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Bremazocine Recognizes the Difference in Four Amino Acid Residues
to Discriminate Between a Nociceptin/Orphanin FQ Receptor
and Opioid Receptors
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ABSTRACT—We investigated the molecular basis of the discrimination between nociceptin/orphanin FQ
receptor (NociR) and opioid receptors (OPRs) by bremazocine, a non-type-selective opioid ligand. Con-
struction of several chimeric receptors between NociR and s-opioid receptor (KOPR) and mutant NociRs
followed by binding experiments with [*H]bremazocine showed that the mutation of only four amino acid
residues of NociR, Ala®'®, Val?”®, GIn*° and Val?®, to the amino acid residues located at the corresponding
position of KOPR, Lys®?, 11e?®, His*' and I1e*”, made it possible for the resultant mutant NociR to bind
bremazocine with high affinity. Considering that these four amino acid residues are conserved among p-, d-
and £-OPRs, the present result suggests that bremazocine recognizes the difference in these four amino acid

residues to discriminate between NociR and OPRs.
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Site-directed mutagenesis

A novel receptor ORLI1 (opioid receptor-like 1) be-
longing to the opioid receptor family due to its close
similarity in amino acid sequence with z-, - and £-opioid
receptors (OPRs) (Fig. 1) was cloned (1, 2), but had been
regarded as an orphan receptor, because no known
opioid peptides or alkaloids bound to this receptor with
high affinity. An endogenous peptidic agonist of ORL1
was identified by two independent groups (3, 4). Meunier
et al. (3) and Reinscheid et al. (4) isolated this peptide
from rat and porcine brains and termed it nociceptin and
orphanin FQ, respectively. In this paper, we refer to this
peptide as nociceptin and to its receptor as the nociceptin
receptor (NociR).

It has been reported that intracerebroventricular
(i.c.v.) administration of nociceptin induced hyperalgesia
or an anti-opioid effect (3—5). On the other hand, the
intrathecal (i.t.) injection of this peptide produced an
antinociceptive effect at high doses (6), but allodynia
or hyperalgesia at low doses (7). These findings strongly
suggest that nociceptin is involved in pain transmission
and/or regulation systems, but the details remain unclear.
Particularly, the physiological and pathophysiological

* To whom correspondence should be addressed.

roles of endogenous nociceptin have not been elucidated,
because no antagonist of NociR has been available. Re-
cently, a selective antagonist for NociR was produced by
chemical modification of nociceptin (8), but the effects of
this antagonist peptide on pain transmission or regulation
have never reported up to now. Nonpeptidic agonists and
antagonists specific to NociR are thought to be useful for
elucidating its function, but such compounds have never
been obtained.

Researchers are keenly interested in the molecular
mechanism of discrimination between OPRs and NociR
by opioid ligands. In this study, we tried to identify the
amino acid residues that are the determinant for the dis-
crimination between OPRs and NociR by bremazocine, a
non-peptidic and non-type-selective opioid ligand. First,
we constructed several chimeric receptors between £-
opioid receptor (KOPR) and NociR, since nociceptin has
some analogy to dynorphin, which is thought to be an
endogenous ligand of KOPR. We considered that the
amino acid residues conserved among the three types of
OPRs are important for the binding of bremazocine to
OPRs and that, in these residues, those different in NociR
are critical for the discrimination between OPRs and
NociR by bremazocine. According to this concept,
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Fig. 1. Proposed membrane topology of the human NociR. Solid circles indicate the amino acid residues conserved between
NociR and three types of OPRs, and gray circles indicate the residues conserved between NociR and one or two type(s) of

OPR(s). Noted are the joints to construct chimeric receptors.

several mutant NociRs were constructed in the light of
the results from the previous experiments with chimeric
receptors. The affinities of [*H]bremazocine for these chi-
meric and mutant receptors were examined.

MATERIALS AND METHODS

Materials

The rat KOPR c¢DNA was cloned as previously
described (9). The human NociR ¢cDNA was cloned from
HL60 cells, a human myeloid leukemia cell line, by the
RT-PCR method. (—)-[9-*H(V)|Bremazocine (29.8 Ci
/mmol) and bremazocine were purchased from DuPont-
New England Nuclear (Boston, MA, USA) and Research
Biochemicals Inc. (Natick, MA, USA), respectively.

