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Background: The precise number of NMDA receptors is critical for excitatory neurotransmission.
Results: Key amino acid residues within membrane domains contribute to the regulation of the surface expression of NMDA

receptors.

Conclusion: Multiple signals within membrane domains are involved in the early processing of NMDA receptors.
Significance: This might be the first sign of a mechanism that regulates the trafficking of NMDA receptors.

N-methyl-p-aspartate (NMDA) receptors are glutamate iono-
tropic receptors that play critical roles in synaptic transmission,
plasticity, and excitotoxicity. The functional NMDA receptors,
heterotetramers composed mainly of two NR1 and two NR2
subunits, likely pass endoplasmic reticulum quality control
before they are released from the endoplasmic reticulum and
trafficked to the cell surface. However, the mechanism underly-
ing this process is not clear. Using truncated and mutated
NMDA receptor subunits expressed in heterologous cells, we
found that the M3 domains of both NR1 and NR2 subunits con-
tain key amino acid residues that contribute to the regulation of
the number of surface functional NMDA receptors. These key
residues are critical neither for the interaction between the NR1
and NR2 subunits nor for the formation of the functional recep-
tors, but rather they regulate the early trafficking of the recep-
tors. We also found that the identified key amino acid residues
within both NR1 and NR2 M3 domains contribute to the regu-
lation of the surface expression of unassembled NR1 and NR2
subunits. Thus, our data identify the unique role of the mem-
brane domains in the regulation of the number of surface
NMDA receptors.

N-methyl-p-aspartate (NMDA)> receptors mediate fast
excitatory neurotransmission in the mammalian CNS and are
critical for synaptic plasticity and learning (1). A growing body
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of evidence indicates that abnormalities in NMDA receptor
activity are associated with a number of neurological and psy-
chiatric disorders, including Parkinson’s disease, Huntington’s
disease, epilepsy, anxiety, depression, and schizophrenia (1, 2).
Thus, the precise understanding of the molecular mechanisms
underlying the regulation of the number of functional surface
NMDA receptors is critical for our knowledge of normal syn-
aptic physiology as well as of the etiology of many human CNS
diseases. The number of NMDA receptors on the cell surface is
thought to be regulated during synthesis and assembly of func-
tional receptors in the endoplasmic reticulum (ER); during traf-
ficking through the Golgi apparatus (GA) to the neuronal cell
surface; and by internalization, recycling, and degradation
(3, 4).

A functional NMDA receptor is a heterotetramer composed
mainly of two NR1 subunits that bind glycine and two NR2
subunits that bind glutamate (3). There are eight NR1 splice
variants and four NR2 subunits (NR2A-D) expressed in the
mammalian CNS. The NMDA receptor subunits share the
same topology: four membrane domains (M1-M4), an extracel-
lular N terminus and a loop between the M3 and M4 domains,
and an intracellular C terminus. Previous studies have shown
that the major NR1 splice variant, NR1-1a, and all NR2 subunits
are retained in the ER when expressed alone in heterologous or
neuronal cells but are released from the ER upon the formation
of the functional receptor (5-7). Several models of the NMDA
receptor assembly have been proposed. One model suggests
that the NR1I-NR1 and NR2-NR2 homodimers that initially
form are required for the formation of the functional hetero-
tetramers (8 —12). Another model suggests that the NR1-NR1
homomers are the substrate for the oligomeric assembly of the
heterotetramer or that the NR1-NR2 heterodimers are
required for the formation of heterotetrameric receptors (13,
14). The different regions of the subunits have been shown to
regulate the assembly, ER retention, and/or trafficking of
NMDA receptors. First, the C termini of some NR1 splice vari-
ants contain the specific ER retention motifs that must be
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negated before the functional receptor can leave the ER. They
also contain export motifs including the PSD-95, Dlg, and
Zo-1-binding motif in the far C termini that enhances the sur-
face delivery of the subunits (15-17). Similarly, the NR2B C
terminus likely contains the ER retention signal, although the
specific motif has not yet been identified (18). Second, the
structures of the extracellular glycine binding site in the NR1
subunit as well as of the specific NR2A N-terminal region are
critical for the release of the functional receptors from the ER
(19-20). Third, the structures of the M3 domains of both NR1
and NR2B subunits contain signals that cause the unassembled
subunits to be retained in the ER. Furthermore, these domains,
together with the M4 domain of NR1, are necessary for the
masking of the ER retention signals found in the M3 domains
(21). However, the molecular mechanisms underlying the role
that membrane domains play in the formation of functional
receptors and in their trafficking to the cell surface remain
unknown. It is also unclear which ER retention signals play
major roles during the assembly and trafficking of the NMDA
receptors. Furthermore, it is not known if the functional prop-
erties of the NMDA receptors are monitored during ER pro-
cessing, as has been shown for AMPA and kainate receptors
(22, 23).

In this study, we investigated how the M3 domains of both
NR1 and NR2 subunits regulate the assembly and forward traf-
ficking of NMDA receptors. Using a set of mutated NMDA
receptor subunit constructs expressed in heterologous cells, we
show that the presence of key amino acid residues within both
NR1 and NR2 M3 domains is critical for the surface expression
of NMDA receptors. Our electrophysiological experiments
demonstrate that these mutated NR1 and NR2 subunits can
form functional NMDA receptors, although with different
functional properties. We also found that it is unlikely that
either of these key amino acid residues within the M3 domains
is critically involved in the assembly of the functional receptors
but rather in the release of the receptors from the ER. These
findings show that both NR1 and NR2 M3 domains contribute
to the regulation of the surface delivery of NMDA receptors by
a similar mechanism.

EXPERIMENTAL PROCEDURES

Mammalian Expression Vectors—The following cDNAs
encoding the full-length or truncated NMDA receptor subunits
have been used previously: YFP-tagged NR1-1a, YFP-NR1-4a,
GFP-tagged NR2B and the corresponding variants with muta-
tions within the M3 domains or stop codons after the M4
domains (e.g YFP-NRIACt, GFP-NR2BACt), and also the
MYC-NR2B subunit, GFP-NR2A, untagged rat versions of
NR1-la and NR2A, NR2B subunits, and the corresponding
variants with stop codons after the M4 domains (NR1ACt,
NR2BACt) (15, 21, 24). The QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) was used to generate
point mutations according to the instructions of the manufac-
turer. All constructs were verified by DNA sequencing. Amino
acid residues are numbered as published (25).

