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SUMMARY

Previously, we found that replacement of the region around the
first extracellular loop of the 6-opioid receptor (OPR) with the
corresponding region of the �-OPR gives the high affinity for
[D-A1a2,N-MePhe4,Gly-ol5]enkephalin (DAMGO), a �t-opioid-se-
lective ligand, to the resultant chimeric receptor, DMDD, sug-
gesting that the difference in the amino acid sequence within
this region between the �t- and �-OPRs is critical for the dis-
crimination between these receptors by DAMGO. In the current
study, we carried out systematic replacements of seven non-
conserved residues in this region of the 8-OPR with the corre-
sponding amino acid found in the �t-OPR. Among the seven
mutant receptors, only one mutant receptor, 6K1 08N, showed
high affinity (K1 = 18.68 ± 5.27 nM) for DAMGO, which was
comparable to that of the DMDD receptor (K1 = 23.77 ± 4.27

nM) and 75-fold higher than that of the wild-type &-OPR (K1 =

1 405 ± 1 61 nM). Lysi 08 in the �-OPR was systematically
replaced with 1 9 kinds of amino acids other than lysine. Among
the resultant mutant receptors, 1 4 mutants bound DAMGO with
K1 values comparable to those of the DMDD receptor, ranging
from 4.20 to 43.38 nM. These findings suggest that LyslO8 of
the �-OPR prevents DAMGO from binding to the �-OPR rather
than that the asparagine residue at the corresponding position
in the p.-OPR is necessary for DAMGO binding. In addition, the
replacement of Lysi 08 of the �-OPR with asparagine dramat-
ically increased the affinity for other peptidic jt receptor-selec-
tive ligands, such as dermorphin and o-Pen-Cys-Tyr-D-Trp-
Orn-Thr-Pen-Thr-NH2.

Endogenous opioid peptides and opiate drugs like mor-
phine act on the specific receptors to produce various physi-
ological and pharmacological effects, such as analgesia, re-
spiratory depression, euphoria, and modulation of
neuroendocrine. The presence of at least three types of OPRs
in the nervous system has been established on the basis of
differential pharmacological and binding properties (i.e., pt-,

�-, and K-OPRs) (1). Although all three types of OPRs couple

via pertussis toxin-sensitive G proteins to various effectors,

including adenylate cyclase (2), Ca2� channels, and K� chan-
nels (3), and many drugs act on all types, these types can be
discriminated using the ligands selective to each type. The

molecular basis for the discrimination action of these ligands

among three types of OPRs is unknown and of great interest.
After the cloning of the 6-OPR (4, 5), we and several other

groups (6-14) cloned the �- and K-OPR5. Hydropathy analy-

ses of the deduced amino acid sequences of these clones
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suggest that these receptors have seven putative transmem-

brane helices characteristic to G protein-coupled receptors.
Comparison across the amino acid sequences of the �-, &.,

and K-OPR5 revealed -60% identity among these three re-
ceptors. Higher identity was found in the transmembrane

regions (73-76% identities) and intracellular regions (64-

67% identities). Conversely, extracellular regions are consid-

erably divergent (34-40% identities). It is possible that these

divergent sequences are critical for the discrimination among
these receptors by type-selective opioid ligands.

Construction of chimeric receptors between closely related
receptors has been very useful to examine the receptor do-

mains recognized by type-selective ligands, as it has been for

epinephrine (15, 16), acetylcholine (17), dopamine (18), and

tachykinin (19, 20) receptors. Recently, using chimeric �tJ6

OPRs, we have shown that DAMGO, a �t-opioid-selective
ligand, distinguishes between the j.t- and &-OPRs at the re-

gion around the first extracellular loop (21). There are only
seven different amino acid residues between the �t- and
&OPRs within this region (Fig. 2, top), and it is likely that
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one or more of these amino acid residues are critical for
discrimination between these receptors by DAMGO. In this
study, by using a site-directed mutagenesis technique, we
found that replacement of only a single amino acid residue,
K1O8N, in the first extracellular loop of the &OPR markedly
increased the affinity for DAMGO. In addition, the results

from systematic replacements of LyslO8 with other amino
acids suggest that the lysine residue at position 108 in the
�-OPR prevents DAMGO from binding to the �-OPR rather

than that the asparagine residue at the corresponding posi-
tion in the �-OPR is necessary for DAMGO binding.

Experimental Procedures

Materials. The rat �-OPR cDNA was cloned as described prey-
ously (10). The rat �-OPR cDNA was a gift from Dr. K. Fukuda

(Department of Anesthesia, Kyoto University Hospital, Kyoto, Ja-
pan) (9). The cDNA coding the DMDD chimeric receptor was con-

structed as described previously (21). Briefly, the region around the
first extracellular loop (i.e., the region between the restriction en-
zyme BbsI and AflIII) sites of the &-OPR was replaced with the

corresponding region of the �-OPR. DADLE, DAMGO, dermorphin,

and CTOP were purchased from Peninsula Laboratories (Belmont,

CA). Met- and leu-enkephalins were from Peptide Institute (Minoh,
Japan). Morphine hydrochloride was from Takeda Chemical Indus-

tries (Osaka, Japan). Naloxone hydrochloride was from Sigma
Chemical (St. Louis, MO). [tyrosyl-3,5-3H(N)]DADLE (33.5 Cilmmol)
was obtained from DuPont-New England Nuclear (Boston, MA).

