A (SEP-NR2A) and NR2B (SEP-NR2B)
subunits was measured over time before and after incubation
with TAT-[NS15]2 or TAT-[NR2A15]2 (Fig. 4C). Synaptic and
extrasynaptic NMDARs were distinguished by coexpressing the
synaptic marker Homer 1C-DsRed. First, the intensity of extra-
synaptic surface NMDARs (SEP-NR1, SEP-NR2A, SEP-NR2B)
was not significantly altered by the presence of TAT-[NS15]2 or
TAT-[NR2A15]2. Within synapses, the intensity of 2A-NMDAR
clusters was decreased as demonstrated by the significant left
shift of the cluster distributions (P < 0.001; Fig. 4D) or by the
significant decrease of average values (Fig. 4E). Surprisingly,
under the same conditions the intensity of 2B-NMDAR synaptic
clusters was increased significantly (e.g., right shift of the distri-
bution; P < 0.001; Fig. 4 D and E). The effect was observed 15 to
20 min after the ligand incubation and was stable over time. In
such mature synapses, TAT-[NR2A15]2 reduced the surface dif-
fusion of synaptic 2B-NMDARs and increased their synaptic
dwell time, consistent with a higher retention of these receptors.
These data demonstrate thus that 2A- and 2B-NMDARs rapidly
redistribute within synaptic areas. In addition, displacing 2A-
NMDARs out of synapses by preventing the interaction of 2A-
NMDARs and PDZ proteins is compensated by the increase
contribution of other NMDAR subtypes, indicating that an un-
expected level of specificity between NR2 subunits and PDZ
proteins is present in postsynaptic densities.
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Fig. 3. TAT-[NR2A15]2 specifically blocks the interaction between PSD-95
and NR2A subunit. HEK 293 cells were cotransfected in triplicate with NR1-
1a/NR2A or NR1-1a/NR2B with or without PSD-95 and cell surface expressed
NMDARs measured by ELISA using either anti-NR2A 44–58 Cys or anti-NR2B
46–60 Cys affinity-purified antibodies. The results are expressed as the ratio
of absorbance and expressed as the means ± SEM (n = 2 independent
transfections for each combination). As previously shown, PSD-95 enhanced
cell surface delivery of 2A- and 2B-NMDARs. These effects were then ex-
amined after incubation with TAT-[NS15]2 (10 μM; open bar) or TAT-
[NR2A15]2 (10 μM; gray bar). Note that PSD-95 failed to increase surface 2A-
NMDAR expression in the presence of TAT-[NR2A15]2.

19564 | www.pnas.org/cgi/doi/10.1073/pnas.1002690107 Bard et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002690107/-/DCSupplemental/pnas.201002690SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002690107/-/DCSupplemental/pnas.201002690SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002690107/-/DCSupplemental/pnas.201002690SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002690107/-/DCSupplemental/pnas.201002690SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002690107/-/DCSupplemental/pnas.201002690SI.pdf?targetid=nameddest=SF8
www.pnas.org/cgi/doi/10.1073/pnas.1002690107