Heterologous Cell Culture—African green monkey kidney
fibroblast (COS-7) cells were maintained in minimum essential
medium with Earle’s salts (Invitrogen) with 10% FBS (v/v).
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COS-7 cells were used for quantitative assays and biochemistry
because they attach well to plastic culture plates while extensive
washing procedures are being performed. Human embryonic
kidney 293 (HEK293) cells, used for electrophysiology, were
cultured in Opti-MEM I (Invitrogen) medium containing 5%
EBS.

Quantitative Assay of Surface and Total Expression—COS-7
cells were transfected in 12-well plates with a total of 1.8 ug of
c¢DNAs (in case of cotransfection, equal amounts of cDNAs
containing NR1 and NR2 subunits were used) and 4 ul of Lipo-
fectamine 2000 (Invitrogen), as described (15). After 5 h, the
medium was replaced with fresh medium containing 20 mm
MgCl, to reduce the NMDA receptor-mediated excitotoxicity.
After 38 —40 h, COS-7 cells were washed with PBS, fixed for 15
min in 4% paraformaldehyde (w/v) in PBS and incubated for 1 h
in PBS containing 0.2% BSA (w/v) without (surface expression)
or with (total expression) 0.1% Triton X-100 (v/v). Cells were
incubated in primary rabbit anti-GFP antibody (Millipore, Bil-
lerica, MA, 1:500 for surface expression and 1:1000 for total
expression) diluted in PBS with 0.2% BSA for 1 h. After being
washed in PBS, cells were incubated with secondary antibody
(horseradish peroxidase-conjugated donkey anti-rabbit IgG,
GE Healthcare, , 1:1000) for 1 h and washed in PBS. Next, 400 ul
of ortho-phenylenediamine (final concentration 0.4 mg/ml)
dissolved in phosphate-citrate buffer containing sodium phos-
phate (Sigma) was added to cells for 30 min (surface expression)
or 15 min (total expression). The color reaction was terminated
with 100 ul of 3 M HC], and the optical density was determined
at 492 nm using a personal densitometer SI (GE Healthcare).
The average background signal measured from the cells trans-
fected with empty vector was subtracted from the data obtained
from cells transfected with NMDA receptor subunits. In each
experiment, data obtained from three different wells for surface
and three different wells for total expression measurements for
each subunit combination were normalized to average data
obtained from the cells expressing control NMDA receptor
subunit(s). Three independent experiments were performed
for each NMDA receptor subunit combination. Data are
expressed as the mean * S.E. Statistical comparisons were
made using an unpaired Student’s £ test.

Electrophysiology—HEK293 cells grown in a 24-well plate
were transfected with a total of 0.9 ug of cDNAs coding for
NR1, NR2, and GFP (pQBI 25, Takara, Otsu, Shiga, Japan)
mixed with 0.9 ul of Matra-A reagent (IBA, Gottingen, Ger-
many) in 50 ul of Opti-MEM I as described (26). After trans-
fection, cells were trypsinized and resuspended in Opti-MEM I
containing 1% FBS supplemented with 20 mm MgCl,, 1 mm
d,l-2-amino-5-phosphonopentanoic acid, and 3 mm kynurenic
acid and plated on 30 mm poly-L-lysine-coated glass coverslips.
Whole-cell voltage-clamp recordings were performed 24— 48 h
after the end of transfection with a patch-clamp amplifier (Axo-
patch 200B, Axon Instruments, Union City, CA) after a capac-
itance and series resistance (<10 M{)) compensation of 80%.
Glutamate-induced responses were low pass-filtered at 2 kHz
with an eight-pole Bessel filter, digitally sampled at 5 kHz, and
analyzed using pCLAMP software version 9 (Axon Instru-
ments). Patch pipettes (3—5 M()) were pulled from borosilicate
glass and filled with intracellular solution (125 mm gluconic
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acid, 15 mm CsCl, 5mm EGTA, 10 mm HEPES, 3 mm MgCl,, 0.5
mMm CaCl,, and 2 mm ATP-Mg salt, pH-adjusted to 7.2 with
CsOH). Extracellular solution (160 mm NaCl, 2.5 mm KCl, 10
mMm HEPES, 10 mM p-glucose, 0.2 mM EDTA, and 0.7 mm CaCl,,
pH-adjusted to 7.3 with NaOH) routinely contained 10 um gly-
cine. A multibarrel fast application system with an ~10 ms time
constant of solution exchange around the cell was used (27).
Experiments were performed at 23-26 °C.

Immunoprecipitation—COS-7 cells grown on 10-cm plates
were transfected using the calcium phosphate coprecipitation
method (CalPhos mammalian transfection kit; Clontech,
Mountain View, CA), according to the instructions of the man-
ufacturer. After transfection, culture medium contained 20 mm
MgCl, as described above. Two days later, cells were washed
twice in PBS and collected by centrifugation (1000 X g for 10
min at 4 °C). The pellets were solubilized in 2 ml of solubiliza-
tion buffer (1% sodium deoxycholate in 50 mm Tris-HCI (pH
7.3) (w/v)) for 30 min at 37°C and were centrifuged at
100,000 X g for 30 min at 4 °C. The resulting supernatants (400
wl) were incubated with 5 ug of each antibody (mouse IgG,
mouse anti-NR1 (clone 54.2), or mouse anti-MYC (9E10)) and
with a 40-ul aliquot of protein G-agarose beads (Pierce) at 4 °C
overnight. The beads were washed three times with 1 ml of
TBST (0.1% Triton X-100 in Tris-buffered saline) and boiled in
2X SDS loading buffer (25 ul). Proteins were loaded onto 7%
polyacrylamide gels, transferred to polyvinylidene difluoride
membranes, incubated with rabbit primary anti-GFP (Milli-
pore, 1:1000) and secondary horseradish peroxidase-conju-
gated donkey anti-rabbit IgG (GE Healthcare, 1:5000) antibod-
ies, and detected with ECL using BioMax MR x-ray films
(Eastman Kodak, Rochester, NY). The intensities of the protein
bands were quantified using Image]J software (National Insti-
tutes of Health, Bethesda, MD).