Mutagenesis of &-OPR In vitro site-directed mutagenesis was

carried out using a Transformer Site-Directed Mutagenesis Kit (ver-

sion 2) (Clontech Laboratories, Palo Alto, CA). The coding region of
rat �-OPR cDNA was subcloned into the pBluescript II (Stratagene,

San Diego, CA). Single-stranded DNA was prepared and simulta-
neously annealed by two kinds ofoligonucleotide primers: one primer

for the introduction ofthe desired mutation and the other primer for

the mutation of a restriction site unique to the vector for the purpose

of selection. After DNA elongation, ligation, and a primary selection
by digestion with an adequate restriction enzyme, the mixture of

mutated and unmutated plasmids was transformed into a mutS

Escherichia coli strain defective in mismatch repair. Transformants

were pooled, and plasmid DNA was prepared from the mixed bacte-

rial population. The isolated DNA was then subjected to a second
selective restriction enzyme digestion. Because the mutated DNA

lacked the restriction enzyme recognition site, it was resistant to

digestion. However, the parental DNA was sensitive to digestion and
was linearized. Therefore, a final transformation using thoroughly

digested DNA resulted in highly efficient recovery of the desired

mutated plasmids. The sequence ofeach mutated receptor cDNA was

confirmed through sequencing analysis using a Sequenase version 2

DNA sequencing kit (United States Biochemical, Cleveland, OH).

Each fragment containing the full-length coding region of the mu-

tated �-OPR cDNA was subcloned into the HindIII/ApaI site of the

pcDNA3 eukaryotic expression vector (InVitrogen, San Diego, CA).
Expression of wild-type, chimeric, and mutant receptors

and binding assay. For transient expression of the wild-type, chi-
meric, and mutant receptors, each plasmid cDNA (2-5 �g/ml) was

transfected to COS-7 cells by the DEAE-dextran method (22). After

cultivation for 65 hr, the cells were harvested and homogenized in 50
mM Tris, pH 7.4, containing 10 mM MgCl2 and 1 nms EDTA. After

centrifugation for 20 mm at 30,000 x g, the pellet was resuspended
in the same buffer and used in the radioligand binding assay. Satu-

ration binding experiments for Scatchard analyses were performed
with various concentrations of [3H]DADLE. The membrane prepa-

rations with the Bmax values within 200-2500 fmollmg protein were

used for the following competitive binding assay. For displacement
studies, 1 flM [3H]DA.DLE and various concentrations of unlabeled

DAMGO were used. Nonspecific binding was determined in the

presence of 10 �M unlabeled DADLE. Incubations of cell membranes
with [3HIDADLE in the presence or absence of competing opioid
ligands were carried out at 25#{176}for 1 hr and terminated by the

addition of ice-cold buffer followed immediately by rapid filtration
over Whatman GF/C glass-fiber filters that had been pretreated with
0.1% polyethyleneimine. The filters were washed with ice-cold
buffer, and the radioactivity on each filter was measured by liquid
scintillation counting. Kd and Bmax values of [3H}DADLE for the

wild-type and mutant receptors were obtained by Scatchard analyses
of the data from saturation binding experiments. K1 values of

DAMGO were obtained from the data ofdisplacement of[3HIDADLE

binding with unlabeled DAMGO through calculation in accordance

with the equation K1 = IC5�,/(1 + [DADLE}/Kd) (23), where IC50 is the

concentration of unlabeled DAMGO producing a 50% inhibition of
the specific [3HIDADLE binding.

Establishment of CHO cells expressing wild-type and mu-
tant receptors and cAMP assay. CHO cells were grown in Ham’s
F-12 medium supplemented with 10% fetal calf serum in 5% CO2 at

37#{176}.The cells were transfected according to the Lipofectin method
with the plasmid containing the wild-type �- or �-OPR cDNA or
mutant receptor cDNA. A single clone expressing each receptor was

selected by the cultivation in the presence of 500 �g/ml gentamycin

(GIBCO BRL, Gaithersburg, MD) followed by the binding assay with
the tritiated ligand. The expression of the mRNA for each receptor

was confirmed by Northern blot analysis. For cAMP assay, 1 X iO�

cells were seeded onto each well of a 24-well plate. After the culti-

vation for 24 hr, the cells were washed with HEPES-buffered saline

(140 mi� NaCl, 4.7 rni� KC1, 2.2 mr� CaCl2, 1.2 mivi MgC12, 1.2 mM
KH2PO4, 11 mM glucose, 15 mM HEPES, pH 7.4) and incubated in

0.45 ml of HEPES-buffered saline containing 1 mM 3-isobutyl-1-
methylxanthine for 10 ruin at 37#{176}.Stimulation was started by the

addition of 50 p.l of HEPES-buffered saline containing 100 �iM fors-

kolin (final concentration, 10 �M) and 1 mM 3-isobutyl-1-methylxan-

thine in the presence or absence of various concentrations of
DAMGO. After an incubation period of 10 mm, the stimulation was

terminated by the addition of 0.5 ml of ice-cold 10% trichloroacetic
acid to each well. Then, the plate was chilled on ice for 15 mm. After

being frozen and thawed, the trichloroacetic acid solution was trans-
ferred to a microtube and centrifuged at 2000 rpm for 5 mm at 4#{176}.
Next, 0.5 ml of the supernatant was transferred to another tube and

then added to 1 ml of chilled water-saturated diethyl ether and
vortex-mixed for 20 sec. After aspiration of the ether phase, the same

procedure for ether extraction was repeated once. The sample was
incubated for 20 mm at 40#{176}to evaporate residual ether, and then 5
.il of the aliquot of each sample was taken for cAMP assay. The

concentration of cAMP was measured using a radioimmunoassay kit

(Amersham, Buckinghamshire, UK). IC50 values were determined as
the concentration of DAMGO producing 50% of the maximal inhibi-
tion in cAMP accumulation.

