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Gene Structure of the Murine
N-Methyl n-Aspartate
Receptor Subunit NR2C*

Similar to other ligand-gated ion channels, the ionotropic
glutamate receptors are composed of subunits. For the NMDA
receptor, two types of subunits have been molecularly characterized, and members of both are needed to form an active ion
channel. The NMDARI (NRl) subunit occurs in virtually every
neuron and is likely to be a constituent of all NMDA receptor
subtypes. Four distinct NR2 subunits (NR2A to NR2D for rat;
E1 to ,,4 for mouse) have been isolated (9-12). Their expression
is developmentally controlled and restricted to specific brain
areas (13). In NRl/NR2 heteromeric channel configurations,
the NR2 subunits determine the subtype-specific channel characteristics (10,11,13-15). The NRI and NR2 subunits are little
related in primary sequence, but are conserved in their general
design. They are expressed as large precursor polypeptides
with an N-terminal signal peptide. The mature subunits are
predicted to contain four hydrophobic transmembrane sequences (Ml to M4) and a discontinuous agonist-binding region
(14). The NR2 subunits contain a uniquely large C terminus of
unknown function.
Most members of the ionotropic glutamate receptor family
occur as molecularly different variants post-transcriptionally
modified by alternative splicing and/or RNA editing. Thus, the
NRI subunit exists in eight different molecular forms (16, 17).
No splice variants have been reported for the NR2 subunits.
Here we analyze the gene structure of the murine NR2C (,,3)
subunit with respect to exon-intron organization, transcriptional start site, alternatively spliced transcripts, and nucleotide differences between gene and transcript and compare the
gene organization with that of the NRI subunit.
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The murine N-methyl n-aspartate receptor subunit
NR2C (e-S) is encoded by a unique gene composed of 12
translated and three 5' -untranslated exons that spread
over -20 kilobases of genomic sequence. The GC-rich
promoter that lacks TATA- and CAAT-positioning elements has two transcriptional start sites separated by 18
base pairs. One of these sites is located in a conserved
initiator motif and, together with the first four exons,
specifies the 5' -untranslated sequence of 772 nucleotides. In this sequence, two alternative splice variants
were detected that show identical expression patterns
in adult mouse brain. Comparison of intron positions in
genes encoding different members of the glutamate receptor family confirms a close evolutionary relationship
of the NR2C and NMDARI subunit genes.

MATERIALS AND METHODS

In the vertebrate central nervous system, ionotropic glutamate
receptors mediate the fast synaptic action of the major excitatory
neurotransmitter, L-glutamate. Traditionally, these receptors
have been categorized into functionally different types: a-amino3-hydroxy-5-methyl-4-isoxazole propionate receptors, high-affinity kainate receptors, and N-methyl D-aspartate (NMDA)l receptors (reviewed in Refs. 3-8). The ll'-amino-3-hydroxy-5-methyl-4isoxazole propionate receptors mediate the fast component of
excitatory postsynaptic currents, whereas the slow component is
contributed by the NMDA receptors. The NMDA receptor with
its characteristic voltage-dependent Mg2+ block can be considered as a coincidence detector of pre- and postsynaptic activity,
and its activation is thought to trigger synaptic modulation underlying memory formation. Excessive glutamate stimulation
can induce neuronal cell death due to the high Ca2+ permeability
of this channel.
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Isolation and Characterization of Genomic Clones-A 129SV murine