Immunofluorescence Microscopy—CQOS-7 cells transfected
with mammalian expression vectors containing the NMDA
receptor subunits were washed in PBS, fixed in 4% PFA in PBS
for 20 min, permeabilized by 0.25% Triton X-100 in PBS for 5
min, and labeled with primary rabbit anti-GFP (Millipore,
1:500) and primary mouse anti-oxidoreductase-protein disul-
fide isomerase (Abcam, Cambridge, UK, 1:200, ER marker) or
mouse anti-58K Golgi protein (Abcam, 1:200, GA marker), and
secondary goat anti-mouse Alexa Fluor 647 and anti-rabbit
Alexa Fluor 488 (Invitrogen) antibodies. Cell were then
mounted with ProLong antifade reagent (Invitrogen). Images
from stained cells were taken on a Leica SPE confocal fluores-
cence microscope and analyzed using Image] software.

RESULTS

Identification of the Amino Acid Residues in the M3 Domain
of NR2B Subunit Critical for Surface Targeting of the Functional
NMDA Receptors—W e have shown previously that the deletion
or the replacement of the whole M3 domain of the NR2B sub-
unit (amino acid residues 630 —647) results in the retention of
the NMDA receptors in the ER, likely due to the presence of an
unmasked ER retention signal in the NR1 M3 domain (21). It
remains unclear how the M3 domain of the NR2B subunit reg-
ulates the surface trafficking of NMDA receptors. We hypoth-
esized that specific amino acid residues within the M3 domain
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FIGURE 1. Specific mutations in the NR2B M3 domain reduce the surface
targeting of NMDA receptors with deleted C termini. A, schematic draw-
ing of the membrane topology of the NMDA receptor subunit with four mem-
brane domains (M1-M4). B, the sequence of the NR2B M3 domain is shown,
and the amino acid residues replaced with alanines are underlined. C and E,
heterologous COS-7 cells coexpressing the NR1 subunit with truncated C
terminus (NRTACt), and wild-type or mutated N-terminally GFP-tagged NR2B
subunits with truncated C termini (GFP-NR2BACt) were labeled with primary
anti-GFP and secondary antibodies in non-permeabilizing and permeabiliz-
ing conditions. The NMDA receptor subunits used in these experiments were
truncated after their M4 domains to remove the C-terminal trafficking signals
(see text for details). The bar graphs show quantification of surface (black bars)
and total (white bars) expression of the indicated NRTACt/NR2BACt recep-
tors, obtained using a quantitative colorimetric assay. Each bar represents the
mean = S.E. (n = 9) in three experiments. *, p < 0.05; **, p < 0.001 (relative to
NR1ACt/GFP-NR2BACt) using a Student's t test. D, the sequence of the NR2B
M3 domain is shown, and the single amino acid residues replaced with ala-
nines are underlined.

of the NR2B subunit are critical for the surface delivery of the
NMDA receptor.

To identify amino acid residues critical for the assembly
and/or surface targeting of the NMDA receptors, we first gen-
erated a complete set of alanine substitutions within the M3
domain of the NR2B subunit (Fig. 1, A and B). We expressed
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FIGURE 2. Key amino acid residues within the NR2B M3 domain contrib-
ute to the regulation of the surface targeting of the full-length NR1-1a/
NR2B receptors. A, the sequence of the NR2B M3 domain is shown, and the
amino acid residues replaced with alanines are underlined. B, COS-7 cells
transfected with the indicated NMDA receptor subunits were labeled with
anti-GFP antibodies using a quantitative colorimetric assay. Quantification of
surface (black) and total (white) expression using a quantitative colorimetric
assay is shown. Plotted data represent mean * S.E. n = 9 in three experi-
ments. **, p < 0.001 relative to control (NR1-1a/GFP-NR2B), Student’s t test. C,
whole-cell patch-clamp recordings were performed from HEK293 cells
cotransfected with the indicated NMDA receptor subunits. Currents were
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these NR2B subunits together with the NR1 subunit in heter-
ologous COS-7 cells (which lack native NMDA receptors) and
compared their surface and total expression using a quantita-
tive assay with anti-GFP antibodies. The NMDA receptor sub-
units used in these experiments were truncated after their M4
domains (NRIACt, NR2BACt). This enabled us to examine
their trafficking without interference from C-terminal traffick-
ing signals (21). Our experiments revealed that five mutated
NR2BACt subunits (GFP-NR2BACt-V632A/S633A, GFP-
NR2BACt-V634A/W635A, GFP-NR2BACt-V640A/1641A, GFP-
NR2BACt-S645A/Y646A, GFP-NR2BACt-T647A) coexpressed
with NR1ACt subunit trafficked significantly less to the cell
surface than did non-mutated receptors (Fig. 1C). The remain-
ing mutated NR2B subunits (GFP-NR2BACt-1630A/M631A,
GFP-NR2BACt-F637A/F638A, GFP-NR2BACt-F642A/L643A)
exhibited similar surface expression as control subunits when
coexpressed with the NR1ACt subunit. Total expression was
not significantly different among the studied NR2B subunits
(Fig. 1C). Thus, our experiments show that there are key amino
acid residues within the NR2B M3 domain that contribute to
the regulation of the surface targeting of NMDA receptors
Next, we aimed to identify specific single amino acid residues
that are critical for the surface delivery of NMDA receptors. We
generated a complete set of single alanine substitutions of the
amino acid residues that were critical for the surface targeting
of NMDA receptors containing double mutations in the NR2B
M3 domain (Fig. 1D). We coexpressed these mutated
NR2BACt subunits with the NRIACt subunit in heterologous
COS-7 cells and examined their surface and total expression
using a quantitative assay. These experiments show that three
single mutations (GFP-NR2BACt-S633A, GFP-NR2BACt-
V640A, GFP-NR2BACt-1641A) did not alter the surface
expression, whereas two single mutations (GFP-NR2BACt-
V632A, GFP-NR2BACt-V634A) increased the surface expres-
sion and three single mutations (GFP-NR2BACt-W635A,
GFP-NR2BACt-S645A, GFP-NR2BACt-Y646A) decreased the
surface expression of NR1/NR2B receptors (Fig. 1E). No signif-
icant differences were observed in the degree of total expression
among the studied NMDA receptor subunits. These data indi-
cate that the M3 domain may bidirectionally regulate, in the
dependence on the subtle changes in its conformation, the traf-
ficking of NMDA receptors. Together, we identified four spe-
cific amino acid residues within the NR2B M3 domain (Trp-
635, Ser-645, Tyr-646, Thr-647) that are critical for the surface
targeting of NR1/NR2B receptors with deleted C termini.
NMDA receptors contain multiple trafficking signals within
their C termini, including the ER retention motifs and export
signals (3). We investigated whether the signals present in the C
termini of NMDA receptor subunits interfere with the NR2B
M3 domain-mediated regulation of the surface targeting of
NMDA receptors. Using the full-length NR2B subunit, we gen-

