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cDNA cloning and pharmacological characterization of an opioid
receptor with high affinities for x-subtype-selective ligands
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The amino acid sequence of a rat opioid receptor, designated as ROR-D, has been deduced by cloning and sequencing the cDNA. The ROR-D

expressed from the cDNA exhibits high affinities for ligands selective for the opioid receptor k-subtype and low affinities for ligands selective for

the 6- and g-subtypes RNA blot hybridization analysis indicated that ROR-D mRNA is distributed in cerebrum and brainstem but not in
cerebellum.
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1. INTRODUCTION

Opioid analgesics produce their pharmacological ac-
tions by interacting specifically with opioid receptors in
the nervous system [1]. The opioid receptors mediate
cellular inhibitory effects, including inhibition of
adenylate cyclase, activation of potassium channels and
inhibition of calcium channels, through the action of
guanine nucleotide-binding regulatory proteins (G-pro-
teins) [2.3]. Pharmacological studies have defined at
least three distinguishable subtypes (4. x and ) of the
opioid receptors on the basis of their difference in affin-
ities for opioid ligands [1,2].

Recently, the ¢cDNA cloning of the J- and the u-
subtype opioid receptor has been reported and phar-
macological properties of the receptors expressed from
the cDNAs have been studied [4-6]. In this report, we
have cloned ¢cDNA encoding an opioid receptor sub-
type, designated as ROR-D, from rat cerebrum cDNA
libraries, and studied its ligand-binding properties by
expression of the cDNA in COS cells. The results
showed that the pharmacological properties of the ex-
pressed ROR-D correspond most likely to those of the
k-opioid receptor subtype.
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Abbreviations: G-proteins, guanine nucleotide-binding regulatory pro-
teins; EKC, ethylketocyclazocine; DADLE, [p-Ala’p-Leu’]-
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DAGO, [p-Ala,MePhe*,Gly-ol*lenkephalin.
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2. MATERIALS AND METHODS

2.1. Cloning of cDNA

Rat cerebrum ¢DNA libraries [6] were screened with the ~1.4-
kilobase pairs (kb) HindIII fragment derived from pROR15 [6], or an
equimolar mixture of the 0.54-kb and 0.52-kb Smal fragments derived
from pROR [6], as probes. cDNA 1nserts from clones positive to both
probes were subcloned mto pBluescript SK(—) and further analyzed.
cDNA inserts of 3 clones, including pPROR201 and pROR302, share
a common restriction endonuclease map (Pstl. Hindlll, Xhol, Spel,
Xbal and EcoR1), which differs from those of the ROR-A and ROR-B
c¢DNAs [6]. and are indicated to be derived from identical mRNAs,
designated as ROR-D. The cDNA clones, pPROR201 and pROR302,
carrying the entire protein-coding sequence, were used for sequence
analysis [7.8].

2.2. Expression of cDNA and hgand-binding assay

The 0.38-kb PstfI-EcoR1 and 0.78-kb EcoRI-Spel fragments from
pROR201 were ligated with the PssI-Spel fragment from pBluescript
SK(-) to yield pRORS201-1. pRORS201-1 was digested with Xbal,
blunt-ended with T, DNA polymerase, and then ligated with the
synthetic HimdlII linker to yield pPRORS201-2. pRORS201-2 was par-
tially digested with HindIII, and the resulting 1.2-kb fragment carrying
the entire protein-coding sequence of ROR-D was cloned mto the
HindllI site of an expression vector, pPKCRH2 [9], in the same orien-
tation with respect to SV40 early promoter to generate pPRORS201-4,
COS-7 cells were transfected [10] with pRORS201-4 and harvested
after 2-3 days. Crude membranes were prepared and assayed for
[*H]EKC binding as in [6]. except that reactions were performed in 0.2
ml using 20 ug of membrane preparations.

