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ABSTRACT We have isolated mouse , opioid receptor
genomic clones (termed MOR) containing the entire amino acid
coding sequence correspondin to rat MOR-1 cDNA, including
additional 5' flanking sequence. The mouse MOR gene is >53
kb long, and the coding sequence is divided by three introns,
with exon junctions in codons 95 and 213 and between codons
386 and 387. The first intron is >26 kb, the second is 0.8 kb,
and the third is >12 kb. Multiple transcription sites
were observed, with four major sites confirmed by 5' rapid
amplification of cDNA ends and RNase protection located
between 291 and 268 bp upstream of the translation start
codon. Comparison of the 5' flanking sequence with a tran-
scription factor database revealed putative cis-acting regula-
tory elements for transcription factors affected by cAMP, as
well as those involved in the action of gluco- and mineralocor-
ticoids, cytokines, and Immune-cell-specific factors.

Opioid drugs, which are widely known clinically as painkill-
ers and for their abuse potential, initiate their actions through
cell surface receptors. In regions of the central nervous
system, and in cell lines such as NG108-15 neuroblastoma x
glioma cells and SH-SY5Y cells, these opioid receptors are
coupled to G proteins that mediate opioid actions such as
inhibition of adenylyl cyclase and regulation of ion channels
(1-7). The recent cloning of the 8 opioid receptor (8, 9) from
NG108-15 cells, followed by cloning of the ,u opioid receptor
(10-13) and the K opioid receptor (14-17) from rodent brain,
has confirmed that these receptors have a predicted amino
acid sequence containing seven putative membrane-spanning
regions that is typical of other G-protein-coupled receptors.
The sequences of these cDNAs confirmed the existence of at
least three types of opioid receptors (,u, 8, and K) observed in
pharmacological and biochemical studies over the last two
decades (41). However, nothing is known about the genomic
structure of the opioid receptor gene(s).
There is ample pharmacological evidence to suggest that ,u

opioid receptors in brain might be involved in tolerance and
dependence as well as analgesia since , receptors have high
affinities for addictive and analgesic opioid drugs such as
morphine (18). There is also evidence suggesting the exis-
tence of ,u opioid receptors in other tissues (or cell types) that
mediate other pharmacologic actions of opiates (18-21). At
present, little is known about the molecular and cellular
mechanisms of opioid actions in these tissues; however,
regulation of the expression of opioid receptors could be
related to some of these phenomena. To study the regulation
of opioid receptor gene transcription, we have cloned a
mouse ,u opioid receptor gene.¶ We report here its exon-
intron structure, transcription initiation sites, and identifica-
tion and analysis ofthe promoter region DNA sequences that
may contribute to the regulation of ,u opioid receptor gene
expression.

MATERIALS AND METHODS
Isation of Mouse # Opioid Receptor Genomic Clones. A

mouse genomic library in Lambda DASHII (Stratagene, cat.
no. 945301) was screened for Au opioid receptor genomicDNA
sequences (termed MOR). Phage containing MOR genomic
sequences were isolated by in situ plaque hybridization using
three probes derived from rat MOR-1 cDNA (10): a 1.4-kb
EcoRI-HindIII fragment containing the entire MOR coding
region, a 200-bp EcoRI-Stu I fragment of 5' untranslated
region (5'-UTR), and a 208-bp polymerase chain reaction
(PCR) product generated with primers homologous to MOR-1
cDNA 3' coding sequence (bases 1376-1400) and comple-
mentary to MOR-1 cDNA 3'-UTR (bases 1549-1583). Posi-
tive phage clones were isolated as single plaques after tertiary
screening and further characterized by restriction mapping,
Southern blot analysis, and DNA sequencing.
DNA Sequence Analysis. Appropriate DNA fragments from

restriction enzyme-digested genomic clones were subcloned
into pMOB plasmid vector (22) for transposon-facilitated
DNA sequencing using a TN1000 kit (Gold Biotechnology,
St. Louis). DNA sequencing reactions were performed using
the Sequenase kit (United States Biochemical). Both strands
of DNA were sequenced using synthetic oligonucleotide
primers corresponding to rat MOR-1 cDNA (10), as well as
G186 and G187 transposon-specific primers provided with
the TN1000 kit. Nucleotide and amino acid sequence analysis
was performed using the IntelliGenetics Suite of molecular
biology software (IntelliGenetics).
RNase Protection Assay. Poly(A)+ RNA was prepared from