elicited with 5-s applications of 1 mm glutamate (indicated by filled bar). Rep-
resentative traces are shown. D, quantitative analysis of the desensitization
time course of NMDA receptor-mediated responses. The degree of desensiti-
zation was measured as the ratio of the steady state current measured at the
end of the glutamate application (/,,) over the peak current (/,). The data
represent the mean £ SE. (n = 5). *, p < 0.05; **, p < 0.001 (relative to
NR1-1a/GFP-NR2B) using Student'’s t test.
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erated four constructs with single alanine replacements of the
amino acid residues that reduced the surface targeting of C-ter-
minally deleted receptors (GFP-NR2B-W635A, GFP-NR2B-
S645A, GFP-NR2B-Y646A, GFP-NR2B-T647A, Fig. 24). We
coexpressed these mutated full-length NR2B subunits with the
full-length NR1-1a subunit in heterologous COS-7 cells and
analyzed their surface and total expression by a quantitative
assay. We decided to use the NR1-1a subunit in our experi-
ments because it is the major NR1 splice variant in the mam-
malian brain and it is completely retained in the ER when
expressed without NR2 subunits (6, 7). These experiments
showed that all of the mutated full-length NR1/NR2B receptors
exhibited significantly reduced surface expression, although
total expression among NR2B subunits was not altered (Fig.
2B). Similar data with the mutated full-length NR1/NR2B
receptors were also obtained using immunofluorescence
microscopy (supplemental Fig. S1). These observations show
that the NR2B M3 domain contains key amino acid residues
(Trp-635 and Ser-645/Tyr-646/Thr-647) that control the sur-
face trafficking of NR1/NR2B receptors. Furthermore, these
key residues are dominant over trafficking signals present in the
C termini of NMDA receptor subunits.

It has been shown that, in the case of kainate receptors, only
desensitized receptors can pass the ER quality-control check-
point for the release from the ER (23). In our next experiments,
we asked whether the full-length NMDA receptors with muta-
tions within the NR2B M3 domain that reduces their surface
targeting (W635A, S645A, Y646A, T647A) can form functional
channels with specific desensitization properties. We coex-
pressed the wild type and mutated NMDA receptor subunits in
HEK293 cells and recorded the NMDA receptor-mediated cur-
rents induced by the fast application of a saturating concentra-
tion of glutamate. In some experiments, we increased the con-
centration of cDNAs containing mutated NR2B subunits (used
for transfection) to observe larger NMDA receptor-mediated
responses. Our experiments show that all four mutated
NR2B subunits (GFP-NR2B-W635A, GFP-NR2B-S645A, GFP-
NR2B-Y646A, GFP-NR2B-T647A) form functional NMDA
receptors when coexpressed with the NR1-1a subunit (Fig. 2C).
We next analyzed the desensitization properties of the NMDA
receptor-mediated responses. We included in the analysis only
responses larger than 100 pA. The degree of desensitization was
measured as the ratio of the steady state current measured at
the end of the glutamate application (I ) over the peak current
(I,). As in data published previously for the wild-type NR1/
NR2B receptors, the wild-type NR1-1a/NR2B receptors exhib-
ited an I/, of ~0.75 (Fig. 2, Cand D) (28). However, three of
the mutated NMDA receptors exhibited significantly higher
I /I, ratios (NR1-la/GFP-NR2B-W635A, NRI-1la/GFP-
NR2B-S645A, NR1-1a/GFP-NR2B-T647A), whereas one had a
significantly lower I,/ ratio (NR1-1a/GFP-NR2B-Y646A; Fig.
2, Cand D). Thus, the replacement of three amino acid residues
within the NR2B M3 domain (W635A, S645A, T647A) results
not only in the reduction of surface expression of NMDA recep-
tors but also in the reduction of the degree of desensitization of
their currents (Figs. 1 and 2). This shows that, at least in some
cases, the NMDA receptors exhibiting the reduced desensitiza-
tion rate are preferentially retained intracellularly. Concerning
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the NR1-1a/NR2B-Y646A receptors, we suggest that the
increased desensitization of these receptors may force them to
the cell surface, although they lack a critical trafficking deter-
minant (see also “Discussion”). Moreover, the responses of
NR1-1a/GFP-NR2B-T647A receptors exhibited markedly
prolonged deactivation time courses when expressed in both
HEK293 and COS-7 cells (Fig. 2C and supplemental Fig. S2).
Taken together, our data show that key amino acid residues
within the NR2B M3 domain are critically involved in the
surface targeting as well as in the functioning of NMDA
receptors.

Key Amino Acid Residues within the M3 Domain of NR1 Sub-
unit Contribute to the Regulation of the Surface Delivery of
NMDA Receptors—Our previous data showed that the pres-
ence of the whole M3 domain of the NR1 subunit is likely crit-
ical for the release of NMDA receptors from the ER (21). The
NR1 M3 domain exhibits a high degree of sequence homology
with the NR2B M3 domain and contains key amino acid resi-
dues, identified in the NR2B M3 domain, critical for the surface
targeting of NMDA receptors (Fig. 34). We next examined
whether these key residues in the NR1 M3 domain are also
critical for the surface targeting of NMDA receptors. We first
generated four single alanine replacements in the M3 domain of
NR1ACt subunit, coexpressed them with the NR2BACt sub-
unit, and assessed their surface and total expression in heterol-
ogous COS-7 cells using a quantitative assay. These experi-
ments showed that one of these mutated subunits, when
coexpressed with the NR2BACt subunit (YFP-NR1ACt-
S646A), exhibits similar surface expression to YFP-NRIACt/
NR2BACt receptors, whereas three NRIACt subunits (YFP-
NR1ACt-W636A, YFP-NRIACt-Y647A, YFP-NRIACt-T648A)
exhibit reduced surface targeting when compared with YFP-
NR1ACt/NR2BACt receptors (Fig. 3B). Thus, key amino acid
residues within the NR1 M3 domain are critical for the surface
delivery of NMDA receptors with truncated C termini. How-
ever, in contrast to the Ser-645 residue in the NR2B M3
domain, the corresponding Ser-646 residue is not involved in
the surface targeting of NMDA receptors.