Binding assay for various �-opioid ligands in wild-type and
mutant receptors. The affinities ofvarious j.t-opioid ligands for the

wild-type IL- and �-OPRs and for the �K108N mutant receptor were
examined using the CHO cells stably expressing each of these recep-

tors. Binding assay was carried out as well as in the case using
COS-7 cells. Briefly, the cells were harvested and homogenized in 50

mM Tris containing 10 mM MgCl2 and 1 mM EDTA. After centrifu-
gation, the pellet was resuspended in the same buffer. Saturation
binding experiments for Scatchard analyses were performed with
various concentrations of [3HJDADLE. In competitive binding assay,

the cell membranes were incubated with 1 nM [3H}DADLE and
various concentrations of unlabeled �-opioid ligands at 25#{176}for 1 hr.

Nonspecific binding was determined in the presence of 10 �M unla-

beled DADLE. The incubations were terminated by the addition of
ice-cold buffer immediately followed by rapid filtration over What-

man GF/C glass-fiber filters, and the radioactivity on each filter was

measured by liquid scintillation counting. Kd and Bm,�, values of

[3HIDADLE for the wild-type and mutant receptors were obtained

from Scatchard analyses of the data of saturation binding experi-
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ments. K1 values were calculated from the IC50 values obtained from
the competitive binding assay in accordance with the equation K1 =

IC5d(1 + {DADLEI/Kd).

Results

Determination of the amino acid residue involved in
distinction between �t- and &OPRS by DAMGO. The
affinity of the wild-type p�- and �-OPRS and chimeric DMDD
receptor for DAMGO was estimated by the competitive bind-

ing assay using [3HIDADLE as a radiolabeled ligand.

[3HIDADLE bound the �t- and &OPRs and DMDD receptor

with high affinity. Scatchard analyses of saturation binding
experiments revealed that Kd values of{3HIDADLE for the �.t-

and &-OPRs and DMDD receptor were 8.67 ± 3.71, 1.91 ±

0.18, and 2.24 ± 0.25 nr�, respectively (Table 1). In a com-

petitive binding assay, DAMGO bound the �t-OPR and

DMDD receptor with high affinity and displaced the binding

of[3H]DADLE with K� values of4.37 ± 0.24 and 23.77 ± 4.27

nM, respectively, whereas the affinity of the 6-OPR for

DAMGO was very low (K1 = 1405 ± 161 nM) (Fig. 1 and Table
1).

In the region around the first extracellular loop, which was
derived from the j.t-OPR in the chimeric DMDD receptor,

there were only seven different amino acid residues between
the �- and 6-OPRs (Fig. 2, top). To determine the amino acid
residue(s) involved in the distinction between the �t- and
�-OPRs by DAMGO, these amino acid residues of the &OPR
were individually replaced with the corresponding amino
acid found in the �-OPR. All of the seven mutant receptors
showed high affinity for [3HIDADLE (Kd = 0.83-4.06 n�)

(Table 1), indicating that the entire structural integrity of
these mutant receptors was not impaired. Among the seven
mutant receptors, only one receptor, �K1O8N, showed high

affinity for DAMGO (Fig. 2, middle and bottom). The K� value

of DAMGO for �K108N was 18.68 ± 5.27 n�i, which was
comparable to that for the DMDD receptor and 75-fold

smaller than that for the wild-type �-OPR (Table 1). The

mutant receptors �A1O7V, �E112G, �E118T, �L119I, &A1231,

and �L125I showed very low affinity for DAMGO. The K�
values of DAMGO for these six mutant receptors were
1198 ± 182, 1432 ± 199, 1077 ± 74, 708 ± 205, 1007 ± 94,

TABLE 1

Ligand-binding properties of the mutant receptors
Data are expressed as mean ± standard error of three to five experiments. Kd and
Bm�,, values for DADLE were determined by Scatchard analysis using rH]DADLE.
K, values for DAMGO were determined by displacement of [�H]DADLE binding
with unlabeled DAMGO followed by calculation in accordance with K, = lC�/(1 +

[DADLE]/Kd).

[3H]DADLE DAMGO

K,Bm�, K,,

fmol/mg protein n�

1.L 1712 ± 221 8.67 ± 3.71 4.37 ± 0.24
6 1319 ± 288 1.91 ± 0.18 1405 ± 161
DMDD 1884 ± 169 2.24 ± 0.25 23.77 ± 4.27a
�A107V 909 ± 92 1.12 ± 0.06 1198 ± 182
�K108N 1383 ± 225 4.06 ± 1.26 18.68 ± 5.27a
�E112G 1682 ± 220 3.57 ± 0.36 1432 ± 199
�E1 18T 1460 ± 242 3.33 ± 0.92 1077 ± 74
�L119l 1230 ± 362 2.96 ± 0.53 708 ± 205
&A123l 1576 ± 279 3.10 ± 0.85 1007 ± 94
�L125laSignificant

1323 ± 298

ly different from wild-type

0.83 ± 0.11

&OPR (p < 0.01 , St

1158 ± 193

udent’s t test).