2 3. RNA blot hybridization analysis

Poly(A)* RNAs prepared from adult Wistar rats were analyzed as
in [6]. The hybridization probe used was the ~2.3-kb cDNA insert of
pROR201. The probe was labelled with [a-P]dCTP by the random
primer method [11]. Autoradiography was performed at —80°C for 3
days with an intensifying screen. An RNA ladder (Bethesda Research
Laboratories) was used as size markers.
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3. RESULTS AND DISCUSSION

Rat cerebrum ¢cDNA libraries were screened by hy-
bridization with probes derived from the rat J- and
u-opioid receptor cDNAs, and a novel class of cDNA
clones (ROR-D) was isolated (see section 2.1). Nucleo-
tide sequence analysis of the cDNAs reveals an open
reading frame of 1,140 nucleotides encoding a sequence
of 380 amino acids. Fig. 1 shows the deduced amino
acid sequence of the ROR-D protein aligned with those
of ROR-A (the d-opioid receptor subtype) and ROR-B
(the p-subtype). Amino acid sequence comparison re-
veals 59% and 58% identities between ROR-D/ROR-A
and ROR-D/ROR-B pairs, respectively. The ROR-D
protein shares characteristic structural features with G-
protein-coupled receptors [12]. Seven transmembrane
segments are predicted in the ROR-D molecule, and
two consensus N-glycosylation sites [13] occur in the
amino-terminal region preceding the predicted trans-
membrane segment, TM-1. In the ROR-D, ROR-A and
ROR-B molecules, the carboxy-terminal region just fol-
lowing TM-VII contains two conserved cysteine resi-
dues that may be modified by palmitoylation [12]. The
cytoplasmic portion between TM-V and TM-VI, which
has been suggested to determine the selectivity of G-
protein coupling [14,15], is conserved well among these
molecules, thus they may couple with similar G-pro-
teins.

An expression plasmid (pRORS201-4) was con-
structed in which the entire protein-coding sequence of
ROR-D is positioned downstream of the SV40 pro-
moter, as in section 2.2. Fig. 2 shows that membrane
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preparations from COS cells transfected with
pRORS201-4 were capable of binding ['HJEKC, a high-
affinity ligand for opioid receptor subtypes, whereas
negligible binding was found for non-transfected COS
cells. The dissociation constant (K) for EKC was esti-
mated by Scatchard analysis to be 0.48 nM {mean of
two experiments). Ligand-binding properties of the ex-
pressed ROR-D were further examined in comparison
with those of ROR-A and ROR-B. The apparent K,
values for representative opioid ligands are listed in
Table I. ROR-D showed lower binding affinities for
peptide agonists selective for the §- and u-opioid recep-
tor subtypes (DADLE with a high affinity for the §- and
u-subtypes, DPDPE selective for the S-subtype. and
DAGO selective for the u-subtype) than ROR-A and
ROR-B. Morphine and naloxone had moderate affini-
ties for ROR-D among these receptor subtypes. On the
other hand, ROR-D exhibited much higher affinities for
k-subtype-selective ligands (U50488, U69593 and EKC)
than ROR-A and ROR-B. These results indicated that
ROR-D corresponds most closely to the pharmacologi-
cally defined x-opioid receptor subtype. Recent studies
have suggested that the x-opioid receptor subtype can
be further classified into the x,-type (with a high affinity
for U69593) and the x,-type (with a low affinity) [16,17].
ROR-D exhibited a K; = 30 nM for U69593 and may,
therefore, belong to the x,-type.

The affinity profile of dynorphin(1-13) for cloned
opioid receptor species was not consistent with previous
observations using brain microsomal preparations.
Many experiments have shown that dynorphin(1-13)
exhibits the highest affinity for the x-subtype among

ROR-A MEPV----- --PSARAELQFSLLANVSDTFPSA- -———- FPSASANASGSPG-—— -~ - - — o ARSA SSLALATAITA 54
ROR-3 MDSS---——-------——~ TGP-GNTSDCSDPLAQASCSPAPGSWLNL SHVDGNQSDPCCLNRTGLGONDSLCPQTGS-PSMVTAITIMA - 73
ROR-~D MESPIQIFRGEPGPTCAPSACLLPIISSSWEPN--———-- - WAESDSNGSVGSEDX)  -----—=- -——-——— LEPAHISPATIVIITA 64