The C terminus of the major NR1 splice variant, NR1-1a,
contains two separate ER retention motifs, KKK and RRR, that
are likely negated in the functional NMDA receptor (15, 16).
Next, we studied whether the replacement of three amino acid
residues within the NR1 M3 domain, involved in the surface
delivery of NMDA receptors without C termini, results in the
reduction of the surface expression of full-length NMDA
receptors. We coexpressed the YFP-NR1-1a-W636A/NR2B,
YFP-NR1-1a-Y647A/NR2B, and YFP-NRI1-1a-T648A/NR2B
subunits in heterologous COS-7 cells and examined their sur-
face and total expression by a quantitative assay. These experi-
ments revealed that all three mutated NMDA receptors are
trafficked significantly less to the cell surface than control
receptors. The total expression was not different among stud-
ied receptor combinations (Fig. 3C). Similar data with the full-
length NMDA receptors containing specific mutations within
the NR1 M3 domains were also obtained using immunofluores-
cence microscopy (supplemental Fig. S3). The degree of reduc-
tion of the surface expression of all three mutated NMDA
receptors was similar to the degree of reduction observed with
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FIGURE 3.Key amino acid residues within the NR1 M3 domain contribute to the regulation of the surface targeting of NR1/NR2B receptors. A, the amino
acid sequences of the NR2B and NR1 M3 domains are shown, and the single amino acid residues replaced with alanines are underlined. B and C, COS-7 cells
transfected with indicated NMDA receptor subunits without (B) or with C termini (C) were assessed for surface (black bars) and total (white bars) NMDA receptor
expression by a quantitative colorimetric assay. Each bar represents the mean = S.E. (n = 9) in three experiments. **, p < 0.001 relative to the control
(YFP-NRTACt/NR2BACt or YFP-NR1-1a/NR2B) using Student’s t test. D, electrophysiological recordings were performed from HEK293 cells expressing the
indicated NR1/NR2 receptors. Responses were elicited with 5-s applications of T mm glutamate (indicated by the filled bar). Representative traces are shown.
E, the degree of desensitization was measured as the ratio of the steady-state current measured at the end of the glutamate application (/;;) over the peak
current (/,). The data represent the mean = S.E. (n = 5). %, p < 0.05; **, p < 0.001 (relative to YFP-NR1-1a/NR2B) using Student's t test.

NMDA receptors with truncated C termini (Figs. 2 and 3). receptors exhibited significantly higher I./I, ratios, showing
Together, our data show that there are key amino acid residues  that the reduction of the surface expression of both mutated
within the NR1 M3 domain critical for surface delivery of the receptors is associated with reduction in the desensitization
full-length NMDA receptors. rate. Interestingly, the YFP-NR1-1a-Y647A/NR2B receptors

Next, we examined whether the mutated NR1 subunits that had a markedly prolonged deactivation time course, showing
exhibit reduced surface expression when coexpressed with that the Y647A mutation alters the functional properties of the
NR2B subunit possess the ability to form functional surface receptors when expressed in both HEK293 and COS-7 cells
NMDA receptors. We coexpressed the YFP-NR1-1a/NR2B, (Fig. 3D and supplemental Fig. S2). The YFP-NR1-1a-T648A/
YFP-NR1-1a-W636A/NR2B, YFP-NR1-1a-Y647A/NR2B, and NR2B receptors did not exhibit a significant difference in the
YFP-NR1-1a-T648A/NR2B subunits in heterologous HEK293 I /I, ratio when compared with control receptors (Fig. 3E).
cells and performed whole-cell patch-clamp recordings usinga However, 6 of 11 recorded cells expressing YFP-NR1-1a-
fast application system (Fig. 3D). Our experiments showed that = T648A/NR2B receptors had an I /I, ratio of ~0.9, which is
all studied subunit combinations form functional receptors. rarely observed with wild-type receptors. Therefore, we sug-
Moreover, we compared the desensitization properties of gest that these receptors exhibit reduced desensitization in
NMDA receptor-mediated responses using the I /I, ratio the large fraction of cells, although they have the ability to
(described above, Fig. 3E). The control NMDA receptor desensitize as well (data not shown). Thus, key amino acid
responses, YFP-NR1-1a/NR2B, had an I /I, ratio of ~0.75, residues within the NR1 M3 domain contribute to the regu-
similar to published data for this receptor subtype (28). The lation of the surface delivery of NMDA receptors as well as
YFP-NR1-1a-W636A/NR2B and YFP-NR1-1a-Y647A/NR2B  their functioning.
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FIGURE 4. The NMDA receptors with simultaneous replacements of the
key amino acid residues in both NR1 and NR2B M3 domains a exhibit
surface expression similar to that of the receptors with a single replace-
ment of the key amino acid residues in the NR1 or NR2B M3 domain.
A, the amino acid sequences of the NR2B and NR1 M3 domains are shown,
and the amino acid residues replaced with alanines are underlined. B-E, quan-
tification of surface (black bars) and total (white bars) expression of indicated
NMDA receptor subunits expressed in heterologous COS-7 cells using a quan-
titative colorimetric assay. Each barrepresents the mean = S.E.(n = 9) in three
experiments. No significant differences were seen among single-and double-
mutated receptors using Student’s t test.