:ijijit �nr�r� w,,�rmn�Jfflfl��1U�JL� UUUL�
DMDD

DAMGO concentration ( log [M])

Fig. 1. Displacement of rH]DADLE binding with DAMGO in the wild-
type �- and 6-OPRs and DMDD chimeric receptor. Top, representation

of the structures of the wild-type j.t- and 5-OPRs and DMDD chimeric
receptor. Bottom, displacement of the specific binding of rH]DADLE to
the membrane of COS-7 cells expressing the �- and &�OPRs and
DMDD receptor with unlabeled DAMGO. Cu,ves, representative of
three or four experiments.

and 1 158 ± 193 nM, respectively, which were almost the
same as those for the wild-type b-OPR (Table 1).

Replacement of LyslO8 of &-OPR. LyslO8 in the &OPR

was systematically replaced with 19 kinds of amino acids
other than lysine. All 19 mutant receptors bound [3HIDADLE

with Kd values comparable to those of the wild-type �.t- and
�-OPRs, ranging from 1.65 to 8.23 nr� (Table 2), indicating
that the entire structural integrity of these mutant receptors

was not impaired.

Replacement ofLyslO8 with arginine, another basic amino

acid, slightly increased the affinity for DAMGO (Fig. 3, top

left), but the affinity (K, = 375 ± 72 nr�i) was 86 and 16-fold

lower than those ofthe wild-type �t-OPR and chimeric DMDD
receptor, respectively (Table 2). In the case of the replace-
ment with acidic amino acids (Fig. 3, middle left), 6K108D
bound DAMGO with 65-fold higher affinity than the wild-
type b-OPR, and the K� value (21.70 ± 3.01 ni�i) was compa-
rable to that for the DMDD receptor. However, the affinity of

�K1O8E for DAMGO was low, and the IC� value was 155 ± 45

nM. Changes in the free carboxyl group to amide slightly
increased the affinity for DAMGO. The IC� values of 6K108N
and �K108Q for DAMGO were 18.68 ± 5.27 and 74.00 ±

10.64 nM, respectively.

For the amino acids with a polar group (i.e., hydroxyl or

sulfhydryl group) in their side chain, the affinities of bKlO8S,

�K1O8T, and 6K108C for DAMGO were comparable to those

of the DMDD receptor and 44-47-fold higher than those of
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Fig. 2. Identification of amino acid residue(s) of the &-OPR involved in
distinction between the �- and �-OPRs by DAMGO. Top, structure of
the region around the first extracellular loop of the 6-OPR. #{149},Residues
conserved between the �.t- and �-OPRs. 0, Residues specific for the
6-OPR. The corresponding residues found in the �-OPR are indicated.
The unique restriction enzyme Bbsl and Afllll sites were used to con-
struct the DMDD chimenc receptor. Middle and bottom, displacement
of the specific binding of [�H]DADLE with DAMGO to the membrane of
COS-7 cells expressing the wild-type �- and &-OPRs, DMDD receptor,
and mutant receptors. Cuives, representative of three to five expen-
ments.

TABLE 2

Ligand-binding properties of the mutant receptors
Data are expressed as mean ± standard error of three to five experiments. Kd and
Bm�,, values for DADLE were determined by Scatchard analysis using [‘H]DADLE.
K, values for DAMGO were determined by displacement of [�H]DADLE binding
with unlabeled DAMGO followed by calculation in accordance with K, = lC5,J(1 +

[DADLE)/Kd).

[3H]DADLE DAMGO

K,Bm�, Kd

fmot/mg protein n�

�.L 1712 ± 221 8.67 ± 3.71 4.37 ± 0.24
�(�K108K) 1319±288 1.91 ±0.18 1405± 161
DMDD 1884 ± 169 2.24 ± 0.25 23.77 ± 4.27a
6K1 08R 501 ± 279 3.22 ± 0.32 375 ± 72�
�K108D 474 ± 37 6.27 ± 0.70 21.70 ± 3.01�
6K108E 246 ± 163 4.75 ± 0.75 155 ± 45�
6K108N 1383 ± 225 4.06 ± 1.26 18.68 ± 5.27a
6K108Q 1394 ± 489 4.57 ± 1.73 74.00 ± 10.64a
�K108S 577 ± 132 3.68 ± 0.71 30.31 ± 8.45a
�K108T 1713±339 6.94±0.60 31.65 ±3.03a

6K108C 469 ± 75 5.09 ± 0.99 29.79 ± 6.59a
�K108M 943 ± 129 1.65 ± 0.19 31.91 ± 555a

�K108A 2144 ± 181 7.06 ± 0.81 43.38 ± 14.53a
�K108V 1230 ± 111 8.23 ± 0.28 32.57 ± 6.79�

�K108L 486 ± 33 3.12 ± 0.51 7.24 ± 1.88a
�K108l 473 ± 92 5.22 ± 1.07 12.25 ± 2.54�

�K108P 622 ± 118 2.34 ± 0.51 4.44 ± 0.58a
�K108G 554 ± 21 3.31 ± 0.85 146 ± 42�
8K108F 915 ± 45 2.36 ± 0.12 4.20 ± 1 .23a
�K108Y 1093 ± 132 2.08 ± 0.14 11.54 ± 1.27a
&K1O8H 901 ± 372 3.93 ± 1.21 32.30 ± 12.09a

�K108W 469 ± 115 6.10 ± 0.83 136 ± 57�
j.�N127K 425 ± 69 4.40 ± 1.00 56.27 ± 12.41k’

a Significantly different from wild-type 6-OPR (p < 0.01 , Student’s t test).
b Significantly different from wild-type �-OPR (p < 0.05, Student’s t test).

the wild-type b-OPR (Fig. 3, bottom left). The K, values were
30.31 ± 8.45, 31.65 ± 3.03, and 29.79 ± 6.59 riM, respectively

(Table 2). The mutant receptor, which possessed another
sulfur-containing amino acid, methionine, at position 108,

showed an affinity (K, = 31.91 ± 5.55 nr�) similar to that of
�K108C.