genomic library in AFIX II (Stratagene) was screened for NR2C
gene sequences using as probe a O.9-kb Eco47III rat cDNAfragment (see
Fig. lA). Two overlapping phages, ANR2C6 and ANR2C4, covering the
whole gene were subcloned in pBluescript SK(-) (Stratagene) using SaLI
of the AFIX II polylinker and an internal SaLI site to create plasmids
pNR2C6 and pNR2C4. The clones were analyzed by dye terminator cycle
sequencing (ABI Advanced Biotechnologies,Inc.). The followingoligonucleotides were used to prime sequencing reactions: sense: bsll (5'AGCTCTGGGCCACTGCAGGC-3'), bs16 (5'-CTCAGCTGCTGGAT'ITCGTC-3'), rsp18 (5'-GCTGGAGACTGCCGAAGCCACC-3'), bs59 (5'-TGGTTGTGATCGCTCTCAACC-3'), bs6 (5'-CTGACCCTGGCACAGGTGGC-3'), bs15 (5'-TGTAAGGGCTTCTGCATCG-3'), bs26 (5'-GAGACCGGCATCAGTGTGATGGTG-3'), rsp17 (5'-GCTACACGGCCAATCTGGCAGC-3'), rsp15 (5'-CCACTGGCTATGGCATTGCC-3'), rsp16 (5'-GGGGAAGCTGGACGCCTTC-3'), bs2 (5'-GCGGTGGCCAGTGCGAGTCG3'), bs13 (5'-GAACAGCTGGCTCGGCGGGAG-3'), bs21 (5'-CAGCCACAGTCCCTGGCTC-3'), and bs28 (5'-CAGGGAAGCTTGTGGGACACAAG-3'); and antisense: bslO (5'-GTGGCTGGATCTCCAGAGGC-3'),
bs29 (5'-CAGCCCTGCCCAAGCACCAAGGAG-3'), bs8 (5'-CGGTGCTTCCCAGCGCCAG-3'), bs24 (5'-CTGCTCCAGGGACACGCCCAGCTG3'), bs25 (5'-GTGCTGTAGCGAGGCCATACTGG-3'), bs18 (5'-AGTCGTAGGAGAACTTGAC-3'), bs14 (5'-ACATCATCACCCACACGGC-3'), bs5
(5'-TCTTGTCACTAAGGCCCGAC-3'), bs20 (5'-GTTCTCGATGGGAACAGAG-3'), bs3 (5'-TGCCATAGCCAGTGGTGGC-3'), bs23 (5'-CATGTTGTCAATGTCCAGC-3'), and bsl (5'-TATGGGTGTGCAGGCAGAC-3').
Additionally, the following intronic primers were used: sense: bs61
(5'-GCTGGGTCTGAGGATGTGACCAG-3'), bs17 (5'-GTCCTAGTCAGAGCCACATC-3'), bs54 (5'-CCAGTGATGAAGGGTGTGAGG-3'), bs4
(5'-GTGTCTAAGACTGTGCAGG-3'), bs60 (5'-CAGAGAAGCTCTCCGTCTGAG-3'), and rsp14 (5'-GGGAGCACACAGTTAGGAC-3'); and antisense: bs7 (5'-GATAAGGATTCTAAGACCCAG-3'), bs52 (5'-CACCGTCCCACCTGCAGAGGAC-3'), bs55 (5'-CGCATCCCTCTAACATGGGAG3'), and bs27 (5'-TCCTAGTCGGGAGAAGTCCAGCAG-3').
In Situ Hybridization-In situ hybridization on horizontal sections of
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FIG. 1. The murine NR2C gene a n d i t s expre s sion in adult mous e brain, A , sche ma tic drawing of the NR2C gene organizatio n. The
exon-intron organization is shown in the upper part. Exons 1-15 a re boxed , and shaded boxes re present un tra ns lated exonic areas. Int ron 3, which
is - 6 kb in len gt h , is not dra wn to sca le. Th e two alte rnat ive splice va rian ts betw een exons 3 a nd 4, restricti on enzy me cleav age site s (S , Sa LI; H ,
HindIII ;X, XbaI ;K, Kpn l ), a nd th e positions of th e tran slation al sta r t (ATG) a nd stop (TGA) codons a re ind icated . The exon a lignment of the NR2C
cDNA is depi cted in the lower part. Coding a reas for the four putative tran sm embran e regions (M1 to M4) are show n by filled boxes. Solid lines
below the cDNA a nd below th e genomic DNA indicate th e in situ hybridi zation oligonucleotides for splice va riant 1 (a), splice va riant 2 (b), the in
vitro RNA a ntise nse prob e of the RNase pr otecti on assay (c), and cDNA pr obes for th e Northern (d) a nd ge nom ic Southe rn (e) hybridizations. B,
in situ hybridization of hori zonta l mouse (1, 3) a nd rat (2, 4) brain sections using specific oligonucleotides for splice varia nt 1 (1, 2) an d splice
