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Abstract: To characterize 0- and «-opioid receptor pheno-
types, bivalent ligands (KDAN series) containing d-antagonist
(naltrindole) and «i-agonist (ICI-199,441) pharmacophores
were synthesized and evaluated by the intrathecal route using
the mouse tail-flick assay and binding studies. The data have
suggested that KDAN-18 (2) bridges phenotypic do- and «i-
receptors. A conceptual model is presented to explain the
organizational differences between the opioid receptors that
give rise to the phenotypes (01, 02, k1, k2).

A major question currently addressed in opioid re-
search relates to the fact that receptor cloning has
identified fewer receptors than pharmacology predicts.
One explanation for this phenomenon is that the
pharmacological effects thought to be mediated by
putative opioid receptor subtypes may in fact arise
through activation of opioid receptor dimers.1 3 The idea
that two distinct d-receptor subtypes exist was proposed
in 1991 on the basis of in vivo pharmacological stud-
ies.*? Given the recent evidence that the d;-opioid
receptor agonist [D-Pen?%]enkephalin® (DPDPE) acti-
vates an apparently allosterically coupled 6—« het-
erodimer’ and in view of the very recent pharmacologi-
cal studies with the 0—« antagonist bivalent ligand
KDN-21 (1),8 we have concluded that the d; and «2
phenotypes in the spinal cord are characteristic of this
heterodimer. These studies have raised questions con-
cerning the nature of opioid receptors that give rise to
the 62 and «; phenotypes. We have addressed this by
the synthesis and biological evaluation of a series of 60—«
bivalent ligands with «;-agonist and d-antagonist phar-
macophores. Here, we report on a member (2, KDAN-
18)? of this series whose pharmacology and binding data
suggest that the 02 and «; opioid receptor phenotypes
are associated but not allosterically coupled 6- and
«-opioid receptors in the mouse spinal cord.

In the spinal cord, the ds-agonist [D-Alag,Gluy]del-
torphin!® (deltorphin II) interacts with a subpopulation
of opioid receptors that is different from that activated
by the 61-agonist DPDPE.511 The pharmacological fea-
tures distinguishing the spinal 6; from the d, phenotype
are that the former is antagonized by both the ;-
antagonist benzylidenenaltrexonel? (BNTX) and the
k-opioid antagonist norbinaltorphimine!® (norBNI),
whereas the latter is antagonized only by the OJo-
antagonist naltriben'! (NTB).” In this regard, the
antagonism of DPDPE by a «-opioid antagonist has been
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attributed to cooperativity between a subpopulation of
0- and «-opioid receptors organized as heterodimers that
give rise to the 0; and «ky phenotypes.”® The lack of
antagonism of deltorphin II by norBNI is apparently due
to O-receptors that are not allosterically coupled with
k-opioid receptors. Given these differences, we have
investigated the organization of 6- and «-opioid receptors
that are manifested as 02 and «; phenotypes.

Since it appeared unlikely that all colocalized spinal
0- and «-opioid receptors are associated as heterodimers,
we considered the possibility that the d2 and «; pheno-
types might represent an arrangement of - and «-opioid
receptors that are not heteromeric. One example would
be 6 homodimers that are associated with x homodimers
because there are reports of such homodimeric associa-
tions of both ¢ and « receptors in cultured cells.14~18 If
this were the case, a mixture of d- and «-opioid receptors
could contain —«, 0—3d, and k—« dimers in an oligomeric
array similar to that reported for rhodopsin.!® Under
such conditions, we might expect intradimer allosteric
interaction but little, if any, cooperativity between
homodimeric §- and k-opioid receptors. The inability of
norBNI to antagonize deltorphin II in the mouse spinal
cord’” therefore might reflect the interaction of this
agonist with a 60— homodimer rather than with a d—«
heterodimer.

