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Abstract

This study presents a direct comparison of the ligand binding and signaling profiles of a mammalian
and non-mammalian mu opioid receptor. Opioid ligand binding and agonist potencies were
determined for an amphibian (Rana pipiens) mu opioid receptor (rpMOR) and the human mu opioid
receptor (hMOR) in transfected, intact Chinese hamster ovary (CHO) cells. Identical conditions were
employed such that statistically meaningful differences between the two receptors could be
determined. Identifying these differences is an important first step in understanding how evolutionary
changes affect ligand binding and signaling in vertebrate opioid receptors. As expected, the rank of
opioid ligand affinity for rpMOR and hMOR were consistent with the ligands’ previously
characterized type-selectivity. However, most of the opioid ligands tested had significant differences
in affinity for rpMOR and hMOR. For example, the mu-selective agonist, DAMGO ([D-Ala?, N-
Me-Phe?, Gly®-ol]-enkephalin), had a 10.9-fold greater affinity for AMOR (K; = 268 nM) than
rpMOR (K = 2,914 nM). In addition, differences in signaling between these receptors were found
by measuring inhibition of cAMP accumulation by morphine or DAMGO. DAMGO was
significantly more potent (13.6-fold) in CHO cells expressing hMOR versus those expressing
rpMOR. In addition, a significantly greater maximal inhibition was elicited by both opioid agonists
in cells expressing hMOR. In summary, this study supports an ongoing effort to better understand
how vertebrate evolution has shaped opioid receptor properties and function.
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1. Introduction

Opioid analgesics elicit their effects through activation of one or more types (mu, delta, and
kappa) of opioid receptor. These receptors belong to the Type A rhodopsin-like family of G
protein-coupled receptors and exhibit a typical serpentine, seven-transmembrane topology.
Several opioid receptor types have been confirmed by behavioral studies (Martin et al.,
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1976), radioligand binding (Gillan et al., 1980; Lord et al., 1977), and molecular cloning and
characterization in cell lines (Kieffer et al., 1992; Evans et al., 1992; Chen et al. 1993; Wang
etal., 1993; Yasudaetal. 1993). Initially, this research was exclusively conducted in mammals,
but other studies exploring opioid receptors in non-mammals soon followed.

Early work in our lab demonstrated that opioid receptors mediate antinociceptive effects in
non-mammalian species. Specifically, the antinociceptive potency of mu-, delta-, and kappa-
selective opioid agonists after systemic (Stevens et al., 1994), intraspinal (Stevens, 1996), or
intracerebroventricular (Stevens and Rothe, 1997) administration in amphibians was highly
correlated to that observed in mammals and to the relative potency of opioid analgesics in
human clinical studies. These results, and other studies over the last two decades, validated the
amphibian model as an alternative or adjunct model for pain and analgesia research (Stevens,
2008). However, behavioral studies in Rana pipiens suggested that the selectivity of opioid
ligands for the different types of opioid receptors was different in mammalian and non-
mammalian species. The mu-, delta-, and kappa- selective opioid antagonists, f-FNA (B-
funaltrexamine), naltrindole, and nor-BNI (nor-binaltorphimine), did not show type-selectivity
in blocking the antinociceptive effects of selective opioid agonists in amphibians (Stevens and
Newman, 1999).

To assess whether distinct opioid receptor types were present in Rana pipiens, radioligand
binding studies were conducted in whole brain. Binding analysis of the highly selective opioid
agonists, DAMGO (mu-selective; [D-Ala2, N-Me-Phe*, Gly®-ol]-enkephalin), DPDPE
(delta-selective; [D-Pen25]-enkephalin), and U-69593 (kappa-selective; (+)-(5a,7a,8p)-N-
Methyl-N-[7-(1-pyrrolidinyl)-1-oxaspiro[4.5]dec-8-yl]-benzeneacetamide) showed that each
bound with high-affinity to a distinct site, implying the possibility of three opioid receptor
types (Newman et al., 2002). This finding was supported by previous studies of opioid receptor
binding in frog brain which identified multiple opioid binding sites (Benyhe et al., 1990,
1999).