Key Amino Acid Residues within Both NR1 and NR2B M3
Domains Are Involved in the Early Trafficking of NMDA
Receptors—Our data show that both NR1 and NR2B subunits,
having replaced key amino acid residues within their M3
domains, exhibit reduced surface targeting when coexpressed
with wild-type NR2B or NR1-1a subunits, respectively. In our
next experiments, we asked whether the simultaneous replace-
ment of these residues in both NR1 and NR2B subunits results
in the additional reduction of the surface delivery of NMDA
receptors. We coexpressed in heterologous COS-7 cells, the
NR1 and NR2B subunits containing one or two replacements of
the amino acid residues critical for surface delivery of NMDA
receptors, and assessed their surface and total expression
(Fig. 4A). These experiments revealed that neither of the
studied combinations of double-mutated receptors, YFP-
NR1-1a-W636A/GFP-NR2B-W635A, YFP-NR1-la-Y647A/
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GFP-NR2B-Y646A, and YFP-NRI1-la-T648A/GFP-NR2B-
T647A, exhibit any difference in surface and total expression
when compared with receptors containing only one mutated
subunit (Fig. 4, B—D). Thus, the reduction in the surface expres-
sion of NMDA receptors containing a single replacement of a
key amino acid residue within the NR1 or NR2B M3 domains is
not altered when a corresponding key amino acid residue
within the NR1 and NR2B M3 domains is absent. We also
observed a pronounced reduction in the surface expression of
the mutated NMDA receptors (YFP-NR1-1la-W636A/GFP-
NR2B-W635A and YFP-NR1-1la-T648A/GFP-NR2B-T647A)
expressed in heterologous HEK293, indicating that the M3
domains contribute to the regulation of the surface delivery of
the NMDA receptors similarly in the COS-7 and HEK293 cells
(supplemental Fig. S3). Next, we generated the NMDA receptor
subunits that were mutated in all identified key amino acid
residues within the M3 domains (YFP-NR1-1a-W636A-
Y647A-T648A and GFP-NR2B-W635A-S645A-Y646A-T647A)
and examined their surface expression. Our data showed that
the receptors composed of these mutated subunits do not
exhibit significantly altered surface expression when compared
with the YFP-NR1-W636A/GFP-NR2B-W635A receptors (Fig.
4E). Together, our data indicate that the key amino acid resi-
dues within the M3 domains contribute to the regulation of the
surface delivery of the NMDA receptors by a similar
mechanism.

As mentioned above, our previous study indicated that the
M3 domains of both the NR1 and NR2B subunits are critical for
the masking of the ER retention signals present in both M3
domains (21). This suggests that the NR1-W636, NR2B-W635,
NR1-Y647, NR2B-Y646, NR1-T648, and NR2B-T647 residues
in M3 domains are critical for the proper ER processing of
NMDA receptors rather than for their assembly. To test this
hypothesis, we performed coimmunoprecipitation experi-
ments with wild-type and mutated NMDA receptors expressed
in heterologous COS-7 cells (Fig. 5). We decided to use the
NMDA receptors with the replacements of all identified key
amino acid residues within the M3 domains that diminished
the surface expression of NMDA receptors (YFP-NRI-
1a-W636A-Y647A-T648A and GFP-NR2B-W635A-S645A-
Y646A-T647A) (Figs. 4E and 5A). Our experiments revealed
that both mutated YFP-NR1-1a-W636A-Y647A-T648A and
GFP-NR2B-W635A-S645A-Y646A-T647A  subunits inter-
acted similarly to the wild-type non-mutated subunits with the
wild-type NR2B or NR1-1a subunits (Fig. 5, B and C). More-
over, the total expression of the studied mutated NMDA recep-
tor subunits was not altered when compared with the wild-type
subunits (Fig. 5 and supplemental Fig. S6). Thus, our results
show that key amino acid residues within the NR1 and NR2B
M3 domains, identified in this study, are not likely involved in
the assembly of NMDA receptors.

In subsequent experiments, we examined in which intracel-
lular compartment(s) are localized the mutated NMDA recep-
tors that exhibit reduced surface expression. We coexpressed
the cDNAs containing the YFP-NR1-1a/NR2B, YFP-NR1-1a-
W636A/NR2B, YFP-NR1-1a-Y647A/NR2B, and YFP-NR1-1a-
T648A/NR2B in heterologous COS-7 cells and labeled the cells
with the ER and GA markers. These experiments showed that
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FIGURE 5. The single alanine substitutions of the key amino acid residues within the NR2B and NR1 M3 domains contribute to the regulation of the
trafficking of the functional receptors. A, the amino acid sequences of the NR2B and NR1 M3 domains are shown, and the amino acid residues replaced with
alanines are underlined. Band C, COS-7 cells cotransfected with indicated NR1/NR2B subunits were solubilized with 1% deoxycholate, immunoprecipitated (/P)
with mouse anti-NR1 (B) or anti-MYC (C) antibodies (Ab), and probed with rabbit anti-GFP antibody. The specificity of coimmunoprecipitation was tested by
using IgG. The images show the representative results from three independent experiments. Densitometric analysis revealed no significant differences in the
normalized amounts of the bound fractions among the studied combinations of the subunits (ratio between YFP-NR1-1a-W636A-Y647A-T648A/MYC-NR2B
and YFP-NR1-1a/MYC-NR2B, 1.07 * 0.12; ratio between NR1-1a/GFP-NR2B-W635A-S645A-Y646A-T647A and NR1-1a/GFP-NR2B, 1.09 = 0.04; n = 3). D and
E, the distribution of indicated mutated NMDA receptors closely matches the distribution of an ER marker (D) but not a GA marker (E). Images were taken on

fixed COS-7 cells using a confocal microscope. PDI, oxidoreductase-protein disulfide isomerase.

all mutated NMDA receptors profoundly colocalize with the
ER marker but not with the GA marker (Fig. 5, D and E). Similar
data were obtained with the NR1-1a/GFP-NR2B-W635A,
NR1-la/GFP-NR2B-S645A, NR1-1a/GFP-NR2B-Y646A, and
NR1-1a/GFP-NR2B-T647A subunit combinations (supple-
mental Fig. S4). Together, our data indicate that key amino acid
residues in the NR1 and NR2B M3 domains are critically
involved in the ER processing of the functional NMDA recep-
tors, although we cannot rule out the possibility that other traf-
ficking pathways, such as internalization and degradation of the
receptors, are also regulated by the M3 domains.