va ri ant 2 (3, 4). C, a na lysis of the transcripti ona l sta r t site by RNa se pr otection . Total RNA (50 p.g; lan e 1) fro m BALB/c mouse cere bell um and
Escherichia coli tR NA (50 u g ; lan e 2 ) wer e pr otected with a :l2P-labeled a ntise nse RNA ge ne rated by in vitro tran scrip tion of a 43 1-bp genomic
fragm ent derived from the 5' -unt ra nsl ated region (positions - 1142 to - 711) a nd resolved on a 6% polyacrylamide ge l. Th e protected RNA species
th a t cor res pond to the t ra nsc riptiona l start sites mapped by th e RACE pr otocol a nd cDNA ana lysis are indi cated by arrows . Appro ximate RNA
sizes are in nucl eotides . D, Nort he rn blot analysi s dep icting th e 4.9-kb NR 2C mR NA in 10 p.g of polytA)" RNA of BALB/c mouse cerebe llum . E ,
Southern blot a na lys is of 10 p.g of mouse liver DNA digest ed wit h Kpn I (lane K), X baI (lane X) , a nd Hind II I (lane H ) reveal ing fragmen ts of expected
sizes (see A ) wh en hybridized wit h a :l2P-labeled rat cDNA fragm ent coveri ng exons 12-15.
adu lt mouse a nd rat brains wa s per form ed as describ ed (1) using for t he
la rge splice va ria nt the se lective a nt ise nse oligonucleotide bs4 2 (5' GCCAGAGTACAGAGAACCTT CCTAGT CCAAGCACA-3' ) a nd for the
sma ll splice variant th e oligonucleot ide bs41 (5' -ACCCATGTCCACTGGAGGG TCCTAGTCCAAGCACA-3 ' ). Hybridization was at 37 °C in 5 X
SS C, 40% form a mide. Secti ons were was he d in 1 X SSC at 55 °C a nd
expose d to x-ray film at - 70 °C for 2 week s .
No rthern An alysis-Poly(A) + RNA (10 p.g ) isolated fro m mou se cerebe llum was resolved on a 1% agarose gel conta ining 6% form ald eh yde.
Th e ge l-reso lved RNA was tran sferred onto a nylon filter. The filter was
pr obed with a :l2P-labeled 0.6-kb Ec047I II ra t cDNA fragm ent cover ing
exons 9 - 12 (see Fig. lA ). Hybridization condit ions were 5 X Den ha rd t' s
solut ion ,3 x SS C, 0.12 M Na 2HPO ." 5 mxi EDT A, 1% SDS , 200 ug/m l
sa lmon s per m DNA, 50% form am ide at 42 °C for 12 h. Th e membran e
wa s wa shed in 2 X SS C, 0.1% SDS at 55 °C an d expose d to x-ray film at
- 70 -c.
Genomi c South ern Blot A na lysis - BA LB/c mou se liver DNA digested
with HindIII , Kpn I, an d X/w I wa s resolved on a 0.8% agarose gel an d
blotted onto a nitrocellu lose membran e. Th e membran e was hybridized
with th e sa me :l2P-labeled 0.9-kb E co47II1 rat cDNA fragm ent used for
scree ning the genomic libra ry. Hybr idization wa s carried out in 0.12 ~ I
Na 2HPO., 5 X SS C, 5 X Denh ardt's solutio n, 0.1 mg/m l yeast tR NA,
30% formamide for 12 h at 42 °C. After hybridization , th e membra ne
was washe d in 0.2 X SSC a t 65 °C for 30 min a nd expose d to x-ray film
at - 70 °C for 3 days .
Localization of the Two S plice Variants-RNA was isolated from the
cerebellum s of 3-4-week-old BALB/c mice. Total RNA (5 ug) was tra nscribed in to cDNA using 30 nmol of ra ndom lO-mer oligonucleotides
(Boehri nger Man nh eim ). Of this cDNA, 2 ng were used as te mplate in a
polym erase cha in reacti on. A sense oligonucleotide (bs37, exon 3, 5'GCTCTAGATCCCCGACGGCTGAGAGGA-3' ) a nd a n a ntise nse oligonucleotide (bs38, exon 4, 5'-CCGAATTCTGCCCAAGCACCAAGGAG-3')
se rved as prim ers. These oligonucleoti des conta in Xba I or EcoRI sites to