To extend these studies further, we used reverse transcription PCR of frog brain and spinal
cord cDNA to isolate distinct opioid receptor sequences which were all fully cloned using rapid
amplification of cDNA ends (Stevens et al., 2007). The novel clones were designated rpMOR
(Rana pipiens mu opioid receptor), rpDOR (R. pipiens delta opioid receptor), rpKOR (R.
pipiens kappa opioid receptor), and rpORL (R. pipiens nociceptin receptor) based on displaying
sequence homology with their mammalian counterparts. Besides the frog, several other full-
length opioid receptor clones have been identified in non-mammalian species. The earliest
example was a mu-like opioid receptor cloned from brain tissue of the white suckerfish
(Darlison et al., 1997). Opioid receptors from other non-mammals have included the zebrafish
(Barrallo et al., 1998, 2000; Alvarez et al., 2006), and the rough-skinned newt (Bradford et al.,
2005, 2006).

In the present study, we characterized the frog mu opioid receptor, rpMOR, since this receptor
type is the principal mediator of analgesic drugs in the CNS. In investigating binding and
activity of rpMOR, we chose an experimental design to accomplish two goals. First, all studies
with rpMOR were done in parallel with its human ortholog, hMOR. Because laboratories often
differ in the assay conditions they employ, making statistically meaningful comparisons of
receptors from different species is not possible. Thus, the present study characterizes both
receptors under identical conditions. Secondly, the reported affinities and potencies of opioid
agonists may not be reflective of in vivo values if assay conditions are not physiological.
Consequently, the present study characterizes both receptors in intact Chinese hamster ovary
(CHO) cells using a physiological buffer. Here, we show for the first time statistically
significant differences in the binding and activity of a non-mammalian and mammalian mu
opioid receptor.
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2. Materials and Methods

2.1 Cell culture and receptor transient transfection

Chinese hamster ovary cells (CHO; American Tissue Bank, McClean, VA) were grown in
F-12K growth media (ATCC, Manassas, VA) supplemented with 10% fetal bovine serum, 100
U/ml penicillin, and 100 mg/ml streptomycin (Invitrogen, Carlsbad, CA). For transient
transfection, CHO cells between passages 530 were trypsinized with 0.25% trypsin/0.53mM
EDTA (ATCC, Manassas, VA) and plated at 1.50 x 10° cells in 500 pl/well F-12K growth
media/10% fetal bovine serum without antibiotics (24-well format). The following day, 1 pg
of plasmid DNA/well (pcDNA3.1-rpMOR or -hMOR) was diluted in 50pl/well of Opti-MEM
media (Invitrogen, Carlsbad, CA) and incubated at room temperature for 5 min. During the
same period, 2 pl/well of Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA) was diluted
in 50 pl/well of Opti-MEM media (Invitrogen, Carlsbad, CA). The plasmid DNA and the
lipofectamine were mixed and incubated at room temperature for 20—30 min. 100 pl of the
DNA-lipofectamine complex were added to each well and 24-well plates (Corning, Corning,
NY) were mixed by gentle rocking. Five h later, the media was replaced with 50 pl/well F-12K
growth media/10% fetal bovine serum without antibiotics. Transfected cells were incubated at
37° C in a 5% CO, humidified incubator for 24 h before use in binding assays. pcDNA3.1-
hMOR was obtained from University of Missouri-Rolla cDNA Resource Center. pcDNA3.1-
rpMOR was previously cloned in our lab (GenBank Accession No. AAQ09991).

2.2 Saturation binding assays in whole CHO cells

One day following transfection with the expression plasmid, cells were briefly washed with
PBS (Hyclone, Logan, UT). Wells contained a binding volume of 500 pl ice-cold Hank's
balanced salts (Invitrogen, Carlshad, CA) with increasing concentrations (half-log units) of
[3H]-naloxone (67 Ci/mmol; Perkin Elmer, Wellesley, MA). 10 uM cold naloxone (Sigma-
Aldrich, USA) was used to determine nonspecific binding. Cells were incubated at 4° C for 24
h for convenience and to ensure ligand binding had reached equilibrium. Following the binding
reaction, the cells were washed rapidly on ice with 2 x 500 pl/well ice-cold PBS (each well in
succession). Cells were lysed with 500 pl/well 0.25 N NaOH and incubated for 30 min at room
temperature. Lysates were neutralized with 70 pl/well 2.5 N HCI then removed from the wells
and added to 5 ml ScintiVerse (Fisher Scientific, USA) for liquid scintillation counting. Each
concentration of radioligand used for specific and nonspecific binding was done in triplicate
in 3—4 independent experiments for each mu opioid receptor protein. The total protein in a well
was determined using the bicinchoninic acid assay (Pierce, Rockford, IL) as modified for intact
cells (Goldschmidt and Kimelberg, 1989).