Discussion
Although synaptic NR2-NMDARs play a key role in synaptic re-
finement (2), the molecular mechanisms as well as the dynamics
that govern their surface distribution and rapid trafficking are
largely unknown. To shed new light on this issue, we developed
a biomimetic divalent ligand that acutely and efficiently blocks the
interaction between PDZ proteins and native 2A-NMDARs
(enriched at synapses). We unravel an unexpected role of the
divalent arrangement of the NR2 subunits in providing efficient
anchoring within synapses and strengthen the need to dynamically
study such interactions in native conditions. Indeed, by using
mono- or divalent ligands, we now identified that the binding ef-
ficacy is highly dependent on the divalent structure of the 2A-
NMDAR complex, and the specific binding of 2A-NMDAR (ver-
sus 2B-NMDAR for instance) relies on amino acid sequence(s)
upstream to the C terminus, whereas the last C terminus amino
acids are implicated in the direct binding to PDZ scaffold proteins
(Fig. S9). Thus, NR2 subunits associate with PDZ proteins via
a C-terminal 4-aa sequence (7–10), which is identical in NR2A and
NR2B subunits, and other upstream amino acids that are within 15
aa of the C terminus, and as previously proposed, inmore upstream
sequences (29). Although the binding mechanism of these do-
mains remains poorly understood (35), it suggests that 2A- or 2B-
NMDARs are engaged in different sets of interactions within the
scaffold environment. Consistently, the NR2A-ligand-induced
rapid exit of 2A-NMDARs from postsynaptic densities was paral-
leled by a compensatory increase in 2B-NMDAR content, in-
dicating that the 2A/2B-NMDAR synaptic ratio is dynamically
regulated. Functionally, long-term potentiation of hippocampal

synapses has been associated with a rapid change in the synaptic
content in 2A and 2B-NMDARs (36), consistent with a dynamic
redistribution of surface 2A- and 2B-NMDARs around the synaptic
area. Thus, understanding the rules that govern NR2-NMDAR
surface distribution and, most importantly, their dynamic retention
in the postsynaptic density will surely shed new lights on the
nanodomain organization of NMDARs and the fine tuning of
NMDAR-dependent forms of synaptic adaptations in physiological
and pathological paradigms.

Materials and Methods
Complete discussions of ligand synthesis, cell culture, immunocytochemistry,
synaptic live cell staining, protein expression, single particle (QD) tracking,
fluorescence recovery after photobleaching (FRAP), electrophysiology, im-
munoprecipitation, and in vitro cell surface assays are in SI Materials
and Methods. The transduction and cell distribution of the ligand are de-
tailed in Fig. S10. The impact of the ligand and its vehicle on receptor
trafficking is detailed in Fig. S11.
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Fig. 4. Dynamic regulation of surface 2A- and 2B-NMDAR content in postsynaptic areas. (A) Evoked NMDAR EPSCs (recorded at +30 mV) averaged at 0 to 2
min (black trace) or 18 to 20 min (red trace) after dialysis with Ro 25-6981 (1 μM, 2B-NMDAR antagonist; Left). (Horizontal scale bar: 100 ms.) The Ro 25-6981
incubation significantly reduced the NMDAR eEPSC amplitude (Right). In te presence of [NS15]2 (n = 9 neurons) or [NR2A15]2 (n = 8 neurons), Ro 25-6981
reduced the NMDAR eEPSC amplitude by 35% and 47%, respectively. (B) The amplitude (normalized) of NMDAR eEPSCs remained stable in presence of
[NR2A15]2 ligand ([NS15]2, n = 6 neurons; [NR2A15]2, n = 7 neurons). (C) The fluorescence intensity of synaptic SEP-NR2A (Upper) and SEP-NR2B (Lower) clusters
colocalized with Homer 1C was followed over a period of 20 min after acute addition of 5 μM of TAT-[NR2A15]2 (Scale bar: 1 μm.) (D) Left: Frequency dis-
tribution of the fluorescence intensity of SEP-NR2A and SEP-NR2B clusters after 20 min in the presence of TAT-[NS15]2 or TAT-[NR2A15]2. The Gaussian fit is
centered on 1 after incubation with TAT-[NS15]2 (n = 563 clusters; dashed black line) indicating that the receptor content within the cluster did not change
over time. Note the shift of the curve toward the left for SEP-NR2A (n = 451 clusters; solid gray line) and toward the right for SEP-NR2B (n = 309 clusters; full
black line) after the 20 min incubation with TAT-[NR2A15]2 showing, respectively, a decrease and an increase in the receptor content. Right: Normalized mean
fluorescence intensity of the clusters before and after a 20-min incubation with TAT-[NS15]2 or TAT-[NR2A15]2 (P < 0.001, paired t test).
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