Replacements of LyslO8 with the amino acids with ali-
phatic side chains increased the affinity for DAMGO by 32-
194-fold (Fig. 3, top right). The K, values of DAMGO for

�K108A, 6K108V, 6K108L, and �K108I were 43.38 ± 14.53,

32.57 ± 6.79, 7.24 ± 1.88, and 12.25 ± 2.54 riM, respectively

(Table 2). Among the amino acids with aliphatic side chains,
proline requires special mention because its side chain forms
a cyclic structure by taking an a-amino group. Replacement
of LyslO8 with proline markedly increased the affinity for
DAMGO (Fig. 3, middle right). The K, value of DAMGO for
�K108P (4.44 ± 0.58 nM) was 316-fold smaller than that for

the wild-type �-OPR and comparable to that for the wild-type
�-OPR (Table 2). Glycine has no side chain (or only a single
hydrogen atom as its side chain). Replacement of LyslO8
with glycine increased the affinity for DAMGO (Fig. 3, mid-

dle right), but the K1 value of DAMGO for 6K108G (146 ± 42

nM) was 6-fold larger than that for the DMDD receptor (Table
2).

For the amino acids with aromatic rings, the affinity of
�K108F for DAMGO was comparable to that of the wild-type

�-OPR and was 335-fold higher than that of the wild-type
b-OPR (Fig. 3, bottom right). The K, value was 4.20 ± 1.23 nM

(Table 2). The addition of a hydroxyl group to the aromatic
ring decreased the affinity for DAMGO by -�3-fold, and the K,
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Fig. 3. Displacement of rH]DADLE binding with DAMGO in the mutant receptors. Displacement of the specific binding of [�H]DADLE with
DAMGO to the membrane of COS-7 cells expressing the wild-type �t- and 6-OPRs, DM00 receptor, and mutant receptors. Curves, representative

of three to five experiments.
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value of DAMGO for �K108Y was 11.54 ± 1.27 imi. Replace-

ment of LyslO8 with histidine increased the affinity for
DAMGO by 43-fold compared with the wild-type b-OPR, but

the K, value of DAMGO for 8K1O8H (32.30 ± 12.09 n�) was

larger than those for �K108F and 6K108Y. The mutant re-

ceptor �K108W, which possessed tryptophan at position 108,
showed a low affinity for DAMGO (K, = 136 ± 57 nM).

Replacement ofAsnl27 of �t-OPR with lysine. Asn127

of the �-OPR, which was the amino acid residue at the
corresponding position to LyslO8 of the b-OPR, was replaced
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Fig. 4. Displacement of rH]DADLE binding with DAMGO in the wild-
type i- and &-OPRs and mutant receptor �.tN1 27K. Displacement of the
specific binding of [�H]DADLE with DAMGO to the membrane of COS-7
cells expressing the wild-type �- and &-OPRs and mutant receptor
�N127K. Cu,ves, representative of three experiments.
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with lysine. The resultant mutant receptor, pN127K, bound

[3HIDADLE with a Kd value (4.40 ± 1.00 nr�t) comparable to

those of the wild-type �- and 5-OPRs (Table 2), indicating

that the entire structural integrity of this mutant receptor
was not impaired. Replacement of Asn127 with lysine de-

creased the affinity for DAMGO by 13-fold (Fig. 4). The K,
value ofDAMGO for p.N127K was 56.27 ± 12.41 nr�i (Table 2).

Coupling of mutant 6-OPR to adenylate cyclase. To

evaluate the agonistic activity of DAMGO in the mutant
receptors, the effects of DAMGO on forskolin-induced cAMP
accumulation via the wild-type �- and b-OPRs and mutant

receptors �K108N and �K108A were examined (Fig. 5). In the
wild-type 1.�-OPR, DAMGO maximally inhibited the cAMP

accumulation to <10% ofthe control level, and the IC50 value

was 3.13 ± 0.75 nM. In the wild-type &-OPR, the IC50 value of
DAMGO was 618 ± 50 riM. In the mutant receptors bK1O8N

and 6K108A, DAMGO maximally inhibited the accumulation

of cAMP to an extent similar to that in the wild-type �-OPR,

and the IC50 values were 1.67 ± 0.06 and 6.47 ± 0.72 riM,

respectively.
Affinity of various �.t-opioid ligands for the &K1O8N

mutant receptor. �K108N mutant receptor expressed on

CHO cells, as well as that expressed on COS-7 cells, bound
DAMGO with high affinity (K, = 22.32 ± 3.60 nrs�) (Table 3).

The affinity was 53-fold higher than that for the wild-type
8-OPR. Another peptidic p.-selective agonist, dermorphin,
bound the wild-type �.i- and �-OPRs with K1 values of 7.37 ±

3.16 and 712 ± 98 nr�t, respectively. Replacement ofLyslO8 of
the 8-OPR with asparagine increased the affinity of dermor-
phin by 32-fold. The K� value of dermorphin for the �K108N
receptor was 21.91 ± 3.61 nM. Replacement of LyslO8 of the

&-OPR with asparagine also increased the affinity ofCTOP, a
peptidic pt-selective antagonist, by > 100-fold. The K, value of
CTOP for the �K108N receptor (K, = 31.66 ± 7.55 n�) was

comparable to that for the wild-type p�-OPR (K, = 33.56 ±
10.49 nr�i). The endogenous opioid peptides met- and leu-

enkephalins bound both the �i- and 6-OPRs with high affin-
ities. These peptides also showed high affinities for the

8K1O8N mutant receptor. The K, values of met- and leu-

120-

1001
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� 80-
0
C.)

