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Aim: N-methyl-D-aspartate receptors (NMDAR) are heteromeric complexes pri-
face expression; HEK293 cells

marily assembled from NR1 and NR2 subunits. In normal conditions, NR2 sub-
units assemble into homodimers in the endoplasmic reticulum (ER). These
homodimers remain in the ER until they coassemble with NR1 dimersand are
trafficked to the cell surface. However, it still remains unclear whether functional
homomeric NMDAR exist in physiological or pathologica conditions. Methods:
We transfected GFP-NR2A alone into HEK 293 cells, treated the cells with PKC
activator 12-myristate-13 acetate (PMA), and then detected surface NR2A sub-
units with alive cell immunostaining method. We also used a series of NR2A
mutants with a partial deletion of its C-terminus to identify theregions that are
involved in the PMA-mediated surface expression of NR2A subunits. Results:
NR2A subunits were expressed on the cell membrane after incubation with PMA
(200 nmol/L, 30 min), although nofunctional NMDA channd swere detected after
PMA-induced membranetrafficking. Immunostaining with an ER marker also
reveal ed that NR2A subunits were exported from the ER after PMA treatment.
Furthermore, the deletion of amino acids between 1149-1347 or 1354-1464 of
NR2A inhibited PM A-induced surface expression of NR2A subunits. Conclusion:
First, our data suggeststhat PMA treatment can induce the surface expression of
homomeric NR2A subunits. Furthermore, this processis probably mediated by
the NR2A C-terminal region between positions 1149 and 1464.
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that theNR1 subunit assembl esto form functiona homomeric
receptorsin oocytes. On the other hand, we have proven
that NR2 subunits were assembled in HEK293 cells using

Introduction

Three classes of subunits have been identified in the

family of N-methyl-D-aspartate receptors (NMDAR): NR1,
NR2 and NR3. The NR1 subunit isessential tothe structure
of NMDAR, whereas different NR2 subunits endow there-
ceptor complexes with different characteristics”. The ma-
jority of functional NMDA receptors are generally thought
to be tetrameric compl exes composed of both NR1 and NR2
subunitd?. Ther sructureisthought to beadimer of dimerd?.
It was reported that expressing NR1-1a alone in Xenopus
oocytes produces a glutamate and glycine-activated current,
although the amplitude was only 1/10 compared with that in
the NR1/NR2 coexpressed cell$*. Thisevidenceindicates
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fluorescent resonance energy transfer (FRET) technol ogy.
When we expressed NR2A or NR2B alonein HEK293 cells,
FRET occurred in each transfection!”. Previous studies also
suggested that NR2 subunits were retained in the endoplas-
micreticulum (ER) until they assembled with NR1 subunitg®.
However, there is no evidence indicating that NR2 subunits
can expresson the plasmamembraneor form functiona chan-
nels before assembling with NR1 subunits®®,

The surface expression of NMDAR has been shown to
be regulated by the phosphorylation of the intracellular C-
terminal regions of their composing subunits™*4. For
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example, the activation of protein kinase C (PKC) leads to
the up-regulation of surface NMDAR through the effect of
Srcfamily kinases. Activation of the cAMP-dependent pro-
tein kinase (PKA) sitesin the C1 cassette of NR1 subunits
increases the synaptic targeting of NMDAR, while CaMKI|
can inactive synaptic Ras-GTPase activating protein and
then downregul ate synaptic NMDAR. 12-Myristate-13 ac-
etate (PMA) isan activator of PKC, which areclassified into
3 groupsand 11 isozymes based on their sructure®™. PMA
isthought to beatumor promoter, playing rolesin cdl cyding,
cell transformation, vesicletrafficking and gene expression.
It has been shown that the application of PMA increases
both the number and the open probability of the surface
NMDA receptors composed of NR1 and NR2 subunits?®.
Biochemical studies have identified several PKC phospho-
rylation sitesin the C-terminus of the NR2 subunits™”. Many
potential phosphorylation sitesin NR2A C-terminus are
thought to beimportant for PMA-based potentiation of NR2A
in heteromericNMDAR. Residues S1291, S1308 and S1312
are essential for PKC-mediated insulin potentiation of NR1/
NR2A receptord™. ResiduesY 1105, Y 1267 and Y 1387 were
utilized in Src-potentiation of wholecdl NRL/NR2A currents
in zinc sensitivity!’®. Also, the amino acids between 1400
1406 of NR2A are involved in PMA-potentiation of NR1/
NR2A receptors™. However, since PMA-induced potentia-
tion could hardly be blocked by site mutation!™®, several
indirect pathways may beinvolved in the processes. These
regulatory mechanismsarelargely uncertain.