ROR-A  LYSAVCAVGLLGNYLVMFGIVRYTKLKTATNIYIFNLALADALATSTLPFQSAKYLMETWPFGELLCKAVLSIDYYNMFTSIFTLTMMSY 144
ROR-B  LYSIVCVVGLFGNFLVMYVIVFYTKMKTATNIYIFNLALADALATSTLPFQSVNYLMGTWPFCTILCAKTVISIDYYNMFTSIFTLCTMSY 163
ROR-D  VYSVVEVVGLVGNSLVMEY T I RYTXMKTATNIY TFNLALADALVITTMPEFQSAY Y LMNSWPTGDVI.CKIVISIDYYIMETS TFTTTMMSY 154
TM-1 TM-T1 TM-IIZ
ROR-A  DRYIAVCHPVKALDFRTPAKAKLINICIWVLASGVGVPIMVMAVTQPRDGA--VVCTLQFPSESW YWDTVIKICVFLFAFVVPILIITYV 231
ROR-B  DRYTAVCHPVKALDFRTPPNAXIVNVCNWILSSAIGLPVMEMATTXYRQGS- - IDCTLTFSHETW - fWENLLKICVFIFAFTMPVLITTV 250
ROR-D  DRYTIAVCHPVKALDFRTPLKAKIINICTWLLASSVGISAIVLGGTKVREDVIVIECSLQFPDDEY SWWDLFMK ICVEVFAEVIPVI I TTYV 244
T™M-TI% T™M-%
ROR-A  CYGLMLLRLRSVRLLSGSKEKDRSLRRITRMVLVVVGAFVVCWAPIHIFVIVWI_VDINRRDPLVVAALHLCIALGYANSSIIIEVLYAFL 321
ROR-B  CYGLMILRLKSVEMLSGSKEKDRNLRRITRMVLVVVAVF IVCWIPIHIYVIIKALT TIPET-TFQTVSWHFCTALGYTNSCLNPVLYAF. 339
ROR-D  CYTTMII RLKSYVRLLSGSREKDRNLRRITY LVLYVVAVETICWIPTHIFILVEATGSTSHS-TAVLSSYYECTALGYTNSSINPVLYAFL 333
TM-VI TM-% 11

ROR-A  DENFKRCFROLCRAPCGGQEPGSLRRPRQATARERY-TACTPSDGPGGGAAA 372

ROR-B DENFKRCFREFCIPTSSTIEQONSTRVRQNT-REHPSTANTVDRTMNHQLENLEAETAPLE 398

ROR-D DENFKRCFRDFCEFPI------- KMRMERQSTNRVRI - TVODPASMRDVGGMNKPY 38C

Fig. 1. Deduced amino acid sequence of ROR-D (bottom) and 1ts ahgnment with those of the §-opioid receptor, ROR-A (top), and the g-opioid

receptor, ROR-B (muddle). Sequence data for ROR-A and ROR-B have been taken from [6]. The one-letter amino acid notation 1s used. Gaps (-)

have been inserted to achieve maximum homology. Amtno acid residues arc numbered from the initiating methionine and numbers of the residues

at the right-hand end of the individual lines are given. The predicted transmembrane segments (TM-1-VII) are indicated: the termini of each segment

are tentatively assigned. The nucleotide sequence of ROR-D will appear in the DDBJ, EMBL, GenBank Nucleotide Sequence Databases under
accession number D16534.
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Fig. 2. Binding of PH]EKC to the ROR-D species expressed i COS

cells. Membrane preparations from pRORS201-4-transfected COS

cells (@) and non-transfected COS cells (m) were analyzed. The mset

shows Scatchard plots of the data. The non-specific binding (measured

in the presence of excess amount of unlabelled naloxone) was less than
16% of the total radioactivity bound.

opioid receptor subtypes in the brain [18,19]. In con-
trast, dynorphin(1-13) showed the lowest affinity for
ROR-D in our results (Table I). This discrepancy might
suggest that other x-subtype receptors with higher affin-
ities for dynorphin than that of ROR-D exist in the
brain, and/or that brain-specific modifications of the
ROR-D molecule are required for a high affinity for
dynorphin.

Table 1

Ligand-binding properties of defined opioid receptor species ex-
pressed from cDNAs

Ligands Apparent K, (nM)

ROR-D ROR-A ROR-B
DADLE >10,000 5.0 7.9
DPDPE >10,000 28 1,900
DSLET ND 12 142
DAGO 3,000 2,240 4.0
Morphine 300 1,260 5.3
Naloxone 15 67 1.8
EKC 0.48 3.3* 0.93*
U50488 12 >10,000 710
U69593 30 3.400* 3,100%*
Dynorphin(1-13) 210 53* 40

The K, values of ROR-D for EKC were obtained by Scatchard anal-

ysis and those for the other ligands were obtained by measuring dis-

placement of "H]JEK C binding; means of at least two experiments are

given. The K, values of ROR-A and ROR-B have been taken from

[6] and unpublished experiments using ['H]JEKC (marked by asterisks)
or ['H]DADLE (marked by plus signs). ND, not determined.
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Fig. 3. Autoradiograms of blot hybridization analysis of poly(A)”

RNA from rat tissues with the probe from ROR-D ¢cDNA Samples

of poly{A)* RNA (30 ug each) prepared from kidney (lane 1), cerebel-

tum (lane 2), brainstem (lane 3) and cerebrum (lane 4) were analyzed
as 1n section 2.3. The size markers are indicated in kb.