facilitate subcloning and DNA seque ncing of PCR products .
Rapid Amplification of 3'· End s- To deter mine th e 3'-termina l
mRNA se que nce including th e polyad en ylation site , a RACE protocol
(CLONTECH) was carried out. From 2 p.g of cer ebella r polyi.A)" RNA of
3-4-wee k-old BALB/c mice, first-st ra nd cDNA wa s primed using an
ada ptor (dT) 17 (5' -GAGAGAGAGAGACTCGAG TCGACGCGTCGCGATTTTTTTTTTTTTTT-3' ). The 3 '-end of the cDNA was specifically
a mplified in a PCR in wh ich the sa me (dT) .7 a nd a se nse oligonucleotide
(bs49, exon 15, 5'-GTTG AGTGGGGCCAAC TCACC-3' ) were used as
primers. Blunt-ended products were gel-purified and cloned into
M13mp1 9 rep licative for m DNA linearized at the HincII site . Twelve
ind ependent clones as j udge d from th e differ en t insert len gths wer e
subje cte d to se que nce an alysis.
Rapid A mplificatio n of S'-Ends- For 5' -en d a na lys is , 30 nmo l of
ra ndom l a-mer oligonucleot ides wer e used to prime cDNA synthesis.
The RNAIDNA hybrid was hydr olyzed with 6 N NaO H a nd purified on
glass beads (CLONTECH). A polytA) ta il was sy nthesized at the 3'-en d
of the cDNA usin g terminal tran sfer ase (Boehri nge r Ma nnheim ) for 5
mi n at 37 °C. Polymerase chain reacti on was th en perform ed with two
primer s: a n ada ptor (dT)17 (see above) a nd an a ntisense oligonucleot ide ,
bs40 (exon 1, 5'-CGCAAAGGCGCGCCTCCC GCTCTC-3' ) or bs48 (exon
1, 5'-CCGAATT CGGGGCTGTGTCCCGGCTGCGCAAAGGCGCGC-3' ).
PCR produ cts (diffuse bands) were gel-purified and insert ed int o the
pGE M-T vector (P romega). Twenty clones wit h different insert sizes
were se que nced for a na lys is of the 5' -cDNA.
RNa se Protection-Total RNA (50 p.g) from mouse cerebellum was
hybridized with a 32P-la beled a nt ise nse RNA sy nthesized in vitro from
a cloned mouse NR2 C gene fragme nt (positions - 1142 to - 712). RNase
protection was perfor med according to Ref. 2. Th e pr otected RNA was
reso lved on a n 8 M u rea , 5% polyacrylamide gel usin g a DNA seque ncing
la dder for size det ermin ation . An in vit ro gene ra te d se nse RNA (positions - 772 to - 731) served as a positive control. Hybridization of this
RNA to the rad iolabeled RNA probe leads to t he prot ection from RNase
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A