‘� 60-

o_
� 40�

20-
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Fig. 5. Agonistic activity of DAMGO in the wild-type �.t- and �-OPRs
and mutant receptors. Effects of DAMGO on forskolin-stimulated cAMP
accumulation in the CHO cells expressing the wild-type j.�- and �-OPRs
and mutant receptors 6K1 08N and �K108A. Curves, representative of
three experiments.

enkephalins for the bK1O8N were 5.23 ± 1.06 and 3.20 ±

0.71 nr�, respectively. Narcotic analgesics, such as morphine
and methadone, and an opioid antagonist, naloxone, prefer-

entially bound to the �i-OPR compared with the 6-OPR. The

affinities of morphine, methadone, and naloxone for the
�t-OPR were 56-, 65-, and 8-fold higher than those for the
b-OPR. Replacement ofLyslO8 ofthe 8-OPR with asparagine

increased the affinities of these nonpeptidic ligands by 3-6-

fold. The K, values ofmorphine, methadone, and naloxone for
6K108N were 266 ± 50, 423 ± 55, and 23.09 ± 3.96 n�,

respectively.

Discussion

Previously, we reported that replacement of the region

around the first extracellular loop of the 6-OPR with the

corresponding region of the �.i-OPR gave a high affinity for

DAMGO to the resultant chimeric receptor, DMDD (21). We

demonstrated the high affinity of DMDD receptor for
DAMGO through the use of a saturation binding experiment
followed by Scatchard analysis using [3HIDAMGO as a ra-
diolabeled ligand. In the current study, we used {3HIDADLE

as a radiolabeled ligand because it was known to bind with
high affinity to both the p.- and b-OPRs and was expected to

bind to the chimeric DMDD receptor and all of the mutant

receptors in which parts of the b-OPR were replaced with the
homologues of the p.-OPR. As expected, the results revealed

that the DMDD receptor and mutant receptors, as well as the

�L- and �-OPRs, bound [3HIDADLE with high affinity. In the

competitive binding assay using [3HIDADLE as a radiola-
beled ligand, DAMGO bound the �i-OPR and DMDD receptor

with high affinity and displaced the binding of [3HIDADLE
with K� values of 4.37 and 23.77 nM, respectively, whereas
the affinity ofthe 6-OPR for DAMGO was very low (K, = 1405
n�). These findings are consistent with our previous report

that showed high affinity of the DMDD receptor for DAMGO
through the use of saturation binding experiments using
[3H]DAMGO as a radiolabeled ligand, confirming that the

region around the first extracellular loop is critical for the
distinction between the �i- and 8-OPRs by DAMGO.
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TABLE 3

Affinity of �.t-opioid ligands in the 6K108N mutant receptor
Data are expressed as mean � standard error of three to five experiments. K, values were determined by displacement of [�H]DADLE binding with unlabeled �.t-opioid
ligands followed by calculation in accordance with K, = lC5�/(1 + [DADLE]/Kd).

K,

�0PR �K108N SOPR

nM

Peptidic ligands
DAMGO 5.48 ± 0.43 22.32 ± 3.60a 1188 ± 84
Dermorphin 7.37 ± 3.16 21.91 ± 3.61a 712 ± 98
CTOP 33.56 ± 10.49 31.66 ± 755a >3000

Met-enkephalin 4.35 ± 1 .27 5.23 ± 1 .06 3.21 ± 0.99
Leu-enkephalin 12.54 ± 4.22 3.20 ± 0.71 4.54 ± 0.39

Nonpeptidic ligands
Morphine 27.10 ± 4.53 266 ± 50b 1508 ± 342

d/-Methadone 41.28 ± 5.70 423 ± 558 2685 ± 388
Naloxone 7.86 ± 1.08 23.09 ± 3.96a 65.77 ± 10.16aSignificantly different from wild-type &-OPR (p < 0.01 , Student’s t test).

b Significantly different from wild-type &.OPR (p < 0.05, Student’s t test).

In the region around the first extracellular loop, there are
only seven different amino acid residues between the �i- and
&OPRs. To determine the amino acid residue(s) involved in

the discrimination between these receptors by DAMGO,

these amino acid residues of the 6-OPR were individually
replaced with the corresponding amino acids found in the

�i-OPR. Among the seven mutant receptors, only one recep-

tor, 8K1O8N, showed high affinity for DAMGO. The K, value

of DAMGO for this mutant receptor was 18.68 n�vi which was
comparable to that for the DMDD chimeric receptor (K, =

23.77 n�). The K, values of DAMGO for the mutant receptors
bA1O7V, �E112G, �E118T, �L119I, bA123I, and �L125I were
similar to those for the wild-type 8-OPR. These findings
indicate that the replacement of LyslO8 with asparagine is
entirely responsible for the high affinity of the DMDD recep-
tor for DAMGO. The affinities of the 8K108N and DMDD
receptors for DAMGO were 4-6-fold lower than that of the

wild-type p-OPR, suggesting that another region or regions
other than that around the first extracellular loop also con-
tribute to the high affinity of the �t-OPR for DAMGO. Our
previous results from experiments with various chimeric re-
ceptors showed that the region posterior to the third trans-
membrane domain had some involvement in the high affinity
binding of �-OPR for DAMGO (21). Further studies using
chimeric and mutant receptors are necessary to fully clarify
the molecular basis for the high affinity binding of DAMGO
to the �i-OPR. Nevertheless, the current results revealed that
the difference in the region around the first extracellular
loop, especially the difference between LyslO8 in the �-OPR

and Asn127 in the ji-OPR, is principally critical for distinc-
tion between the p�- and �-OPRs by DAMGO.