2.3 Competition binding assays in whole CHO cells

For competition binding in whole cells, we selected [3H]-naloxone as a radioligand due to its
lack of membrane permeability under the assay conditions we employed. To verify this, the
membrane impermeable, quaternary analog, naloxone methiodide was used to displace [3H]-
naloxone binding. More than 94% of the radioligand binding was displaced, and the remaining,
non-displaced radioligand was consistent with the range of nonspecific binding observed with
several of the ligands employed in this study (data not shown). Following this assessment of
radioligand permeability, the selective opioid ligands, DAMGO (mu), morphine (mu), DPDPE
(delta), U-50488 (kappa; 3,4-Dichloro-N-methyl-N-[2-(1-pyrrolidinyl)cyclohexyl]-
benzeneacetamide), B-funaltrexamine (mu), naltrindole (delta), and nor-binaltorphimine
(kappa), were used to displace [3H]-naloxone binding in whole CHO cells transiently
expressing human or amphibian mu opioid receptor proteins (all opioid ligands from Sigma-
Aldrich, USA). One day following transfection, cells were briefly washed with 2 x 500 pl/well
PBS. Wells contained a binding volume of 500 pl ice-cold Hank's balanced salts with a type-
selective opioid ligand and 1 nM [3H]-naloxone. A range (in half- or one-third-log units) of
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concentrations of cold competitor was used such that competition curves had a clear plateau
on both ends. Cells were incubated at 4° C for 24 h for convenience and to ensure ligand binding
had reached equilibrium. Following the binding reaction, the cells were washed rapidly on ice
with 2 x 500 pl/well ice-cold PBS (each well in succession). Cells were lysed with 500 pl/well
0.25 N NaOH and incubated for 30 min at room temperature. Lysates were neutralized with
70 pl/well 2.5 N HCI then removed and added to 5 ml ScintiVerse for liquid scintillation
counting (Griffin et al., 2003). Each concentration of radioligand with cold competitor was
done in triplicate in 3—4 independent experiments for each mu opioid receptor protein.

of stable CHO cell lines

The rpMOR and hMOR inserts were cloned using standard techniques into the pIRESneo
polycistronic expression vector (Clontech, Mountain View, CA). CHO cells were plated at a
concentration of 6.0 x 10° cells in a 35 mm dish containing 2 ml of F-12K growth media/10%
fetal bovine serum. The next day, 4 pg of pIRESneo -rpMOR or —-hMOR was diluted in 250
ul of Opti-MEM media and incubated at room temperature for 5 minutes. 10 pl of lipofectamine
2000 was diluted in 250 ul of Opti-MEM media, and the DNA and the lipofectamine were
mixed and incubated at room temperature for 20 min. The DNA-lipofectamine complex was
then added to the dish and mixed gently by rocking. After 5 h, the media was aspirated and
replaced with 2 ml of F-12K growth media/10% fetal bovine serum. The next day, the cells
were trypsinized with 0.25% trypsin/0.53mM EDTA and plated at a 1/5,000 dilution into 4 x
10 cm plates each containing 15 ml of complete growth media (F-12K and serum with 100 U/
ml penicillin and 100 mg/ml streptomycin). The following day, 600 or 800 png/ml geneticin
(Invitrogen, Carlsbad, CA) was added (for rpMOR and hMOR, respectively) to the 10 cm
plates. Complete growth media containing geneticin was changed every 2 days. Approximately
8 — 10 days later, 6 mm (outer diameter) cloning rings were used to isolate and trypsinize (20
ul trypsin/ring) colonies, which were then transferred to individual wells (in a 24-well plate)
containing 500 pl of complete growth media with geneticin. After several days of growth,
colonies were trypsinized and transferred to new wells for maintenance and determination of
mu opioid receptor protein expression by intact, whole-cell [3H]-naloxone binding.