mouse brain using the FastTrack mRNA isolation kit (Invit-
rogen). To generate a complementary RNA (cRNA) probe, a
Pst I-Pvu II mouse genomic DNA fragment from phage
AMOR2 (see Results), containing sequence 93-445 bp up-
stream of the MOR translation start codon (see Fig. 3), was
subcloned into pBluescript KS(+) (Stratagene). Plasmid
DNA (1 pg) was linearized by EcoRI digestion and tran-
scribed in vitro using T7 RNA polymerase and [a-32P]CTP to
make the antisense RNA probe. An aliquot of the antisense
RNA probe (5 x 105 cpm) was hybridized to various amounts
of mouse brain poly(A)+ RNA (see Fig. 3), as well as to yeast
RNA used as a negative control, in 5 M guanidine isothio-
cyanate as described (23). The mRNA32P-labeled cRNA
hybrids were diluted 1:40 with RNase buffer and digested
with various concentrations of an RNase A/RNase T1 mix-
ture (RPAII kit, Ambion, Austin, TX). After ethanol precip-
itation, fragments protected from RNase digestion were
electrophoresed on a 6% polyacrylamide/7 M urea denatur-
ing gel alongside dideoxynucleotide-sequenced DNA for size
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estimation. The gel was exposed to X-Omat AR x-ray film
(Kodak) at -70'C with an intensifying screen.

S' Rapid Amplification of cDNA Ends (5' RACE). 5' RACE
was performed using the components of a 5' RACE kit
(GIBCO/BRL). Mouse brain poly(A)+ RNA (1 pg) (Clon-
tech) was reverse-transcribed with Superscript RNase H-
reverse transcriptase at 420C using a primer complementary
to MOR-1 cDNA (bases 610-632). After removal of excess
nucleotides and primer on a GlassMax spin column, the
purified cDNA was homopolymeric-tailed with dCTP using
terminal deoxynucleotidyl transferase. Oligo(dC)-tailed
cDNA was then amplified by PCR using the oligo(dC)-tail-
specific primer, provided in the 5' RACE kit, and a nested
gene-specific primer complementary to MOR-1 cDNA (bases
536-557). Amplified PCR products were cloned in the
pAMP1 plasmid vector using the uracil DNA glycosylase/
CloneAMP system (GIBCO/BRL). Transformants were
screened by colony hybridization with a 32P-end-labeled
oligonucleotide probe specific to the 5' end of rat MOR-1
cDNA (bases 15-39). Plasmids from positive colonies were
further characterized by DNA sequencing to determine tran-
scription start sites.

RESULTS
Exon-Intron Structure of the MOR Gene. To obtain ge-

nomic clones containing the MOR gene, 106 phage from an
amplified mouse genomic library were screened with a 1.4-kb
EcoRI-HindIII fragment of rat MOR-1 cDNA. All of 70
positive primary clones were collected and rescreened with
a 200-bp EcoRI-Stu I fragment from the 5'-UTR and the
1.4-kb coding region probe. Two positive clones that hybrid-
ized with both probes were plaque-purified. Based on re-
striction endonuclease maps, the two clones contained iden-
tical 18.3-kb inserts. Southern blot analysis of BamHI-
digested DNA from one of these clones (AMOR2) with the
200-bp 5'-UTR probe revealed a 0.85-kb band identical in size
to aBamHI-digested mouse genomic DNA band identified by
Southern blot analysis (data not shown). Nucleotide se-
quence of the 0.85-kb BamHI fragment revealed an exon-
intron junction coinciding with nt 493/494 of the rat MOR-1
cDNA (Fig. 1). Phage that hybridized with the 1.4-kb coding
region probe, but not with the 200-bp 5'-UTR probe, were