To examine the role of the residue at position 108 of the

&OPR in the distinction between �t- and b-OPRs by DAMGO,
LyslO8 of the �-OPR was systematically replaced with other

amino acids. Valine is found at the corresponding position of
the ,c-OPR. The mutant receptor bK1O8V showed the high
affinity for DAMGO. This finding is consistent with our pre-
vious report that the region around the first extracellular
loop is not involved in the distinction between ji- and K-OPR5
by DAMGO (24). In that report, we used chimeric pJ� recep-
tors to reveal that the region from the fifth transmembrane

domain to the carboxyl terminus is important for the distinc-

tion between �- and K-OPRs by DAMGO. A similar finding

was reported by Xue et al. (25). An endogenous opioid pep-
tide, enkephalin, which is a prototype for DAMGO, is well
known to exhibit a high affinity for both the �i- and b-OPRs

but not for the K-OPR. Also in the current study, met- and

leu-enkephalins showed high affinities for .i- and 6-OPRs
and bK1O8N mutant receptor. The ability to distinguish be-

tween the �.i- (or b-) and K-OPRs is intrinsically possessed by
enkephalin, and the artificial modification gives DAMGO
additional ability to distinguish between the �t- and b-OPRs,
so it is likely that the mechanism for the distinction by

DAMGO between the p.- and b-OPRs is different from that for
the distinction between the p.- and K-OPRs. Also, for the
replacements of LyslO8 with other amino acids with ali-
phatic side chains, the affinity of the resultant mutants for
DAMGO increased by 32-194-fold compared with the wild-

type &OPR. Furthermore, the addition of a hydroxyl or sulf-
hydryl group to the aliphatic chain did not affect the affinity

for DAMGO because the K, values of DAMGO for �K108S,
bK1O8T, and bK1O8C were comparable to those for 5K1O8A
and �K108V. These findings suggest that it is not necessary
for the amino acid residue at position 108 in the mutant

b-OPR to be an asparagine for high affinity binding to
DAMGO to occur.

Replacement ofLyslO8 with arginine improved the affinity
for DAMGO by very little. Both lysine and arginine possess
positively charged side chains. Furthermore, although the
replacement of LyslO8 with glutamic acid with a negatively

charged side chain slightly improved the affinity for
DAMGO, the affinity of bK1O8E for DAMGO was - 10-fold
lower than those of bK1O8N and DMDD receptors. These
findings suggest that either positively or negatively charged

side chain possessed by the amino acid residue at position
108 prevents DAMGO binding. It is possible that the charged

side chain forms an obstacle by interacting with the neigh-
boring oppositely charged group and prevents DAMGO from
binding to or approaching the binding pocket of the receptor.
This idea is supported by the finding that the change in the

free carboxyl group in the �K108E to amide (�K108Q) in-
creased the affinity for DAMGO. The replacement of Lys 108

with aspartic acid improved the affinity for DAMGO to a
level comparable to that ofthe DMDD receptor. Aspartic acid

as well as glutamic acid possesses negatively charged side

chains, but the side chain of the former is shorter than that
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of the latter. Furthermore, lysine and arginine, which have
longer side chains than aspartic acid and glutamic acid, have
lower affinity for DAMGO when they exist at the position

108. These findings suggest that the longer side chain is more
advantageous to interact with the neighboring oppositely
charged group; the replacement of LyslO8 with the amino
acids with aromatic rings is in agreement. The affinity of
bK1O8F for DAMGO was very high and comparable to that of

the wild-type �i-OPR. The addition of the phenolic hydroxyl
group, which is weakly ionized, to the aromatic ring
(6K108Y) decreased the affinity for DAMGO by 3-fold. The

bK1O8H with the histidine, which contains the weakly ion-

ized imidazole group, at position 108 showed -8-fold lower
affinity for DAMGO than 8K1O8F. The replacement of

LyslO8 with tryptophan, which has a longer side chain than
phenylalanine, tyrosine, and histidine, made the resultant
receptor 6K108W exhibit the 32-, 12-, and 4-fold lower affin-
ity for DAMGO compared with �K108F, 6K108Y, and
�K108H, respectively. Although the side chain of tryptophan

contains no charged group, it could interact with the neigh-
boring aromatic ring through ‘Tr/’rr interaction to form an
obstacle to DAMGO binding. The idea that LyslO8 of the
5-OPR prevents DAMGO from binding to the &-OPR is also

supported by the findings obtained in the binding experi-

ments using another mutant receptor, �tN127K Asn127 of

the p.-OPR is the amino acid residue in the corresponding

position to LyslO8 of the 6-OPR, and the replacement of
Asn127 with lysine markedly decreased the affinity for
DAMGO. The binding experiments using mutant receptors
revealed that the existence of the amino acid residues with
the charged and relatively long side chains at position 108 in
the mutant receptors caused low affinity for DAMGO. How-

ever, one exception was found in the mutant receptor
8K1O8G. Although glycine has only a single hydrogen atom
as its side chain, which is not charged and very small, re-

placement of LyslO8 with glycine scarcely improved the af-
finity for DAMGO, suggesting that carbon atom at the f3
position is necessary for DAMGO binding.