2.5 Inhibition of adenylyl cyclase assay

On the day the before the assay, stable rpMOR- or h(MOR-CHO cells between passages 14—22
were plated in a 24-well format at 1.50 x 10° cells in 500 pl/well F-12K growth media/10%
fetal bovine serum/100 U/ml penicillin/100 mg/ml streptomycin/600—800 pg/ml geneticin. On
the day of the experiment, inhibition of adenylyl cyclase assays were conducted as previously
described (Griffin et al., 2003). Briefly, cells were washed with 2 x 500 pl/well serum-free
F-12K growth media then incubated in 300 pl/well serum-free F-12K media containing 2 puCi
[3H]-adenine (27.2 Ci/mmol; Perkin Elmer, Wellesley, MA) and 30 uM adenine (Sigma-
Aldrich, USA) for 2 hrs at 37° C in a 5% CO, humidified incubator. Cells were washed with
2 x 500 pl/well serum-free F-12K media and then pre-incubated with 500 ul/well serum-free
F-12K media containing 500 uM IBMX (Sigma-Aldrich, USA) for 12 min at 37° C in a 5%
CO, humidified incubator. The reaction was started by replacing the media with 500 ul/well
serum-free F-12K media containing 500 uM IBMX, 10 uM forskolin (Calbiochem, San Diego,
CA), and a range of concentrations of morphine or DAMGO and incubating the cells for 12
min at 37° C in a humidified 5% CO, incubator. The media was then aspirated and replaced
with 1 ml/well of ice-cold 9% TCA (Sigma-Aldrich, USA), and the cells were incubated on
ice for 30 min. The extracts were then applied to a 1.5 ml Dowex column (AG-50W-X4, 200
—400 mesh; Biorad, Hercules, CA) and washed with 2 x 1.5 ml ddiH,0. [H]cAMP was eluted
onto a column of 0.6 g neutral alumina (Sigma-Aldrich, USA) with 5 ml ddiH,O and then
eluted into 20 ml scintillation vials with 4 ml 0.1 M imidazole-HCI pH 7.5 (Sigma-Aldrich,
USA). 18 ml of Scintiverse were added to each of the vials which were then counted for 5 min.
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2.6 Data and statistical analysis

Minimum experiments per plot was N=3 done in triplicate. Opioid ligand equilibrium
dissociation constants (Kg), inhibition constants (Kj), and receptor density (Bmax), together
with their Hill slopes, were predicted by nonlinear regression curve-fit to a sigmoidal dose-
response (variable slope) model using GraphPad Prism software (v. 4.0; Irvine, CA).
Calculation of the K; from competition binding data was derived using the Cheng-Prusoff
equation (Cheng and Prusoff, 1973). Opioid agonist potency (ICsg) and maximal inhibition
(Imax) were predicted by nonlinear regression curve-fit to a one-site competition model using
GraphPad Prism software. The mean specific binding from individual experiments was
averaged together and plotted in one curve such that error was represented as S.E.M.
Differences in values between rpMOR and hMOR were considered statistically significant (P<.
05) as determined by a Student's unpaired, two-tailed t-test.

3. Results

3.1 [3H]-Naloxone saturation in rpMOR- and hMOR-transfected CHO cells

To determine the expression of rpMOR and hMOR in intact, transfected CHO cells, saturation
binding assays were performed in parallel for both receptors using increasing, log-spaced
amounts of [3H]-naloxone (Fig. 1). In rpMOR-transfected CHOs, the maximum receptor
density (Bmax) was 354 £ 27.1 fmol/mg of protein, while the By« for hMOR-transfected CHOs
was 641 + 24.4 fmol/mg of protein. Although rpMOR was sufficiently expressed for
determining its pharmacological properties, its Bynax Was significantly lower (almost 2-fold)
than that for h(MOR. In addition to differences in receptor density, the equilibrium dissociation
constant (Kg) also differed significantly for the two receptors. [2H]-naloxone bound with high
affinity to both receptors, but the affinity was 3-fold greater for rpMOR (Ky=0.29 £ 0.11 nM)
versus hMOR (Kg = 1.0 £ 0.16 nM).

3.2 [3H]-Naloxone displacement by type-selective opioid agonists in rpMOR- and hMOR-
transfected CHO cells

In order to characterize rpMOR and hMOR type-selectivity, parallel experiments were
conducted where 1 nM [3H]-naloxone was displaced by type-selective opioid agonists in intact,
transfected CHO cells. As predicted from its high amino acid sequence identity (~80%) with
mammalian mu opioid receptors, rpMOR displayed a mu receptor binding profile with the
following rank order of agonist affinities: morphine (mu-selective) > DAMGO (mu-selective)
> U-50488 (kappa-selective) > DPDPE (delta-selective; Fig. 2A). Inhibition constants (K;) are
reported for each agonist in Table 1. As expected, [3H]-naloxone displacement in hMOR-
transfected CHOs also followed a mu receptor binding profile (Fig. 2B); however, the rank
order of agonist affinities for hMOR was slightly different than that for rpMOR: DAMGO >
morphine > U-50488 > DPDPE. Notably, the affinities of morphine and DAMGO are
significantly different for both receptors. Morphine affinity for rpMOR is 1.6-fold greater than
its affinity for h(MOR, and DAMGO affinity for hMOR is 10.9-fold greater than that determined
for rpMOR.