Exon 1 Exon 2

also plaque-purified. Southern blot analysis of HindIII-
digested DNA of one of these clones (AMOR10) identified
1.6-kb and 7.8-kb HindIlI fragments that hybridized with the
1.4-kb cDNA probe. Comparison of AMOR10 nucleotide
sequence with that of rat MOR-1 cDNA confirmed that the
1.6-kb and 7.8-kb AMOR10 HindIII fragments contained the
second and third exons, respectively (Fig. 1). Since the
AMOR10 genomic clone did not contain the 3' end of the
coding region, we screened the genomic library to obtain a
phage containing the fourth exon. A 208-bp PCR product
overlapping the MOR translation stop codon was generated
from rat MOR-1 cDNA and used as a probe. A positive clone
(AMOR11) was isolated that contained a 3.7-kb Sal I-BamHI
fragment that hybridized with the 3'-end probe. The nude-
otide sequence ofthe 3.7-kb Sal I-BamHI fragment identified
the fourth exon (Fig. 1). To determine whether the three
phage clones overlapped, we used Southern blot hybridiza-
tion. A restriction fragment generated from the 3' end of
AMOR2 did not hybridize to AMOR10, and a probe generated
from the 3' end of AMOR10 did not hybridize to AMORll
(data not shown). Although these clones do not overlap, the
three phage clones (AMOR2, AMOR10, and AMORll) con-
tained the entire amino acid coding sequence for the mouse
,u opioid receptor (Figs. 1 and 2).
The first intron extends 8.2 kb from the 3' end of exon 1 in

the AMOR2 insert and includes 3.0 kb on the 5' side of exon
2 in the AMOR10 insert. To obtain an overlapping clone, we
probed the genomic library with a 200-bp Sal 1-HindIII
fragment from the 3' end of the AMOR2 insert. The resulting
clone AMOR3 contained a 16.3-kb genomic insert that hy-
bridized with the 200-bp 3' end of the AMOR2 insert. How-
ever, a 5'-end probe from AMOR10 did not hybridize with
AMOR3. Therefore, intron 1 is >26 kb (Fig. 1). Intron 2 is
:0.8 kb. The size of intron 3 remains to be determined, but
it is at least 12 kb because the inserts in AMOR10 and
AMORli do not overlap (Fig. 1). All ofthe amino acid coding
sequence was determined (Fig. 2), as were all coding region
splice junction sequences. All of the intron boundaries con-
formed to consensus donor and acceptor sequences (5'-GT-
AG-3') for RNA splicing. Junctions between exons were
found in the first intracellular loop (amino acid 95), the
second extracellular loop (amino acid 213), and the cytoplas-
mic C-terminal region (amino acid 386/387). The mouseMOR

Exon 3 Exon 4
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FIG. 1. Structure of the mouse MOR gene. The center line represents mouse genomic DNA, with vertical bars indicating exons determined
by sequence comparison with rat MOR-1 cDNA (top line). Diagonal breaks in the genomic DNA indicate unknown intron distances. Genomic
inserts from the four mouse MOR phage clones isolated in this study are drawn to scale relative to the genomic DNA, with their BamHI (B)
and HindIII (H) restriction sites indicated.
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coding sequence has 94% homology to rat MOR-1 cDNA,
and analysis of amino acid sequences deduced from genomic
sequence revealed that 10 amino acids are different from
those encoded by rat MOR-1 cDNA (Fig. 2).

Determination of the Transcription Initiation Site. Tran-
scription initiation sites were determined by comparing
RNase protection analysis of poly(A)+ mouse brain RNA
prepared in our laboratory with the results of 5'-RACE
performed on a commercial preparation of mouse brain
poly(A)+ RNA. RNase protection analysis suggested the
existence of four major transcription start sites: 32P-labeled
cRNA generated from a 353-bp Pst I-Pvu II genomic DNA
fragment located between 445 bp and 93 bp upstream of the
MOR ATG start codon (Figs. 3B and 4) protected four
distinct bands of mouse brain poly(A)+ RNA from RNase
digestion (Fig. 3). With longer exposure, several additional
faint bands were observed. No protected bands were ob-
served when yeast RNA was used as a negative control.
Among the 5'-RACE clones obtained, 48 were selected that
hybridized to a probe homologous to the 5' end of rat MOR-1
cDNA. The most 5' end observed in these 48 clones was 377
bases upstream of the ATG translation start codon. How-
ever, repeatedly observed 5' ends at 291 bases (five clones),
284 bases (three clones), 276 bases (four clones), and 268
bases (three clones) upstream of the translation start codon
suggested four major start sites. The heterogeneous sizes of
fragments protected from RNase digestion, in agreement
with the heterogeneity observed in the 5'-RACE analysis,
suggested multiple transcription initiation sites within the
MOR promoter. For purposes of navigating relative to the