Construction of chimeric receptors and site-directed
mutagenesis

The chimeric receptor, NKbgl, was constructed by
using a restriction enzyme, Bgl II. A recognition site for
Bgl II (Bgl II site) exists at the boundary region between
the second extracellular loop and fifth transmembrane
domain (Fig. 1) in KOPR, but not in NociR. Therefore,
the Bgl II site was introduced at the corresponding posi-
tion of NociR by in vitro site-directed mutagenesis. The

appropriate restriction enzyme fragments of KOPR and
NociR ¢cDNAs were ligated and cloned into the multiple
cloning site of the pcDNA3 expression vector (Invitrogen,
Carlsbad, CA, USA). The chimeric receptor,
NKbgINtm6, was constructed by the PCR method (10)
with another joint (tmé6 site) in the sixth transmembrane
domain. For the site-directed mutagenesis, the coding
region of NociR ¢DNA was subcloned into the
pBluescript II (Stratagene, San Diego, CA, USA). In
vitro site-directed mutagenesis was carried out using a
Transformer™ Site-Directed Mutagenesis Kit (2nd ver-
sion) (Clontech Laboratories, Inc., Palo Alto, CA, USA)

-as previously described (11). The fragment containing the

full length coding region of each mutant NociR cDNA
was subcloned into the pcDNA3 vector. The sequence of
each construct was confirmed by sequencing analysis us-
ing an ABI PRISM dye terminator cycle sequencing ready
reaction kit (Perkin Elmer, Foster City, CA, USA).

Expression of wild type, chimeric and mutant receptors
and radioligand binding assay

COS-7 cells were grown in Dulbecco’s modified Eagle
Medium supplemented with 10% fetal bovine serum in
5% CO, at 37C. For transient expression of the wild
type, chimeric and mutant receptors, each plasmid cDNA
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(2-5 pg/ml) was transfected to COS-7 cells by the
DEAE-dexiran method. After cultivation for 65 hr, the
cells were harvested and homogenized in 50 mM Tris (pH
7.4) containing 10 mM MgCl, and 1 mM EDTA. After
centrifugation for 20 min at 30,000X g, the pellet was
resuspended in the same buffer and used as the membrane
preparation in the radioligand binding assay. Saturation
binding experiments were carried out with [PH]bremazo-
cine. The membrane preparations were incubated with
various concentrations of [PH]bremazocine at 25°C for 1
hr. Non-specific binding was determined in the presence
of 10 M unlabeled bremazocine. The incubation was
terminated by the addition of ice-cold buffer immediately
followed by rapid filtration over a Whatman GF/C glass
fiber filter, which had been pretreated with 0.1% poly-
ethyleneimine, and the radioactivity on each filter was
measured by liquid scintillation counting. The K, value of
[PH]bremazocine for each receptor was obtained by a
Scatchard analysis of the data from saturation binding
experiments. The results of binding assays are presented
as the mean+S.E.M. of three to five separate experi-
ments.

RESULTS
Determination of the regions involved in discrimination

between KOPR and NociR by bremazocine
The affinities of bremazocine for KOPR, NociR and

chimeric receptors expressed in COS-7 cells were esti-
mated by saturation binding assay using [*H]bremazocine
as a radiolabeled ligand. Although KOPR bound [*H]-
bremazocine with a high affinity (Kq=3.1+0.4 nM),
NociR poorly bound [*Hlbremazocine and the K4 value
could not be determined (Fig. 2, Table 1). The chimeric
receptor NKbgl, in which the region from the Bgl II site
to the carboxyl-terminus of NociR was replaced with the
corresponding region of KOPR, bound bremazocine with
a high affinity (Kq=11+3 nM, Table 1) equivalent to that
of the wild type KOPR. Another chimeric receptor
NKbgINtm6, in which the region from the tm6 site to the
carboxyl-terminus of NKbgl was further replaced with the
corresponding region of NociR, did not show any high
affinity for bremazocine (Table 1).