3.3 [3H]-Naloxone displacement by type-selective opioid antagonists in rpMOR- and hMOR-
transfected CHO cells

To further characterize the selectivity of rpMOR and hMOR, type-selective opioid antagonists
were used in parallel experiments to displace 1 nM [3H]-naloxone in transfected CHO cells.
The K for each antagonist tested in shown in Table 1. Similar to the agonist data, rpMOR again
displayed a mu receptor binding profile with the following rank order of antagonist affinities:
naloxone (non-selective) > B-FNA (mu-selective) > NTI (delta-selective) > nor-BNI (kappa-
selective; Fig. 3A). In hMOR-transfected CHOs, the rank order of affinities of the selective
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antagonists was the same as that for rpMOR (Fig. 3B). When comparing the opioid antagonist
affinities for the two receptors, all with the exception of NTI had a significantly greater affinity
(ranging from 2.9- to 4.7-fold) for rpoMOR than hMOR.

3.5 Inhibition of forskolin-stimulated cAMP accumulation in stable rpMOR- and hMOR-CHO

cells

In order to demonstrate the functionality of rpMOR, we measured the ability of morphine and
DAMGO to inhibit forskolin-simulated cAMP accumulation. In addition, hMOR activity was
determined so that our species comparative model could be extended to receptor function.
Because both opioid agonists were unable to inhibit ;cAMP accumulation in rpMOR and hMOR
transiently-transfected CHO cells, we chose to construct stable CHO cell lines. Several stable
clones for both receptors were obtained and matched for expression. For the clones used in the
assays, the rpMOR stable clone had a B,y of 980 + 26.8 fmol/mg of protein while the Bpyax
for the hMOR stable clone was 1,167 + 28.2 fmol/mg of protein (data not shown). Both
receptors were activated by the opioid agonists, but the potencies and maximal inhibition were
different. With regard to potency, DAMGO had significantly greater potency (13.6-fold) in
CHO cells expressing hMOR (Fig. 4B) than those expressing rpoMOR (Fig.4A). Individual
values for both receptors are shown in Table 2. With respect to maximal inhibition, a
significantly greater inhibitory effect for both opioid agonists was observed in hMOR- versus
rpMOR-expressing cells. The Iyax for morphine was 1.8-fold greater in hMOR versus rpMOR-
expressing cells, while the I, for DAMGO was 1.2-fold greater in hMOR versus rpMOR-
expressing cells. Interestingly, both agonists had a similar Iax Value in hMOR-expressing
cells; but in rpMOR-expressing cells, morphine had a significantly lower Iax (1.5-fold) than
that elicited by DAMGO.

4. Discussion

This study, for the first time, presents a direct comparison of the ligand binding and signaling
profiles of a non-mammalian and a mammalian mu opioid receptor. On an evolutionary
timescale, the genes for these receptors are separated by about 360 million years (Kumar and
Hedges, 1998). Over this period, several major vertebrate classes have arisen including,
Amphibia, Reptilia, Aves, and Mammalia. The present study adopts a comparative evolutionary
approach in order to provide an initial characterization of how changes in these receptors over
millions of years have resulted in significant differences in their opioid ligand binding and
signaling properties.

Both the amphibian and human mu opioid receptors (rpMOR and hMOR, respectively) were
investigated in parallel, and, as a result, we were able to demonstrate significant differences in
the pharmacology and signaling activity of these receptors. Moreover, in the binding assays,

a physiological approach was adopted whereby whole CHO cells and a physiological binding
buffer were employed. This allowed us to determine opioid ligand affinity and type-selectivity
under conditions that would better reflect values as they would occur under in vivo conditions.
Consequently, these data suggested that physiological conditions can exert a large impact on
opioid binding.