FIG. 2. Amino acid coding se-
quence of the mouse MOR gene,
deduced from comparison of
mouse genomic DNA sequence
with rat MOR-1 cDNA sequence.
Exon boundaries are indicated
above the nucleotide sequence.
Seven putative transmembrane
(TM) domains are indicated by
solid lines. Amino acid differences
between mouse genomic and rat
cDNA sequence are indicated by
alternative amino acids in the rat
polypeptide line.

promoter, we have assigned position + 1 to the base located
268 bases upstream of the ATG translation start codon (Fig.
4). This represents the smallest protected fragment in the
RNase protection experiment, and the shortest multiple 5'
end observed in the 5'-RACE experiment.
Nudeotide Sequence Analysis of the 5' Flanking Region. To

identify sequence elements in the MOR promoter region that
might be involved in regulation of transcription, we se-
quenced 1.8 kb of DNA upstream from the ATG translation
start codon and compared this sequence to the Transcription
Factors Database (TFD 7.3, QUEST program, IntelliGenetics)
at 100% homology. Several putative binding sites for trans-
acting transcriptional regulatory proteins were found in this
sequence (Fig. 4). A CCAATbox is present at positions -140
to -136; however, no consensus TATA box was found
between this CCAAT box and the start of transcription. A
consensus binding sequence for the Spl transcription factor,
an important element of many cellular and viral promoters
that do not contain TATA boxes (24), was found at positions
-99 to -91. Two consensus binding sequences for the AP-2
transcription factor (25, 26) were found, one immediately
upstream of the CCAAT box at positions -155 to -145 and
the other inverted at positions -665 to -672. A consensus
AP-1 (27) site is located at positions -767 to -761. Additional
consensus sequences found in the promoter region are a
glucocorticoid/mineralocorticoid response element (28) lo-
cated at positions -1441 to -1427, immune-cell-specific
element Pu.1 (29) located at positions -442 to -434, and
cytokine response elements NF-IL6 (30) and NF-GMb (31)
located at positions -1226 to -1218 and -384 to -378,
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FIG. 3. RNase protection analysis of transcription initiation sites. (A) Autoradiograph of electrophoresed mouse brain poly(A)+ RNA
protected from RNase digestion by acRNA probe generated from the 353-bp Pst I-Pvu II mouse genomic DNA fragment indicated in B. Reaction
products in lanes 1-3 also contained 20 ,g of yeast RNA, and those in lanes 4-9 contain mouse brain RNA in the amounts indicated. All nine
reaction mixtures contained the same volume of RNase at the dilutions indicated. Sizes of protected fragments, estimated by a dideoxynu-
cleotide-sequenced DNA ladder (data not shown), are indicated to the right of the four major bands in A and on the bottom line of B.

respectively. Sequences within 1 bp of consensus cAMP
response elements (32, 33) were located at positions -248 to
-241 and -1483 to -1476.

DISCUSSION
We have isolated three mouse ,u opioid receptor genomic
clones corresponding to the entire amino acid coding se-
quence in rat MOR-1 cDNA, determined all exon sequence
and splice junctions upstream of the translation stop codon,
and identified multiple transcription start sites and potential
binding sites for transcriptional regulatory factors 5' of the
start codon. Since the three clones do not overlap, we are
unable to determine the size of all the introns or of the
complete MOR-1 gene, but the latter is >53 kb. Moreover,
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-1082

-992

-902

-812

-722

-632

-542

-452

-362

-272

-182

-92

-2

+89

+179

+269

since Northern blots indicate that the size of ratMORmRNA
includes at least 9 kb 3' of the reading frame (12), there may
be additional introns and exons in the MOR-1 genome not
identified in this work.
The positions of splice sites are at amino acids 95, 213, and

386/387 in the open reading frame. The first of these sites,
occurring at the junction between the first putative transmem-
brane region and the first intracellular loop, is of particular
interest, for we have evidence of splicing at the equivalent
position in other opioid receptor, or opioid receptor related,
clones. Thus an intron at thisjunction is also found in genomic
DNA for 8 opioid receptor (L.B.A., unpublished data) and in
another clone isolated in our laboratory (RBC) that has =60%o
amino acid homology to 8, A, and K opioid receptors (the same
level that exists between any two of the latter) but does not