In this study, we found that NR2A subunits were ex-
pressed on the cell surface after the cells were incubated
with PMA. Interestingly, the surface expression does not
require the coexpression of NR1 subunits. The NR2A
C-terminal region required for the PMA-induced surface
expression was further identified by a series of NR2A mu-
tantswith partial deletion of its C-terminus.

Materials and methods

Molecular biology The generation of expression vectors
for thegreen fluorescence protein (GFP) N-terminally tagged
NR2A (GFP-NR2A) and avariety of GFP-NR2A mutantswith
C-terminal deletions used in this study have been described
previously*® (Figure 2A).

Transfection of heterologous cells HEK293 cellswere
cultured and plated on polylysine-coated coverdlips (8 mmx
8 mm) in 35 mm dishes 1 d beforetransfection. Theplasmids
(1.5 ng in amount) for the NR2 subunits were transfected
aoneoar withNR1-1laat amalar ratioof 1:1 using Lipofectamine
2000 (Invitrogen, Los Angeles, CA, USA) according to the
manufacturer’ sinstruction. After transfection, cells were

grown inthe presence of 0.5 mmol/L ketamineand 1 mmol/L
kynurenic acid (Sigma-Aldrich, St Louis, MO, USA). The
transfected cells were used for ectrophysiological record-
ing and immunocytochemical staining 24-48 h after
transfection.

Immunofluor escent staining For live cell surface
staining, GFP-tagged NMDAR on the cell surface were la-
beled using immunofluorescent staining in live cells as de-
scribed previousy*®. Thetransfected HEK 293 cells grown
on coverdlips wereincubated with rabbit anti-GFP antibody
for 7min, rinsed 3times, and then incubated with Cy3-conju-
gated goat anti-rabbit secondary antibody (Chemicon, Los
Angeles, CA, USA) for another 7 min. After brief washing
and fixation, the cells were observed and imaged under a
confocal microscope. The imaging analysis software used
was FluoView (FV500, Olympus, Tokyo, JAPAN). All proce-
dures were performed at room temperature. The surface ex-
pression of GFP-tagged NMDA receptorsin HEK293 cells
was measured by counting the number of surface-labeled
cellsin the population of GFP-positive cells.

For permealized labdling, HEK 293 cdl | swerewashed with
PBS, fixed on ice with 4% paraformal dehyde for 20 min,
washed 3timeswith PBS, and permeabilized with 0.2% Tri-
ton X-100 for 10 min at room temperature. After 3 washes
with PBS, the cells were blocked with 10% bovine serum
albumin (BSA) in PBSfor 1 h and then incubated in primary
antibody for 15h at 4 °C. After another 3 washeswith PBS,
the cells were incubated with the appropriate secondary an-
tibodies for 1 h at room temperature. The cellswere then
observed and imaged using a confocal microscopy.

Results

PM A-induced sur face expr ession of NR2A in HEK 293
cells We catransfected HEK 293 cdIswith NR1-1aand GFP-
NR2A by Lipofectamine 2000 and then measured surface
expressed receptors 2448 h after transfection using alive
surface staining method. GFP-tagged NMDAR were ex-
pressed on the cell membrane, with N-terminal GFPtags ex-
posed extracellularly. The exposed GFP tags were stained
using polyclonal antibodies. Postivelabeing wasindicated
by numerous red puncta on the cell surface, indicating the
surface expression of the NMDAR (Figure 1A,1B). After
quantification, wefound that 49%+4% of transfected HEK 293
cdlsweresurfacelabeled (Figure 1G).

Wethen transfected HEK 293 cellswith GFP-NR2A aone
and measured surface expressed receptors 24 h after
transfection. No surface staining was detected in these
HEK?293 cdlls expressng GFP-NR2A alone (Figure 1C, 1D,
1G).
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Figure 1. Surface expression of transfected GFP-NR2A in HEK293 cells after incubating with PMA. GFP-NR2A was transfected into HEK
293 cells alone or with NR1-1a using Lipofectamine 2000. Twenty-four hours after transfection, HEK 293 cells were surface stained. (A, B)
surface labeling was identified in cells coexpressing NR1-1a and GFP-NR2A; (C, D) No surface labeling was detected in GFP-NR2A expressing
HEK 293 cells without PMA incubation; (E, F) After PMA treatment, typical surface labeling was found in HEK 293 cells transfected with GFP-
NR2A alone. HEK293 cells were incubated with FBS-free medium plus 200 nmol/L PMA for 30 min, rinsed 3 times, and then put back in PMA-
free culture medium for another 2 h. Scale bar, 10 um. (G), surface expression was quantified by calculating the percentage of cells with positive
surface labeling from total transfected cells. The data were from 3 separate transfections, n=100-200 per transfection and expressed as
Mean+SE. °P<0.01 vs control group (two-tailed, unpaired Student’s t-test).