To investigate the organizational features of receptors
that give rise to the 0, and «; phenotypes, we have
employed bivalent ligands containing «j-agonist and
d-antagonist pharmacophores. The rationale for this
approach was based on preliminary modeling studies
that suggested it might be feasible for a single bivalent
ligand to bridge two neighboring 60— and x—« homo-
dimers in an oligomeric array.2? The oligomerization of
dimeric opioid receptors is consistent with recent direct
evidence for the oligomerization of rhodopsin dimers in
native membranes.1?

The use of a combination of agonist and antagonist
pharmacophores was employed in the design of bivalent
ligands for exploring the interaction between o0- and
k-receptors that are not coupled because we anticipated
that bridging of interdimeric recognition sites should
be more favorable when compared to the intradimer
bridging of an allosteric 60—« opioid receptor. This is
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Table 1. Opioid Agonist Selectivity of Bivalent and Monovalent Ligands in the Mouse Tail-Flick Assay upon Intrathecal
Administration®
EDs, ratio®c (95% CL)
compd name EDs, (nmol/mouse)? BNTX 6; NTB 6, NorBNI «
2 KDAN-18¢ 0.19 (0.15-0.26) 3.0(1.8—4.8) 25.9 (16.2—41.4) 39.3 (23.6—58.9)
5 KDAN-12 0.44 (0.36—0.56) 2.1(1.3-3.3) 1.1(0.8—1.5) 33.0 (25.8—42.2)
6 KDAN-20 0.50 (0.40—0.63) 3.4(1.4-104) 2.0 (0.6—5.5) 3.4 (1.4-8.5)
7 KA-12 1.4 (0.84—2.75) ~1f ~1f 11.0 (4.4—29.5)
8 KA-18 0.11 (0.03—0.21) 1.3(0.6—4.4) 1.5(0.6—4.0) 10.8 (4.9-27.2)
8 +10 KA-18 + DN-18¢ 0.14 (0.10-0.19) ~1f ~1f 44.8 (28.9—-68.7)
U50488 21.0 (18.2—24.7)" 0.94 (0.7-1.3)" 0.81(0.1-1.5)" 4.23 (1.76—8.28)

@ At least three groups of 10 male CD1 mice weighing between 20 and 25 g were employed in a modified tail-flick assay. Antinociception
was considered positive if the tail-flick latency was more than the control latency plus 3 SD of the mean of the reaction time. ® EDj5, ratio
= EDs5¢ of agonist in the presence of antagonist divided by the EDs5( of the agonist alone. ED5( ratios were considered significant when the
95% confidence intervals of the ratio was >1.0. ¢ Peak times and doses of it. administered antagonists were as follows: norBNI (2.5 nmol,
16 min), BNTX (25 pmol, 10 min), NTB (50 pmol, 10 min). ¢ All the agonists behaved as full agonists. ¢ The icv ED5¢ of KDAN-18 was
0.03 (0.025—0.26) nmol/mouse. Its ED5¢ ratios were as follows: BNTX, 1.43 (1.19—1.68); NTB, 18.25 (13.02—24.76); norBNI, 14.65 (7.63—
27.95). ' The ED5 ratio was determined at a control ED dose of agonist that produced 70% antinociception. No change in the %
antinociception was observed in the presence of antagonist. ¢ Both monovalent analogues KA-18 and DN-18 were coadministered (i.t.) in

an equimolar ratio. # Values from Portoghese and Lunzer.”

proposed because the allosterically coupled 6—« het-
erodimer interacts selectively with the antagonist—
antagonist bivalent ligand KDN-21,8 thereby promoting
the antagonist state in both the 6 and « receptors. One
interpretation is that both receptors in the dimer are
in the agonist or antagonist state because of cooperat-
ivity. According to this model, a KDAN ligand with an
appropriate length spacer linking agonist and antago-
nist pharmacophores should therefore favor bridging
with neighboring 6 and « receptors that are associated
as homodimers versus those that are organized as
allosterically coupled 60—« heterodimers.