CRE

GREIMRE

NF-ILA

APIAT

APi~~~~~~~~~~AP2

_ _ G G_ CACAllGC'ITIT~~C ACAncFl2O0
Pu.l NF-GMb

CRE

AP2 CCAAT boa Spi
PadIpmex~CAM~CA±C ZL~Z±~CcGCCCA C

+1

AAAAACI%~~~AGACGACG xC C A G CT A TTC A G A A C

start of translation
A2GACAGCAGC
M D S S

FIG. 4. Nucleotide sequence
of MOR gene 5' flanking region.
Sequence is numbered relative to
position + 1 representing the
shortest major band in the RNase
protection experiment. The ATG
translational start codon is under-
lined at position +269. The Pst I
and Pvu II restriction sites used to
subclone the RNase protection
probe are indicated centered at
positions -173 and + 176, respec-
tively. Sites of consensus se-
quence for possible cis-acting
transcriptional regulatory ele-
ments are underlined and labeled
above the sequence. CRE, cAMP
response element; GRE/MRE,
glucocorticoid/mineralocorticoid
response element.

A
Lane

B
Mouse
Genomic DNA

CCAAT
Pstl Box Spi +1 PvuII ATG
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express opioid binding when transfected into eukaryotic cells
(M. J. Wick and H.H.L., unpublished data).
The existence of an intron at this position raises the

possibility of an alternative form of MOR (as well as of the 8
opioid receptor and other related clones) in which additional
amino acids have been inserted into the first intracellular
loop. There is precedent for such a splice variant, as the third
cytoplasmic loop of the D2 dopamine receptor exists in at
least two forms, one of which has an additional 29 amino
acids (34), and such differences could be related to either
differences in ligand binding and/or interactions with second
messengers.
The multiple transcription initiation sites observed in this

study may be associated with the absence of a well-defined
TATA box. Nevertheless, some definition of the start of
transcription is provided by the sequence in the promoter
region, since four major initiation sites spanning 24 bases
were observed :=280 bp upstream of the ATG translation start
codon in both RNase protection assays and 5'-RACE studies.
In addition to a CCAAT box and Spl site, the putative
promoter region also contains consensus sequences for AP-1
and AP-2 transcription factors and potential cAMP response
elements. Since , opioid receptors are known to be coupled
to adenylyl cyclase in brain (35, 36) and in some clonal cell
lines (19, 21), the finding of these motifs suggests a possible
feedback mechanism between receptor activation and recep-
tor expression. We speculate that such feedback could play
an important role in down-regulation of 1L opioid receptors by
chronic agonist treatment (21).
We also found response elements for glucocorticoid/

mineralocorticoid and cytokine response elements (NF-IL6
and NF-GMb). The presence of corticoid response elements
is consistent with interactions between opioids and this
system and in particular might explain a known fact that
corticoid levels can exert long-lasting effects on morphine
antinociception (37). The presence of the cytokine response
elements is also intriguing, because numerous associations
between opioids and the immune system have been docu-
mented in recent years (38). In particular, opioids are known
to alter the growth, proliferation, or activity of several types
of immune cells, consistent with the possibility that they may
in fact act as cytokines in these cells. Work from our own
laboratory supports this conclusion. Thus morphine treat-
ment of bone marrow stem cells reduced macrophage colony-
stimulating factor-induced proliferation of these cells (39,40).
While it has been difficult to demonstrate the presence in
immune cells of receptors that fulfill all the classical phar-
macological criteria of opioid receptors, PCR screening in
this laboratory has identified the MOR-1 mRNA in human
neutrophils and rat thymocytes (S. Roy and H.H.L., unpub-
lished data).

Rat MOR-1 cDNA was kindly provided by Dr. Lei Yu (Depart-
ment of Medical and Molecular Genetics, Indiana University School
of Medicine, Indianapolis). We also thank Dr. A. Smith for helping
to prepare this manuscript and Ms. Stephanie Fuchs for her technical
assistance. This research was supported by National Institute on
Drug Abuse Grants DA00564, DA01583, DA05695, and K05-DA-
70554 and the F. & A. Stark Fund of the Minnesota Medical
Foundation.
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