Determination of the amino acid residue(s) in the region
Jfrom the tm6 site to the carboxyl terminus critical for the
high affinity binding of bremazocine

According to the concept described previously, three
amino acid residues of NKbgINtm6, Val?”*-GIn®°-Val?®!,
were replaced with Ile-His-Ile, which are the amino acids
located at the corresponding position of KOPR, to make
the mutant receptor NKbgINtmé6+VQV(279-281)IHI.
Different from the case of NKbgINtm6, NKbgINtmé6-+
VQV(279-281)IHI bound bremazocine with an affinity
(K3=29+3 nM, Table 2) as high as that of NKbgl (K4
=11=+3 nM, Table 1). Replacement of Val*”*-Gln?°-val*®!

—_—
£
£ KOPR i
S NociR
oy 8000,
1000,
E  ww] Kg=3.1 nM Kg=N.D.
e
Q. 6000 800- .
=l *
o . 0.4 00 0.03
£ 2000 03¢ 1 03’(2);'
o U2
S 3000 202{ * 4004 L0015
o) 0.1 0.01-
o 200, o 200 0.005
= 0 20 40 60 80 1 05— ———
8 1000 Bound (fmol) 0 2 4 6 810
Bound (fmol)
Q. 0 v T T T T ) 0 - T o r T . r ]
() 0 i 2 3 4 5 6 0 2 4 6 8 10 12 14 16

[*H]Bremazocine (nM)

Fig. 2. Saturation binding of [*H]bremazocine to the membrane preparations of COS-7 cells expressing KOPR (left) and
NociR (right). Insets show the Scatchard analysis of [*HJbremazocine binding. .
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Table 1. K, values of [*H]bremazocine for KOPR, NociR and
KOPR/NociR chimeric receptors

K, ("M)
Receptor Scheme
[*H]Bremazocine
A
KOPR 3.1+04
Y
l - 1 -
NociR | | N.D.
o U
r -
NKbgl | 1143
o U
YA 77087707785
ner
NKbgINtm6é I N.D.
L U

K, values of [PH]bremazocine were determined by Scatchard ana-
lyses of the data from saturation binding experiments. Values are the
mean=+S.E. of three to five experiments. N.D. means impossible to
deremine K, values due to the very low affinity for [’H]bremazocine.
Black and hatched parts in the schemes of the receptors indicate the
receptor regions derived from NociR and KOPR, respectively.

of NociR with Ile-His-Ile did not give any high affinity
for bremazocine to the resultant mutant receptor NVQV-
(279-281IHI, and the Ky value was not determined
(Table 2).

Determination of the amino acid residue(s) in the region
Jrom the Bgl II site to the tm6 site critical for the high
affinity binding of bremazocine

In addition to the mutation of Val*”-GIn**-Val®* to
Tle-His-Ile, Ala?!® at the boundary region between the
second extracellular loop and the fifth transmembrane
domain of NociR was replaced with Lys, which is the
amino acid found at the corresponding position of
KOPR. The resultant mutant receptor NA216K+VQV-
(279-281)IHI showed a high affinity for bremazocine (Kq
=31+14 nM, Table 2), equivalent to that of NKbgINtmé
+VQV(279-28DIHI (K3=29=+3 nM, Table 2). Mutation
of only Ala*® of NociR to Lys did not give any high
affinity for bremazocine to the resultant mutant receptor
NA216K, and the K, value was not determined (Table 2).

Elucidation of the contribution of II®*°, Ile?*? and Ile*!S
of KOPR to the bremazocine binding
To elucidate the contribution of Ile**® and Ile®? of

Table 2. Kj values of [*H]bremazocine for the mutant receptors

K, (nM)
Receptor Scheme
[*H]Bremazocine
NKbgINtmé Ilf " 4 ] vt s
+VQV(279-281)IHI Uu I
ll'l u]
NVQV(279-281)IHI l 11i1:] N.D.
UU U I
NA216K l
+VQV(279-281)IHI | : ' 31+ 14
I n
NA216K l l I N.D.
DU '
NA216K '
TIHE ND.
+Q280H L
NA216K ':T_I
+VQV(279-281)IHI in 23 + 5
+T305I1 (= A=

Kq values of [*H]bremazocine were determined by Scatchard ana-
lyses of the data from saturation binding experiments. Values are the
mean=*S8.E. of three to five experiments. N.D. means impossible to
deremine K, values due to the very low affinity for ["H]bremazocine.
Black and hatched parts in the schemes of the receptors indicate the
receptor regions derived from NociR and KOPR, respectively.
White circles indicate the amino acid residues which were mutated
in this study.