The current findings suggest that LyslO8 of the 8-OPR

obstructs the binding of DAMGO to the �-OPR rather than
that the asparagine residue at the corresponding position in

the �i-OPR is necessary for DAMGO binding. This implies

that the receptor domain or domains responsible for the
affinity for DAMGO exist in the region or regions other than
those relevant to the distinction between the �t- and &-OPRs

by DAMGO, and such a domain is conserved between these

receptors. In the mutant receptor �K108N, DAMGO maxi-

mally inhibited the production of cAMP to an extent similar

to that in the wild-type �.i-OPR. The IC50 value of DAMGO in
the bK1O8N receptor (IC50 = 1.67 ± 0.06 nM) was comparable
to that in the wild-type �.i-OPR (IC50 = 3.13 ± 0.75 nM),

whereas the K, value of DAMGO in the bK1O8N receptor was
4-fold larger than that in the wild-type �i-OPR. Because
6K108N has the same primary structure as the &-OPR except

for one amino acid residue, the efficacy for coupling to the G

proteins to inhibit cAMP production might differ between the
5K1O8N and �-OPR. Also, replacement of LyslO8 in the

�-OPR with alanine, which has a methyl group as its side
chain, improved the agonistic activity, as well as the binding
affinity, of DAMGO. Although the potency of DAMGO in the

6K108A (IC50 = 6.48 ± 0.72 ni�i) was -4-fold lower than that

in the 6K108N, the intrinsic activities of DAMGO on these

receptors are considered to be similar when it is taken into
account that the affinity of �K108A for DAMGO was -2-fold

lower than that of the �K108N. These findings indicate that
the receptor domain or domains responsible for the expres-
sion of agonistic activity of DAMGO are also conserved be-

tween the ji- and �-OPRs.
The results from the systematic replacements of LyslO8 of

the b-OPR suggest that the lysine residue at position 108 of
the b-OPR prevents DAMGO from binding to the b-OPR
rather than that the asparagine residue at the corresponding
position of the p-OPR is necessary for DAMGO binding.
Recently, similar results were reported by Fukuda et al. (26).
However, they have, at least in part, seem to have misunder-
stood the role of the residue at position 108 of the &-OPR
because they replaced LyslO8 of the &-OPR with only four

amino acids (�K108N, �K108R, bK1O8D, and bK1O8A). They
concluded that a positively charged amino acid, but not a
noncharged or negatively charged amino acid, at position 108
ofthe 6-OPR prevents DAMGO binding to the 5-OPR, but we

showed that tryptophan, a noncharged amino acid, and glu-
tamic acid, a negatively charged amino acid, at position 108
could prevent DAMGO binding. In addition, Fukuda et al. did
not conduct an experiment to examine whether the mutant
receptors can couple to the second messenger system. We

examined the coupling of mutant receptors bK1O8N and
�K108A to the inhibitory system of cAMP production and

clarified that the receptor domain or domains responsible for
the signal transduction exist in the region or regions other
than those relevant to the distinction between the �.i- and
b-OPRs by DAMGO.

In the current study, we demonstrated that the difference

in a specific residue (i.e., the difference between LyslO8 of
the 6-OPR and Asn127 ofthe ji-OPR) locatedjust outside the

second transmembrane domain is critical for the distinction
between these receptors by DAMGO. Recently, Hjorth et al.

(27) revealed that the difference in a specific residue (i.e., the

difference between Glu297 of the K-OPR and Lys303 of the
�-OPR) located just outside the sixth transmembrane do-
main is critical for the distinction between these receptors by

norbinaltorphimine, a K-selective antagonist. Taking into ac-
count the fact that the positive charge at the N17 position of
norbinaltorphimine is critical for its K-selective binding (28),
Glu297 of the K-OPR interacts with this positive charge to
increase the affinity between the K-OPR and norbinaltorphi-
mine. Prevention ofDAMGO binding by LyslO8 ofthe �-OPR
is important for the distinction between the j.i- and b-OPRs by
DAMGO, whereas additional binding affinity produced by
the interaction between G1u297 of the K-OPR and norbinal-

torphimine is thought to be important for the distinction
between the j.i- and K-OPR5 by norbinaltorphimine. These
findings indicate that the amino acid residues just outside

the transmembrane domains of OPRs play critical roles as
determinants of the recognition by type-selective opioid li-
gands. Such an example is also reported in the neurokinin
receptors (29). Lys193, G1u194, and Tyr272, located just out-

side the transmembrane domains of the NK-1 neurokinin
receptor, are critical for the binding of the nonpeptidic NK-
1-selective antagonist CP96,345. On the other hand, the cur-

rent findings suggest that the receptor domain or domains
involved in the expression ofagonistic activity ofDAMGO are
conserved between the j.�- and 6-OPRs and exist in the region
or regions not relevant for the distinction between the �i- and
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likely that relatively small and lipophilic ligands such as

morphine stay almost entirely within the transmembrane

region when binding to the binding pocket, so the most crit-

ical selectivity domain for the type-selectivity of such ligands
possibly exists in the transmembrane regions (Fig. 6). Fur-

ther investigations are necessary to fully elucidate the struc-

tures involved in the selectivity of �t-opioid-selective ligands
other than DAMGO.
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