Twenty-four hours after transfection, HEK 293 cdIstrans-
fected with GFP-NR2A alone were incubated with fetal bo-
vineserum (FBS)-free culture medium plus 200 nmol/L PMA
(Chemicon, LosAngeles, CA, USA) for 30 min. After briefly
washing with PBS, the cells were incubated with PMA-free
culturemediumfor 2h. Finaly, surface expressed GFP-NR2A
subunits were measured by live surface staining (Figure 1E,
1F). We surprisingly found that 4.1%:+1.5% of GFP express-
ing cells exhibited positive labeling (Figure 1G). Thesere-
sultsindicatethat some of the transfected cells could deliver
NR2A subunitsto the cdl surface after incubating with PMA.

Segment between 1149D and 1464V wasnecessary for
PM A mediated surfaceexpr ess on of homomeric NR2A sub-
units It has been reported that the region between amino
acids1105-1400 or 1267-1458 of NR2A issufficient for PKC-
mediated potentiation of NRI/NR2A heteromers®2, We
used asmilar method to study whether this region also plays
arolein the PMA-induced potentiation of NR2A subunits.

Wegenerated aseriesof GFP-NR2A truncati ons. 2AA897—
1017,2AA1024-1142, 2AA1149-1347,and 2AA1354-1464;
the numbersfollowing 2AA indicating thefirst and last resi-
dues of the deleted segments, respectively. Each mutation
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contained a GFP tag in the extracellular N-termini (Figure
2A). HEK293 cdlsweretransfected with thesemutants, PMA
effects were assessed by incubation of paralld transfection
with or without PMA (200 nmol/L, 30 min). Wedid not find
any surface stained cdllsin any transfection without PMA
incubation (Figure 2B). However, surface expression was
found in cells expressing 2AA897-1017 or 2AA1024-1142
after incubating with PMA. In contrast, HEK293 cells ex-
pressng 2AA1149-1347 or 2AA1354-1464 did not show sur-
face labeling after incubating with PMA (Figure 2B). After
incubating with PMA, the percentage of surface-labeled cells
from transfected cellswasnormalized to 100%. Therelative
percentage of surface-labded cells from transfected cellsex-
pressing 2AA897-1017, 2AA1024-1142, 2AA1149-1347, or
2AA1354-1464 was 36.3%+37.4%, 60.1%+39.7%, 0%+ 0%, or
0%+0 %, respectively (Figure 2B).

PM A-induced NR2A subunits exporting from the ER
Previous studies have provided evidence that NR1 dimersand
NR2 dimers areretained in the ER until they coassembleé™?,
However, whether NR2 subunits export from the ER or not
after incubatingwith PMA remains unknown. Our immuno-
cytochemical staining of HEK 293 cdllstransfected with NR2A
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Figure 2. Surface expressions of transfected GFP-NR2A mutants in HEK293 cells with or without PMA incubation (200 nmol/L, 30 min). (A)
A schematic representation of GFP-NR2A and their mutants with partial C-terminal deletions. Gray boxes indicate the GFP tags. Black boxes
indicate the transmembrane domains. Lines indicate the deleted region. Mutants were named 2AA897-1017, 2AA1024-1142, 2AA1149—
1347, and 2AA1354-1464. The numbers following 2AA indicated the first and last residues of the deleted segments. (B) Without PMA
incubation, no cell surface staining was detectable in any transfection. After incubation with PMA, cells expressing 2AA1149-1347 or
2AA1354-1464 did not show surface labeling, while 2AA897-1017 and 2AA1024-1142 had detectable surface expression. The percentage of
surface-labeled cells from GFP-positive cells was normalized to 100%. All of the data, expressed as Mean+SD, are from 3 separate transfections.
n=100-200 per transfection. °P<0.01 vs control group (two-tailed, unpaired Student’s t-test).

aloneshowed extensive colocalization of NR2A subunitswith
an ERmarker (Figure3). Weadsofixed thecdls2 h after PMA
treatment (200 nmal/L, 30 min) and then performed immuno-
cytochemical staining. Our results showed that many NR2A
punctadid not colocalizewith an ER marker (Figure 3). These
results suggest that PMA induces NR2A subunit export from
the ER position.