Not surprisingly, the competition binding experiments revealed binding profiles consistent
with a mu-type opioid receptor for both rpMOR and hMOR. The rank order of agonist and
antagonist affinities indicated that the mu-selective ligands had the greatest affinities for both
receptor clones (Figs. 1 and 2, Table 1). On the other hand, several significant differences were
observed in opioid binding. Most notable, the mu-selective agonist, DAMGO, displayed a
significantly lower affinity (10.9-fold) for rpMOR versus hMOR. Several studies using opioid
receptor chimeras and site-directed mutagenesis have found individual amino acid sites
important for DAMGO binding in mammalian mu opioid receptors. In particular, sites in the
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first and third extracellular loop domains were shown to discriminate DAMGO binding
between the mu opioid receptor and the delta and kappa opioid receptors, respectively (Fukuda,
et al., 1995;Minami, et al., 1996;Wang, et al., 2000; Xue, et al., 1995; Seki, et al., 1998). A
comparison of these amino acid residues in rpMOR and hMOR revealed that all of the
previously identified sites were conserved between the two receptors. However, 17 total amino
acids in the extracellular loops of rpMOR and hMOR are different (Fig. 5) and may account
for the differences observed with DAMGO affinity. Further study will be needed to ascertain
the relative importance of individual sites in DAMGO binding.

The observation that DAMGO displays reduced binding for rpoMOR is consistent with previous
reports characterizing the pharmacology of cloned, non-mammalian mu opioid receptors.
Studies in both the white suckerfish (Darlison, et al., 1997) and the rough-skinned newt
(Bradford, et al., 2006) reported DAMGO affinities that were one to two orders of magnitude
lower than those typically observed for mammalian mu opioid receptors (Wang, et al., 1993;
Raynor, et al., 1994; Raynor, et al., 1995). The binding data for non-mammalian mu opioid
receptors may not be not be entirely unanticipated since DAMGO is a synthetic, enkephalin
derivative developed for its high affinity and specificity for mammalian mu opioid receptors
(Handa et al., 1981). In addition, the degree of amino acid sequence divergence between
mammalian and non-mammalian opioid receptors may play a role. Non-mammalian opioid
receptor types, on the whole, have greater protein identity than their mammalian counterparts
(Stevens et al., 2007). Consequently, some highly selective opioid ligands, such as DAMGO,
might be expected to show a reduced capacity to discriminate between receptor types with
fewer amino acid sequence differences.

Besides the difference observed in DAMGO binding between rpMOR and hMOR, significant
differences in binding were also observed with the opioid agonist, morphine, as well as all of
the opioid antagonists tested. In contrast to DAMGO binding, the fold-differences in the
affinities of these opioid ligands were more modest and ranged from 1.6-fold for morphine to
between 2.1- to 4.7-fold for the opioid antagonists (Figs. 1 and 2, Table 1). Similar to the studies
localizing important binding determinants for DAMGO, several groups have also identified
binding sites important for morphine and all of the opioid antagonists employed in this study
(Surratt, et al., 1994;Chen, et al., 1996;Mansour, et al., 1997;Xu, et al., 1999). In these studies,
amino acid residues residing in or adjacent to the transmembrane domains of mammalian mu
opioid receptors were investigated. However, as was the case with the previously identified
DAMGO binding determinants, all the amino acid sites implicated in these studies were found
to be conserved between rpMOR and hMOR.

In addition to the extracellular loops and transmembrane domains, other mu opioid receptor
domains have also been implicated in opioid binding. For instance, the N-terminal domains of
rpMOR and hMOR are highly divergent (Stevens et al., 2007), and at least one study has
demonstrated the importance of this receptor domain in ligand-binding to the mu opioid
receptor (Chaturvedi, et al., 2000). A 64 amino acid N-terminal domain deletion resulted in
decreased binding for several opioid ligands, including naloxone, morphine, and DAMGO.
Hence, future studies exploring the opioid binding determinants responsible for the differences
observed between rpMOR and hMOR should not be limited to the extracellular loops and
transmembrane domains.