The pharmacophores chosen for the KDAN? series of
bivalent ligands incorporate the J-opioid antagonist
naltrindole?! 3 (NTI) and the «j-agonist ICI-19944122
4, tethered through a variable length spacer. The
pharmacophores were selected because of the high
affinity and selectivity of the parent ligands. The spacer
is comprised of oligoglycyl units attached to a methyl-
enediacyl core containing a variable number of meth-
ylenes. Spacer length was varied by the number of glycyl
residues and methylenes. The constitution of the spacers
was motivated by our desire to maintain a favorable
hydrophilic—hydrophobic balance of the bivalent ligands.
Course adjustment of spacer length was accomplished
by varying the number of glycyl residues, whereas
incremental changes of methylene groups afforded fine
adjustment. The spacers varied from 12 atoms (KDAN-
12, 5) to 20 atoms (KDAN-20, 6). Matched monovalent
control compounds were synthesized in an effort to
factor out possible effects of the spacer on activity in
the bivalent ligands. The synthesis of these ligands is
described in the Supporting Information.

The target compounds were administered intrathe-
cally to CD1 mice and evaluated using the tail-flick
assay?3 (Table 1). The bivalent ligands (2, 5, 6) and the
« monovalent control compounds (7 and 8) exhibited
antinociceptive activity and were full agonists. The
pharmacological selectivity was determined using the
selective antagonists BNTX (61), NTB (d2), norBNI (x),
and D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NHy? (CTOP)
(«0). The bivalent ligands KDAN-18 and KDAN-12 (2 and
5) were potently antagonized by norBNI. Significantly,
NTB potently antagonized only the agonist effect of
KDAN-18 (2), which contains an 18-atom spacer. The
lack of antagonism by CTOP [(5.9 pmol; EDs ratio, 0.80
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(0.50—1.23)] suggested that u receptors are not involved
in the agonist effect of KDAN-18.

We attribute the pharmacologic antagonism by NTB
to competition with the d-antagonist pharmacophore of
KDAN-18 at the o-receptor associated with the «-recep-
tor. Such competition should promote a change from
bivalent to univalent binding, thereby reducing the
potency of KDAN-18. The finding that NTB did not
antagonize the monovalent analogue KA-18 (8), or a
mixture of DN-18 (10) and KA-18 (8), supports this
interpretation. This explanation was consistent with the
results of binding studies with coexpressed 6 and «
opioid receptors. Specifically, NTB substantially reduced
the binding affinity of KDAN-18 to the coexpressed 0—«
cell line when the «; radioligand U69593 was employed
but did not affect the binding affinity of KDAN-12 (Table
2). Moreover, the observation that the «;-agonist U50,-
48825 and the other bivalent ligands (KDAN-12, 5 and
KDAN-20, 6) were not antagonized in intrathecal (i.t.)
studies by NTB indicates that the pharmacological
profile of KDAN-18 is dependent on a spacer of specific
length.” This is in harmony with the interaction of
KDAN-18 with neighboring d2 and «; phenotypes through
a bridging mechanism. Moreover, the reported” inability
of norBNI and NTB to antagonize deltorphin II and
U50,488, respectively, suggests that no allosteric coop-
erativity exists between the associated d2 and x; phe-
notypic receptors.

In an additional effort to evaluate bridging, binding
studies were carried out on human embryonic kidney
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Table 2. Effects of Selective 0 Antagonists on the Binding
Affinity of KDAN-18 and KDAN-12 to Coexpressed 0—«
Receptors in HEK293 Cells

K; (mM)”
KDAN-18 (2) KDAN-12 (5)
coexpressed mixed coexpressed mixed
antagonist® O—K* o+« O—K* o+«
none 0.06 +0.04 251+166 1.66+1.06 1.90+ 1.66
BNTX (61) 0.19+0.11 1.14+047 3.79+246 2.75+0.96
NTB (62) 234+159 1944088 4.06+223 2.02+0.63

@ Binding was conducted on intact HEK cells using [*H]U69593
as the radioligand. ® Binding was done alone, in the presence of
10 nM NTB, or in the presence of 100 nM BNTX. ¢ Coexpressed 0
and « opioid receptors in HEK cells or mixed HEK cells containing
singly expressed O or « receptors; see Supporting Information for
more details.