Discussion

Although the NR1 subunit homol ogues have been stud-
ied in Xenopus oocytes and mammalian cells?, it still

Merge
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remains unclear whether there are functional homomeric
NMDAR exiging in physiologica or pathological conditions.
Previous studies have shown that transiently expressing
NR1-1lain COS cellsdid not produce functional NR1-1a
homomeric receptors®. In agreement with these reports,
we did not detect surface expressed NR2A after transfecting
HEK 293 cdlswith GFP-NR2A alone, even after transfecting
asmuch as 5 ug of GFP-NR2A plasmid into HEK293 cells.
However, using the live surface staining method, some of
the cellswere found to be surface labeled with GFP-NR2A
subunits after incubating with PMA (200 nmol/L, 30 min).
The molecular mechanisms underlying the PMA medi-

Figure 3. Direct immunofluorescence of HEK293 cells
expressing NR2A. Twenty-four hours after transfecting
with NR2A, the HEK293 cells were incubated with FBS-
free medium with or without PMA (200 nmol/L) for 30
min. The cells on coverslips were fixed immediately
after incubation, and then colabeled with FITC-conju-
gated anti-ER antibody and CY 3-conjugated anti-NR2A
antibody. (A, B, C) In the cells that were not incubated
with PMA, NR2A was closely colocalized with an ER
marker; (D, E, F) in the cells exposed to PMA, some
NR2A puncta were identified in the area that was not
stained by the ER marker; (G, H, I) zoom in of the area
inside the white frame in panels D, E and F. Red puncta
that did not colocalize with green ER marker (arrows)
indicated NR2A subunits which did not colocalize with
the ER antibody.
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ated potentiation of NR2 subunits remains unclear. Phorbol
PMA isan activator of PKC. Previous studies have pro-
vided evidence that PMA induces the phosphorylation of
several serine and tyrosine sites*”*9. It is possiblethat some
phaosphorylation sites act in concert to mediate the potentia-
tion of surface NR2 subunits. This may explain why the
PMA-potentiation of NR2A subunits could not be induced
by deleting the amino acids between 1149-1347 or between
1354-1464. Our results suggest that the surface expression
of NR2A subunits was mediated by the simultaneous phos-
phorylation of several residues between 1149-1464.

We detected surface NR2 subunits in HEK293 cells by
immunochemical methods. However, it seems difficult to
identify whether or not the surface NR2 subunits form ion
channelsin HEK293 cdlls. Voltage damp isone of the most
direct ways to identify ion channels. In NR1/NR2B
coexpressing HEK 293 cells, our data showed that the cur-
rent amplitudeswerereduced significantly after surfacestain-
ing (Figure 4), suggesting that surface labeling reduced the
sengitivity of thewholecdl recording. After PMA incubation,
we could not produce significant NMDA currentsin sur-
face-labeled HEK 293 cells expressing NR2 alone. Thereare
2 possible explanationsfor this: First, although some of the
NR2A subunitsexport from the ER by PMA-based induction,
they fail to assemble an NMDA channel. There may be
monomeric, dimeric, trimeric or some other formation of
homomeric NR2A complexesthat expresson thecdll surface.
However, they do not have normal NMDAR function and
can not be activated by glutamate. Second, the NR2A sub-
units may assemble into homomeric receptors, but the cur-
rent isfar more lessthan normal NMDA currents. So after

Peak current/pA

Without With

surface staining surface staining

Figure 4. Typical whole-cell currents in HEK293 cells coexpressing
NR1-1a and GFP-NR2B before and after surface labeling. Two wave-
form representative examples of whole cell recording currents (holding
potential, -60 mV). Responses were evoked by 100 umol/L glutamate
and 20 pmol/L glycine. Mean+SD. n>4 for each kind of recording.
°P<0.01 vs control group (one-tailed, unpaired Student’s t-test).
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surface staining, they could hardly be recorded.

In summary, our experiments demonstratethat in asmall
fraction of transfected cells, NR2A subunits can traffic to
the cell membrane after PMA incubation. Thisprocessis
mediated by the NR2A C-terminal region between amino ac-
ids 1149 and 1464. Thus, our work has provided further
evidence that the NR2A C-terminus playsan important role
in PMA-induced potentiation of NR2A-containing NMDAR.
In addition, it would be interesting to expl ore whether NR2A
subunits express on the surface of neurons under proper
conditionsin vivo in the future.
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