-1398 TGGGGATGGGGGCAGGGCATACACCTATCCTCCCTTTCCTGTCTTTCCTGCTTCTTCGGC

RESULTS AND DISCUSSION

-1338 CTCTTCAGTTCACACTTCAGTCACTGGTGATGAATCCCTTACAAGTCTGCCCTGCTAACC

Recombinant A phages carrying the NR2C subunit gene were
isolated from a mouse genomic library using a rat cDNA fragment as a hybridization probe. Detailed restriction and sequence analysis of the exonic and most intronic regions in two
recombinant overlapping A clones indicated that the coding
region of the gene is spread over 12,800 bp. The gene is divided
into 12 exons (Fig. lA), and all nucleotide sequences flanking
the exons (Fig. 2B) match the consensus splice donor and
acceptor sequences. The mouse genomic coding sequence and
the reported cDNA sequence for E3 (10) differ by five nucleotide
exchanges. The nucleotide insertion at position 2924 and the
subsequent deletion at position 3037 might reflect a sequencing
error in the mouse cDNA since the rat cDNA (11, 15) and the
mouse genomic sequences share the same reading frame. Nucleotide substitutions at positions 2909, 3293 (C to A), and 3407
(C to T) are unique in the genomic sequences. They affect the
amino acid composition of the NR2C domains and therefore
might reflect allelic variations or site-specific RNA editing (18)
in the mouse NR2C locus.
The NR2C gene exists as a single copy in the haploid mouse
genome, consistent with the localization of the NR2C gene to
human chromosome 7q25 (19). A Southern analysis of murine
liver DNA using as a probe a cDNA fragment specific for exons
12-15 revealed a fragment pattern that was consistent with
the restriction map generated for isolated NR2C gene fragments (Fig. IE).
NR2C mRNA in adult BALB/c mouse brain is 4.9 kb in
length (Fig. ID). This transcript terminates 18 nucleotides 3' of
the polyadenylation signal AUUAAA, 385 bp after the translational stop (Fig. 2C), as revealed by specific PCR amplification
of the 3'-end of the NR2C mRNA. An additional, minor NR2C
transcript of 12 kb has been observed in a different mouse
strain (10), but was not detected in BALB/c. The 5'-untranslated leader sequence of the NR2C gene, 772 nucleotides in
length, is interrupted by three introns. This became apparent
when the 5' -untranslated sequences of cloned rat NR2C cDNAs
were compared with the mouse genomic sequence. Gene and
cDNA sequences diverge upstream of base -112 and become
colinear in three subsequent exons after a long intron of 6 kb.
PCR amplification of the 5' -untranslated region revealed that
two alternative splice products exist for the mouse NR2C
mRNA (Fig. lA). These differ by 97 nucleotides, and both forms
can be readily detected by in situ hybridization in the granule
cell layer of adult mouse cerebellum (Fig. IB). In adult rat
brain, at least two additional splice variants exist, one containing an additional 58 nucleotides of exonic sequence located
between exons 3 and 4. The 58-bp exon is present in one of the
rat NR2C cDNA sequences (15) and in PCR-amplified products
of rat brain NR2C cDNA (data not shown), but was not detected
in intron 3 of the mouse gene, as judged by hybridization
analysis. For the transcriptional start site of the NR2C mRNA,
two positions, -772 and -754 nucleotides upstream of the
translational start site, were identified by rapid amplification
of 5' -ends (see "Materials and Methods") using the antisense
oligonucleotides that prime 42 and 61 nucleotides downstream
of the putative transcriptional start site (Fig. 2A). These initiation sites were confirmed by RNase protection of radiolabeled
antisense RNA produced from a genomic fragment (positions
-1142 to -712) with 50 /Lg of total RNA from mouse cerebellum. One prominent RNA fragment corresponding to initiation
site -754 was protected from RNase digestion. The signal for
initiation site -772 was weak and diffuse and was only visible
after longer exposure times. One of the transcriptional start
sites (position -772) is localized in the consensus sequence
pattern YYA+ 1T/AYY, which is described as the transcriptional
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ACCGGCAG CTCTGGTTCCTGCTGGACT GGATTCTG TGG C
3759 TGGTCTTGGCCAAGTTCGGGGGACAGACAAGCTTTGACTCCTCTGCCTTCTTCTTTGAAA
3819 TTCTGG CCATGAGACCCCAGTGAAGAGGATATCTTCCATGGCCAGCTT ATGACCTT AGCA
3879 GCT TAGGT CTTGGTGTGGG CTGGGA TCTTGCT CATCACGT GAAG TCTTGCAGTCCCAGG G
3939 AG TAAAAATGTGTCCCT GTCCTGG CGT CCAGTTT CCTAGTTGTGGT TGCT GTGG CCTTGG
bs49