KOPR to the bremazocine binding, a mutant receptor
NA216K +Q280H was constructed. This mutant receptor
did not bind bremazocine with a high affinity and the K4
value was not determined (Table 2). In addition to the
mutation of Ala?'® and Val?”’-GIn?’-Val*®! to Lys and Ile-
His-Ile, respectively, Thr’® of NociR was mutated to Ile
to construct another mutant receptor NA216K+VQV-
(279-281)IHI+T3051, but this additional mutation did not
give any definite increase in the affinity for bremazocine
(K4=23=+5 nM, Table 2) compared with that of NA216K
+VQV(279-281)IHI.

DISCUSSION

In this study, first, two chimeric receptors were con-
structed to determine the region(s) critical for the dis-
crimination between KOPR and NociR by bremazocine,
a non-peptidic and non-type-selective opioid ligand. The
chimeric receptor NKbgl, in which the region from the
Bgl I1 site to the carboxyl-terminus of NociR was replaced
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with the corresponding region of KOPR, bound
bremazocine with a high affinity (Kq=11=x3 oM, Table 1)
equivalent to that of the wild type KOPR. This result in-
dicates that all of the amino acid residues critical for the
binding of bremazocine exist in the region from the Bgl IT
site to the carboxyl-terminus. Another chimeric receptor
NKbgINtm6, in which the region from the tm6 site to the
carboxyl-terminus of NKbgl was further replaced with the
corresponding region of NociR, did not show any high
affinity for bremazocine (Table 1), suggesting that at least
one region critical for bremazocine binding exists be-
tween the tmé6 site and the carboxyl-terminus.

Next, several mutant receptors were constructed to
elucidate the amino acid residue(s) critical for the dis-
crimination between KOPR and NociR by bremazocine.
Since bremazocine binds all of the p-, - and £-OPRs with
high affinity, the amino acid residues conserved among
these three types of OPRs are considered to be important
for bremazocine binding. Furthermore, it is also consi-
dered that the residues different between KOPR and
NociR are critical for the discrimination between these
two receptors. In addition, it is assumed that the amino
acid residues critical for the ligand binding are located
in the extracellular or transmembrane domains, but not
in the intracellular domain. The amino acid residues that
meet these three conditions and are located in the region
from the Bgl II site to the carboxyl-terminus of NociR are
shown by open circles in Fig. 3. Some of these were mu-
tated by site-directed mutagenesis.

In the region from the tmé site to the carboxyl termi-
nus, there are four amino acid residues that meet the three
conditions (Fig. 3). Three residues, Val*”*-GIn?’-val®!,
in the sixth transmembrane domain of NKbgINtmé were
changed to Ile-His-Ile, which are amino acids located at
the corresponding positions of OPRs. Different from the
case of NKbgINtmé6, the resultant mutant receptor
NKbgINtmé6+VQV(279-281)IHI bound bremazocine
with a high affinity (K4=29243 nM, Table 2) similar to
that of NKbgl (Ks=11=+3 nM, Table 1), suggesting that
in the region from the tm6 site to the carboxyl terminus,
the difference between Val?*-GIn®°-Val®! of NociR and
I1e®°-His*!-11e*? of KOPR is critical for the discrimina-
tion between these receptors by bremazocine. Replace-
ment of Val?”’-GIn®°-val?®! of NociR with Ile-His-Ile did
not give any high affinity for bremazocine to the resultant
mutant receptor NVQV(279—-281)IHI (Table 2), suggest-
ing that another amino acid residue(s) involved in the
bremazocine binding exists in a region other than that
from the tmé6 site to the carboxyl terminus.