Table 3. Binding of Bivalent and Monovalent Ligands to 0 and
« Opioid Receptors in HEK Cells

K; (nM) [*H]deltorphin II*

K; (nM) [*H]U69593¢

coexpressed mixed coexpressed mixed
compd name o—«b o+ kP o—«b o+ «b

2 KDAN-18 0.008 +0.004 0.52 +0.24 0.06 +£0.04 2.51+1.66
5 KDAN-12 1.23 + 1.02 0.43 +£0.18 1.66 +£1.06 1.90+ 1.05

7 KA-12 281.2 +122.3 >1000 41.6 +32.7 6.75 +£4.89
8 KA-18 >1000 >1000 36.2+21.7 239+ 16.6
9 DN-12 0.46 £+ 0.27 0.15 4+ 0.13 >1000 >1000

10 DN-18 0.91 £ 0.62 1.07 £ 0.93 >1000 >1000

¢ Binding was conducted on intact HEK cells using [*Hldeltor-
phin II or [BH]U69593 as the radioligand. ® Coexpressed 6 and «
opioid receptors in HEK cells or mixed HEK cells containing singly
expressed O or k receptors; see Supporting Information for more
details.

(HEK) cells that contained singly expressed or coex-
pressed ¢ and « opioid receptors. This included studies
using a mixture of HEK cells with singly expressed ¢
or k receptors to distinguish between bivalent and
univalent binding of the bivalent ligands. The binding
data (Table 3) revealed that the bivalent ligand with
an 18 atom spacer, KDAN-18, had ~65-fold higher
affinity for the coexpressed cell line compared to the
mixed cell lines when the de-selective [*H]deltorphin IT
was used. In contrast, the shorter bivalent ligand
KDAN-12 possessed nearly equal affinity (~3-fold dif-
ference) for the coexpressed d—« cell line when com-
pared to the mixed cell lines. A similar binding pattern
was found when the «1-selective ligand [PH]U69593 was
employed (Table 3). Additionally, the 6 and « mono-
valent ligands possessed very low affinity for coex-
pressed 0—« cell line and mixed cell lines.

These data suggest that KDAN-18 bridges associated
0 and « receptors in the coexpressed cell line, whereas
the shorter bivalent ligand KDAN-12 does not. The
finding that KDAN-18 had a higher affinity for coex-
pressed cell line over the mixed cell lines in competition
studies with [*H]deltorphin II and [*H]U69593 identifies
these bridged opioid receptors as d2 and «; phenotypes.
This phenotype characterization was further supported
by binding studies that employed 61- and ds-selective
antagonists BNTX and NTB (Table 2). Specifically, NTB
significantly reduced the binding affinity of KDAN-18
to the coexpressed d—« cell line by ~42-fold, while BNTX
only reduced the binding affinity ~3-fold. In contrast,
KDAN-12 was not affected by BNTX or NTB. These
results support the i.t. studies (Table 1) and are
consistent with the idea that KDAN-18 interacts with
associated dg- and ki-opioid receptors.
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It therefore appears that KDAN-18 (2) is capable of
interacting with associated 0- and x-opioid receptors (09
and «; phenotypes) that are organized differently from
the allosterically coupled 0—« heterodimer that gives
rise to the 01 and k3 phenotypes.” The observation that
KDN-21 (1) (0.03 nmol/mouse), which selectively bridges
01 and k9 phenotypes arising from d—« heterodimers,
did not antagonize KDAN-18 [EDs5( ratio, 0.65 (0.37—
1.04)] supports this view.