Poly(A)" RNA preparations from rat tissues were
subjected to blot hybridization analysis (Fig. 3). Cere-
brum and brainstem contained an RNA species of ~5.2
kb hybridizable with the probe derived from the ROR-
D ¢cDNA. No hybridizable RNA species was detected
in cerebellum and kidney. This result is consistent with
previous observations by autoradiographic experiments
using radioligands [20], which showed that the x-opioid
receptor subtype is distributed throughout the rat cen-
tral nervous system except cerebellum. We have previ-
ously shown that cerebrum and brainstem also contain
ROR-A and ROR-B mRNAs. Thus, the opioid recep-
tor heterogeneity in the nervous system with respect to
ligand binding is attributable to various combinations
of distinct opioid receptor gene products, including
ROR-D, ROR-A and ROR-B.

Acknowledgements We thank Dr. Takashi Miyata and Mr. Naoyuk:
Iwabe for computer analysis. This work was supported in part by a
grant from Shimadzu Corporation.

REFERENCES

[1] Simon. E.J. (1986) Ann. NY Acad. Sci. 463, 31-45.

[2] Simonds, W.F. (1988) Endocrinol. Rev. 9, 200-212.

[3] Loh, H.H. and Smith, A.F. (1990) Annu. Rev. Pharmacol. Tox-
icol. 30, 123-147

[4] Kieffer, B.L., Befort. K., Gaveriaux-Ruff, C. and Hirth, C.G.
(1992) Proc. Natl. Acad. Sci. USA 89, 12048-12052.

[5] Evans, C.J., Keith Jr., D.E.. Morrnson, H., Magendzo. K. and
Edwards, R.H. (1992) Science 258, 1952-1955.

[6] Fukuda, K., Kato, S.. Mor1, K., Nishi, M. and Takeshima, H.
(1993) FEBS Lett. 327, 311-314.

[7} Henikoft, S. (1987) Methods Enzymol. 155, 156-165.

[8] Sanger, F., Nicklen, S. and Coulson, A.R. (1977) Proc. Natl.
Acad. Sci. USA 74, 5463-5467.

[9] Mishina, M., Kurosaki. T., Tobimatsu, T., Morimoto, Y., Noda,
M., Yamamoto, T, Terao. M., Lindstrom, J, Takahashi, T,
Kuno., M. and Numa. S. (1984) Nature 307, 604-608.

79



Volume 330, number 1

[10] Gorman, C. (1985) in. DNA Cloning. vol. IT (Glover, D.M. Ed.)
pp. 143-190, IRL, Oxford.

[11] Feinberg, A.P. and Vogelstein, B. (1983) Anal Biochem 132.
6-13

[12] Dohlman, H G.. Thorner, J., Caron, M.G. and Lefkowitz, R.J.
(1991) Annu. Rev. Biochem. 60, 653-688.

{13] Hubband, S.C and Ivatt. R.J. (1981) Annu. Rev. Biochem. 50,
555-583.

[14] Kubo, T.. Bujo, H , Akiba, I , Nakai, J., Mishina, M. and Numa.
S. (1988) FEBS Lett. 241, 119-125.

80

FEBS LETTERS

September 1993

[15] Kobilka, B.K., Kobilka, T.S., Daniel, K, Regan, J W, Caron,
M.G. and Lefkowitz, R.J. (1988) Science 240, 1310-1316

[16] Zukin, R.S.. Eghbali, M., Olive. D, Unterwald, E.M and Tem-
pel, A. (1988) Proc. Natl. Acad. Sci USA 85, 4061-4065.

[17] Nock, B., Giordano, AJ., Cicero, T.J. and O'Connor, L.H.
(1990) J. Pharmacol. Exp. Ther 254, 412-419.

[18] Leslie. F.M. (1987) Pharmacol. Rev 39, 197-249.

[19] Goldstein. A. and Naidu, A. (1989) Mol Pharmacol. 36, 265-272.

[20] Mansour, A., Khachaturian, H., Lewis, M.E., Akil, H. and Wat-
son, S.J. (1988) Trends Neurosci. 11, 308-314