In our next experiments, we examined whether key amino
acid residues, critical for the surface targeting of NMDA recep-
tors, also contribute to the regulation of the ER retention of
unassembled NR1 and NR2B subunits. We first expressed the
full-length NR2B subunits, GFP-NR2B, GFP-NR2B-W635A,
GFP-NR2B-S645A, GFP-NR2B-Y646A, and GFP-NR2B-
T647A, in heterologous COS-7 cells and assessed their surface
targeting by a quantitative assay (Fig. 6A4). These experiments
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showed that all mutated NR2B subunits trafficked to the cell
surface significantly more than the wild-type GFP-NR2B sub-
unit (Fig. 6B). Second, we examined the surface expression of
the full-length mutated NR1-1a subunits in the absence of
NR2 subunits. We expressed the YFP-NR1-1a, YFP-NR1-1a-
W636A, YFP-NR1-1a-Y647A, and YFP-NR1-1a-T648A sub-
units in heterologous COS-7 cells and performed a quantitative
assay. Interestingly, there were no differences among the wild-
type and mutated NR1-1a subunits in their surface and total
expression (Fig. 6C). Because the C terminus of the full-length
NR1-1a subunit contains the ER retention motifs, we examined
the surface targeting of mutated NR1 subunits with truncated
C termini (16, 21). We expressed the YFP-NR1ACt, YFP-
NR1ACt-W636A, YFP-NR1ACt-Y647A, and YFP-NRIACt-
T648A subunits in heterologous COS-7 cells and performed
quantitative assays. These experiments showed that all mutated
NR1ACt subunits exhibit higher surface expression than non-
mutated NR1ACt subunits, although there were no differences
in total expression among these subunits (Fig. 6D). Next, we
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FIGURE 6. Key amino acid residues within the NR2B and NR1 M3 domains
contribute to the regulation of the surface expression of unassembled
NMDA receptor subunits. A, the amino acid sequences of the NR2B and NR1
M3 domains are shown, and the amino acid residues replaced with alanines
are underlined. B-E, heterologous COS-7 cells coexpressing the indicated NR1
or NR2B subunits were labeled with primary anti-GFP and secondary antibod-
ies in non-permeabilizing and permeabilizing conditions. The bar graphs
show quantification of surface (black bars) and total (white bars) expression of
the indicated NMDA receptor subunits obtained using quantitative colori-
metric assay. Each bar represents the mean = S.E. (n = 9) in three experi-
ments. **, p < 0.001 relative to the control (GFP-NR2B, YFP-NR1-1a, YFP-
NR1TACt, or YFP-NR1-4a) using Student's t test.

examined whether the specific mutations within the M3
domain regulate the surface expression of the full-length
NR1-4a subunit, which exhibits profound surface expression
even in the absence of the NR2 subunits (7, 16). Our experi-
ments revealed no differences in the surface and total expres-
sion of the wild-type and mutated (W636A, Y647A, and
T648A) NR1-4a subunits (Fig. 6E). Thus, the NR1 C terminus
possesses the ability, independent of the M3 domain, to con-
tribute to the regulation of the forward trafficking of the unas-
sembled NR1 subunits.

Interestingly, the NR2A subunit, which is mainly expressed
later in the development, contains key amino acid residues that
contribute to the regulation of the trafficking of the NR1/NR2B
receptors (29). We performed similar experiments using the
quantitative assays as described above to examine how the
replacement of key amino acid residues within the M3 domains
of the NR1 and NR2A subunits contribute to the regulation of
the surface expression of NR1/NR2A receptors (Fig. 7A). Our
data showed that the mutations of key amino acid residues
within both the NR1 and NR2A subunits reduce, in most cases,
the surface delivery of the receptors (Fig. 7, B and C). On the
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FIGURE 7. Key amino acid residues within the NR2A and NR1 M3 domains
contribute to the regulation of the surface expression of NR1/NR2A recep-
tors. A, the amino acid sequences of the NR1, NR2B, and NR2A M3 domains are
shown, and the amino acid residues replaced with alanines are underlined.
B-D, heterologous COS-7 cells coexpressing the indicated NR1 and/or NR2A sub-
units were labeled with primary anti-GFP and secondary antibodies in non-per-
meabilizing and permeabilizing conditions. The bar graphs show quantification
of surface (black bars) and total (white bars) expression of the indicated NMDA
receptor subunits obtained using quantitative colorimetric assay. Each bar rep-
resents the mean = S.E. (n = 9) in three experiments. **, p < 0.001 relative to the
control using Student’s t test.
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other hand, the specific mutations within the NR2A M3
domain caused an increase in the surface expression of individ-
ually expressed NR2A subunits (Fig. 7D). Together, our data
indicate that the M3 domains contribute to the regulation of
the early processing of all NMDA receptor subtypes. Concern-
ing the two mutations in the NR2A subunit, Ser-644/Tyr-645,
that exhibit different results from that obtained with the NR2B
subunit (Fig. 2), we suggest that there is also a subunit-specific
regulation of the surface expression of NMDA receptors.

In conclusion, our results show that there are key amino acid
residues within the M3 domains of both the NR1 and NR2
subunits that contribute to the regulation of the forward traf-
ficking of unassembled subunits as well as the functional
NMDA receptors.

DISCUSSION

The NMDA receptors play critical roles in glutamatergic
neurotransmission as well as in the etiology of many CNS syn-
dromes. The number and composition of surface NMDA
receptors are highly regulated. The functional NMDA recep-
tors are assembled in the ER and, after passing the ER quality
control machinery, are released from the ER and traffic to the
cell surface. However, these processes remain poorly under-
stood. In this study, we investigated the mechanism by which
the M3 domains of both NR1 and NR2B subunits contribute to
the regulation of the surface number of NMDA receptors. We
employed quantitative assays, biochemistry, and electrophysi-
ology on heterologous cells expressing truncated and mutated
NMDA receptor subunits. Our data showed that key amino
acid residues within the M3 domains of both the NR1 and
NR2B subunits contribute to the regulation of the surface deliv-
ery of functional full-length NMDA receptors. We also showed
that these key amino acid residues alter the functional proper-
ties of NMDA receptors and are involved in the trafficking of
unassembled subunits.