In contrast to KDN-21, whose spinal antagonist
selectivity profile differs from that in the brain,® the
KDAN-18 agonist selectivity profiles are essentially the
same (Table 1, footnote e). This points to a similar
structural organization of d- and «-opioid receptors in
the spinal cord and brain that give rise to d2- and «1-
phenotypes and to the localization of d;-x2 phenotypes
in the cord but not the brain.

What is the difference in organization between the
opioid receptor phenotypes that are allosterically coupled
(01—«2) and those that are associated but not coupled
(02 and «1)? On the basis of the organizational arrange-
ment of rhodopsin receptors in native tissue,”® we
propose that two distinct populations of associated 6—«
spinal receptors are responsible for the 6;—«2, 02, and
k1 opioid receptor phenotypes. One possibility is that J-
and «-opioid receptors exist in the cord as dimers (6—«
heterodimers, 0—0 homodimers, and «—« homodimers)
that are oligomerized. We have termed the interface
between the monomeric subunits in the dimers as a
“privileged” interface when it participates in allosteric
coupling between the individual receptors in the dimer,
whereas “passive” interfaces are involved in interdimer
contacts that do not produce significant cooperativity.
For example, if a mixture of dimeric 6—9, 0—«, and k—«
receptors associate to form an oligomeric array of dimers
(Figure 1) in an arrangement similar to that observed
for rhodopsin in native membranes,!? they may give rise
to two separate populations of associated 6 and «
receptors: the 0—« heterodimer, whose subunits are
allosterically coupled, and associated 6 and « receptors
formed when two homodimeric receptors contact one
another in the oligomerized state. In the latter case, no
allosteric cooperativity would be expected between the
associated d—« receptors because the contact is “pas-
sive”. In view of the pharmacological actions of KDAN-
18, we propose a model in which a population of - and
k-opioid receptors are associated through a passive
interface that represents the d, and «; receptor pheno-
types that are recognized by deltorphin IT and U50488,
respectively.

In conclusion, we have designed and synthesized a
novel bivalent ligand, KDAN-18 (2), whose selectivity
suggests bridging between 6- and «-opioid receptors that
correspond to the d9 and «; phenotypes. In contrast to
bivalent ligands with a 12- or 20-atom spacer, the length
of the 18-atom spacer appears to facilitate bridging.
There appears to be a clear distinction between 60—«
heterodimeric receptors that recognize KDN-21 (1) and
associated 0 and « receptors that are selective for
KDAN-18 (2). The former displays cooperativity via a
putative privileged interface between receptors within
the heterodimer that gives rise to the d; and «2 pheno-
types. The absence of an allosteric effect between
associated 0 and « receptors that bind KDAN-18 is
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Figure 1. Cartoon illustrating the proposed model for as-
sociation of d- and «-opioid receptors and bridging by bivalent
ligands. Monomeric 6- and «-opioid receptors form dimers that
are allosterically coupled. According to this model, the dimers
form an oligomeric array similar to that reported for rhodop-
sin.'® Two populations of associated & and « receptors are thus
formed, one whose subunits are coupled through a privileged
interface and a second whose subunits are associated through
a passive interface. KDN-21 interacts with allosteric 0—«
heterodimers whose properties are characteristic of 6; and «2
phenotypes, while KDAN-18 bridges neighboring ¢ and «
homodimers that give rise to d2 and «; phenotypes.

proposed to be due to their interaction through a passive
interface that is manifested as 02 and «; phenotypes.
The fact that KDN-21 does not antagonize KDAN-18
highlights the selectivity of these bivalent ligands for
their respective 6 and « phenotypes.

Finally, this study raises the possibility that differ-
ences in the organization of oligomerized opioid recep-
tors may have implications in regard to changes in
signal transduction pathways and screening para-
digms.8:16.26 Since the d1—«2 phenotype appears to be
localized primarily in the spinal cord, it may be possible
to develop spinally selective analgesics and thereby
reduce the supraspinal side effects of opioid agonists.8
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