The amino acid residue(s) critical for the discrimination
between KOPR and NociR by bremazocine was eluci-
dated in the region between the Bgl II site and the tmé6
site. There are six amino acid residues that meet the
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Fig. 3. The amino acid sequence from the fifth to the seventh
transmembrane domains of human NociR. Open circles indicate the
amino acid residues that are different between NociR and OPRs
while conserved among the three types of OPRs.

three conditions in this region (Fig.3). Among them,
we focused on Ala*', which is located in the boundary
region between the second extracellular loop and the fifth
transmembrane domain, because we previously showed
that amino acid residues located at the boundary region
between the extracellular loops and transmembrane
domains were important for the discrimination between
#-OPR and §- or £-OPR by DAMGO, a p-selective ligand
(11, 12). Ala?'® of NociR was mutated to Lys in addition
to the mutation of Val?”-GIn?*-vVal®®! to Ile-His-Ile. The
resultant mutant receptor NA216K+VQV(279—-281)IHI
showed a high affinity for bremazocine (K4=31=%14 nM,
Table 2), equivalent to that of NKbgINtmé6+VQV(279-
281)IHI (K3=29=%3 nM, Table 2). The mutant receptor
NA216K, in which only Ala®'® of NociR was mutated to
Lys, poorly bound bremazocine. These results indicate
that, in the region between the BglII site and the tm6
site, the difference between Ala'® of NociR and Lys?? of
KOPR is critical for the discrimination between these
receptors by bremazocine, but it is not sufficient for high
affinity binding of bremazocine by itself.

The present results show that the difference between
Ala?'%, Val?®, GIn®° and Val®' of NociR and Lys*¥,
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I1e?®, His®' and I1e*? of KOPR is critical for the dis-
crimination between these receptors by bremazocine.
Considering that these four amino acid residues are con-
served among p-, - and £-OPRs, it is thought that
bremazocine recognizes the difference in these four amino
acid residues to discriminate between NociR and three
types of OPRs. This result is partly consistent with the
report by Meng et al. (13). They showed that the replace-
ment of Ala?® or Val?’s-GIn?"-Val?® of rat NociR with
Lys or He-His-Ile, respectively, increased the affinity of
dynorphin A. Furthermore, they reported the additional
replacement of Thr’® of rat NociR with Ile besides the
replacement of Val?”®-GIn?’-Val*”® with Ile-His-Ile gave
an additional increase in affinity for dynorphin A,
although we showed the additional replacement of
Thr’” of NociR with Ile besides the replacement of
Ala?® and Val*®-GIn?-Val® with Lys and Ile-His-Ile,
respectively, did not additionally increase the affinity for
bremazocine. Mollereau et al. revealed that replacement
of only GIn?*® with His increased the affinities for several
nonpeptidic opioid ligands such as lofentanil and etor-
phine (14). In this context, we constructed the mutant
receptor NA216K+Q280H to examine whether the
replacement of only GIn®° out of Val?*-GIn**-val*®! with
His is sufficient to produce the high affinity for bremazo-
cine. Bremazocine did not bind to NA216K +Q280H with
any high affinity (Table 2), suggesting some contribution
of I1e*° and 11e?*? of KOPR to the bremazocine binding.

The nociceptin-NociR system is considered to play
important roles in pain transmission/regulation, but its
detailed function remains to be elucidated. Furthermore,
since NociR is also abundantly expressed in the hippo-
campus and hypothalamus (1, 2), it is possible that
nociceptin is involved in processes of learning and memo-
ry or regulations of feeding and hormonal secretion.
However, these possibilities have not been proved yet.
To investigate these possibilities and to fully elucidate the
physiological and pathological roles of the nociceptin-
NociR system in pain transmission/regulation, non-pep-
tidic agonists and antagonists specific to NociR are consi-
dered indispensable. In the present study, we showed that
replacement of Ala'%, Val?”, GIn?*°® and Val?®! in NociR
with Lys, Ile, His and Ile, respectively, made it possible
for the resultant mutant receptor to bind bremazocine
with high affinity. These findings will give us a clue to de-
velop a novel non-peptide agonist or antagonist specific
for the wild type NociR by modification of the bremazo-
cine molecule.
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