Key Amino Acid Residues within Both the NRI and NR2 M3
Domains Contribute to the Regulation of the Surface Expression
of Functional NMDA Receptors—We have shown previously
that the structures of the M3 domains of both the NR1 and NR2
subunits are critical for the release of the NMDA receptor from
the ER to the cell surface (21). In this study, we found that there
are key amino acid residues within both the NR1 (Trp-636 and
Tyr-647/Thr-648) and NR2B (Trp-635 and Ser-645/Tyr-646/
Thr-647) M3 domains that contribute to the regulation of the
trafficking of the unassembled as well as functional NMDA
receptors to the cell surface, likely on the level of their ER pro-
cessing. We cannot exclude the possibility that the surface
NMDA receptors, mutated in the key amino acid residues iden-
tified in this study, also exhibit altered internalization and/or
degradation rates that could affect their surface expression in
addition to their changes in the ER processing. The different
regions, except the membrane domains within both the NR1
and NR2 subunits, were shown to regulate the ER retention and
the release of the functional NMDA receptors from the ER.
These included the C1 cassette in the C termini of some NR1
splice variants (15, 16) and the unknown signal in the C termi-
nus of NR2B subunit (18). It is interesting that the single trans-
membrane chimeric proteins with appended C termini of both
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the NR1-1a and NR2B subunits are retained in the ER, likely
because of the presence of ER retention signals (16, 18). Because
the key amino acid residues within the NR1 and NR2B M3
domains, identified in this study, are critical for the surface
expression of full-length NMDA receptors, we suggest that the
M3 domain signals are dominant over the C-terminal ER reten-
tion signals. This view is supported by the fact that the NMDA
receptor subunits with truncated C termini can form functional
receptors, indicating that regions other than the C termini reg-
ulate their assembly and trafficking (21, 30).

A recent study showed that the transmembrane regions of
the NMDA receptor subunits are necessary for the assembly of
NMDA receptors (31). Our electrophysiological data show that
the replacements of key amino acid residues within both the
NR1 and NR2B M3 domains do not interfere with the forma-
tion of the functional NMDA receptors. Thus, it is likely that
amino acid residues other than the ones identified in our study
are involved in the assembly of NMDA receptors. We further-
more showed that the simultaneous replacement of key amino
acid residues in both the NR1 and NR2B subunits do not alter
the reduction in the surface expression of NMDA receptors
with single mutations. Our preliminary experiments also
showed that the replacements of the key amino acid residues in
the NR1 and NR2B M3 domains decrease the number of
recombinant NMDA receptor subunits present on the cell sur-
face in neuronal cells (data not shown). Together, our observa-
tions indicate that the presence of all the amino acid residues
within the NR1 and NR2 M3 domains, identified in this study, is
required for the surface delivery of the NMDA receptors.

It has been shown that the kainate receptors in the desensi-
tized state preferentially pass the ER quality control checkpoint
for release from the ER (23). Our electrophysiological data
show that the majority of NMDA receptors with mutated Trp
and (S)YT residues, when expressed in heterologous cells,
exhibit a reduction in the desensitization rate. Therefore, we
suggest that a similar mechanism is used for the ER release of
the NMDA receptors. However, the NR1-1a/NR2B-Y646A
receptors exhibit an increased desensitization rate, in contrast
to the responses of the wild-type receptors. This observation
indicates that the NMDA receptors do not essentially behave
like kainate receptors and that their release from the ER must
not be regulated by their desensitization. On the other hand,
the NR2B-Y646A mutation could simultaneously abolish the
critical trafficking signal and, independently, increase the
desensitization of the NR1-1a/NR2B-Y646A receptors. Given
the fact that the responses of the NR1/NR2A receptors exhibit
both higher desensitization rate and surface expression than
the NR1/NR2B receptors, we suggest that desensitization plays
at least a regulatory, if not the major, role in the release of
NMDA receptors from the ER (28, 32). Mutations within or
close to the M3 domain alter the functioning of heteromeric
kainate and AMPA receptors (33, 34) and are associated with
the intracellular retention of the kainate receptors (35), which is
similar to what we observed.

Mechanism of the Trafficking Regulation Mediated by the
Membrane Domains of the NMDA Receptor—In general, the
mechanism of the ER retention of membrane receptors remains
unknown, although specific protein-protein interactions in the
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ER are likely involved. The presence of the ER retention signal
within a membrane domain has been shown for many mem-
brane proteins, including e.g. the M1 domain of the acetylcho-
line receptor a subunit (36). Indeed, this ER retention signal is
negated during the acetylcholine receptor assembly (36). What
is the mechanism of the regulation of the early trafficking medi-
ated by the M3 domains of the NMDA receptor subunits? The
structure and function of membrane domains within the
NMDA receptor is less understood than those of the well char-
acterized extracellular regions (37, 38). The M3 domains of
both NR1 and NR2 subunits likely form the outer vestibule of
the ion channel with contributions from other membrane
domains (39). On the basis of the recently published structural
model of the AMPA receptor, we suggest that the (S)YT resi-
dues within the M3 domains of the NR1 and NR2 subunits
physically interact or are at least in close proximity in the func-
tional tetramer so that the proper conformation of the NMDA
receptor can be checked by a specific quality control mecha-
nism (40). On the other hand, the tryptophan residues in the
NR1 and NR2B M3 domains are not likely in close proximity to
each other. Therefore, we suggest that the interaction of these
residues with other membrane domain(s) is involved in the reg-
ulation of the surface expression of the functional NMDA
receptor. One possibility is that the interaction with the NR1
M4 domain negates the ER retention mediated by the trypto-
phan residues (21). This view is also supported by the fact that
the interaction of the M4 domain with the M3 and M1 domains
is critical for the surface expression of AMPA receptors (41).

Why does the NMDA receptor contain multiple traffick-
ing signals? It is plausible that each signal is necessary for the
specific step in their ER processing and/or forward traffick-
ing. Furthermore, by employing the multiple trafficking sig-
nals, cells may ensure that only correctly assembled func-
tional NMDA receptors are released from the ER and
trafficked to the cell surface. Future studies should reveal
whether some of these signals are redundant or employed
during specific circumstances.
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