~

3999 GTTGGGGACACAAAA TTGGAAACGGAG GTTGAG TGGGG CCAACT CACCTT TTGCTCCAAT

a

4059 TGGT TGGAATTTCTTTTCATAGGAACA TTGGGACATTAAAGCAACGTT TTACAACC CAGT
FIG. 2. The nucleotide sequences of the transcriptional start
site (A), the exon-intron boundaries (B), and the transcriptional
stop site (C) of the mouse NR2C gene. Filled circles in the 5'untranslated area mark the transcriptional start site (lNR) obtained by
the RACE protocol. The open circle indicates the 5' -end of the cloned rat
eDNA. Oligonucleotides bs40, bs48, and bs49 used for RACE analysis
are indicated by arrows. Black arrowheads mark the positions of intronic sequences, including the alternative splice acceptor site in exon 4.
Sequences that show similarities to nucleotide motifs that interact with
transcriptional regulators are boxed (ec, SV40 enhancer core; ELP,
embryonal long terminal repeat-binding protein; Sp l , Spl-binding site;
INR, initiator). The translational start site is represented by a bent
arrow, the stop codon is indicated by an asterisk, the polyadenylation
signal is underlined, and the 3'-terminal nucleotide of the transcript is
indicated by an open square.

of a 42-bp RNA duplex. No protected material was seen by hybridizing
the RNA probe to tRNA followed by RNase digestion.
Nucleotide Sequences-The sequences for the 15 exons of the mouse
NR2C gene have been deposited in the EMBUGenBank™ data base
under accession numbers L35014 to L35028. The upstream region of
the mouse gene can be accessed under accession number L35029.

44

Mouse NR2C Gene
1

NR2C

2

iii
1

NRI

3/\4

6

.~,------

~J-'fY,ATG

,\\ ATG

f,

I,

I

"

'\

21 \ 3

7

8

9

10

11

12

_ _~ r - - - - - - ~
loll 10121013

4 1\5/ I 6

TGA

loll 10121013

13

14
1014

15

~

,I

'\

't'"

'21 . \"

TGA
22

1t:l1illll1illll1-1014

TGATGA
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sites, translational initiation codons (ATG), and stop codons (TGA) are indicated. Identical exon-intron boundaries in the NRI and NR2C genes are
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FIG.

initiator for polymerase II transcripts in TATA-containing and
TATA-Iess promoters (20). As in these initiators, NR2C transcription starts at the first A within this element.
The region immediately upstream of the identified transcriptional start sites lacks consensus CAAT or TATA sequence
motifs, but is highly GC-rich (72-85%), similar to the high GC
content of the neighboring, untranslated exon 1. Sequences
corresponding to motifs implicated in binding transcription
factor Sp1 (GGGGCGGGGC, position -813) (21), the embryonallong terminal repeat-binding protein ELP (CAAGGTCAC,
position -1022) (22), and the SV40 enhancer core sequence
(CTTTCCAC, position -1157) (23) are located 41, 250, and 385
nucleotides, respectively, upstream of the major transcriptional start sites. The biological importance of these sites needs
investigating.
The NR2C gene is the first NR2 subunit gene for which a
structure has been determined. When compared with the exonintron organization of other characterized glutamate receptor
subunit genes, e.g. rat GluR-B (26), Caenorhabditis elegans
C-C06E1.4 (27), chick kainate-binding protein (28), and rat
NR1 (17), a close evolutionary origin of NR1 and NR2C subunits can be confirmed. Only between the mouse NR2C gene
and the rat NR1 gene were most introns found to interrupt the
coding area of the genes in similar or even identical positions
(introns 4, 11, and 12 of the NR2C gene and introns 2, 16, 17 of
the NR1 gene) (Fig. 3). The NR2C gene contains fewer introns
than the gene for NR1 since some of the exons encoding the
N-terminal NR2C subunit domain and exons encoding M2 and
M3 are fused. Thus, in agreement with the phylogenetic tree
(24, 25) and the fact that the NR1 subunit forms functional
homomeric channels, the NR1 subunit can be considered to be
the oldest member of the NMDA receptor subunit family.
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