As mentioned above, the current binding studies were also conducted using physiological
conditions. As a result, the values for opioid ligand affinity and type-selectivity reported in this
study should better reflect values as that might occur in an in vivo setting. Specifically, a whole-
cell model and a physiological buffer were employed since these variables have been
previously shown to influence opioid binding. For example, the presence of guanyl nucleotides
has been shown to reduce opioid agonist binding in brain and neuroblastoma cell membranes
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(Blume, 1978; Werling, et al., 1988). In the current study, guanyl nucleotides were preserved
since the binding assays utilized an intact, whole-cell preparation. In addition, several studies
have also demonstrated that cations, such as sodium, regulate opioid ligand binding in brain
membranes (Pert and Snyder, 1974; Paterson, etal., 1986; Werling, et al., 1986). Consequently,
a binding buffer containing physiological concentrations of cations was used in the present
study. These conditions were in contrast to most opioid binding studies which employ broken
cell membranes and binding buffers low in or devoid of sodium ions. A comparison of the
hMOR binding data in the current study with a previous study characterizing opioid binding
in CHO cells expressing hMOR (Toll, et al., 1998) illustrated the large degree to which
physiological conditions can impact opioid binding (Table 3). Not only were opioid ligand
affinities generally lower in the current study, but a comparison of the degree of type selectivity
of the mu-selective agonist, DAMGO, and the mu-selective antagonist, B-FNA, revealed that
these opioid ligands also displayed lower selectivity for hMOR in the present study. Although
future studies will be necessary to make a direct statistical comparison of the effects of
physiological versus non-physiological conditions on opioid binding, the comparison with the
Toll et al. study suggests that opioid ligand affinity and type-selectivity may be substantially
reduced under physiological conditions.

Besides the comparison of rpMOR and hMOR opioid binding, receptor function was also
compared by conducting inhibition of adenylyl cyclase assays. In general, h(MOR signaling
was more robust than that of rpMOR. Notably, DAMGO displayed a 13.6-fold greater potency
in CHO cells expressing hMOR (Fig. 4, Table 2). This likely resulted, at least in part, from the
significantly reduced binding DAMGO has for rpMOR. In addition to the potency data, both
morphine and DAMGO were significantly more efficacious in cells expressing hMOR,
although differences were more modest (1.8- and 1.2-fold, respectively). Like opioid binding,
several receptor domains and specific amino acids have been identified which are critical for
opioid receptor signaling. Synthetic peptides representing portions of the second and third
intracellular loops have been used to demonstrate the importance of these domains for opioid
receptor activation (Merkouris et al., 1996;Georgoussi et al., 1997). Both regions are identical
in rpMOR and hMOR except for one amino acid (Met in rpMOR, Leu in hMOR) that differs
at the very proximal end of the third intracellular loop (Fig. 5). In addition to the second and
third intracellular loops, the C-terminal domain of the mu opioid receptor has also been shown
to be important for signaling. One study demonstrated that truncation of the C-terminal tail by
33 amino acids blocked the ability of DAMGO, but not morphine, to inhibit adenylyl cyclase
(Surratt et al., 1994). Interestingly, mammalian mu opioid receptors all have an additional 11
amino acids at the end of their C-terminal domains which are not present in non-mammalian
mu opioid receptors (Fig. 5). Although the absence of 11 amino acids in the non-mammalian
mu opioid receptors is much less than a truncation of 33 residues, one might expect a similar
or partial effect with regard to activation of rpMOR by morphine and DAMGO. However, as
noted above, the maximal inhibition elicited by DAMGO was only modestly lower (1.2-fold)
in CHO cells expressing rpMOR. While the observed differences were not as great as those in
the truncation study, the conspicuous differences in the C-terminal tails of non-mammalian
and mammalian mu opioid receptors makes this receptor domain a good candidate for future
studies exploring its role in opioid receptor signaling.

This study represents an important first step in understanding how changes in two evolutionary
distant receptor proteins can result in significant differences in their opioid binding and
signaling profiles. One of the ultimate goals of our lab is to utilize an alternative approach by
which the evolution of receptor domains in non-mammalian vertebrates is used to inform which
individual residues become functionally important in humans. Comparison and
characterization of opioid binding and signaling in a comprehensive fashion lays the
groundwork for studies in progress evaluating rates of evolution for individual amino acid sites
and their relative importance in opioid binding and receptor signaling.
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Fig. 1.

[3H]-Naloxone saturation binding in intact, whole CHO cells transiently expressing roMOR
(A) or hAMOR (B). In rpMOR-CHO, [3H]-naloxone bound to a single site with a Kq of 0.29 nM
and a Byay Of 354 fmol/mg of protein. In hMOR-CHO, [3H]-naloxone bound to a single site
with a Ky of 1.0 nM and a B3« 0f 641 fmol/mg of protein. Specific binding for each
concentration of [2H]-naloxone was determined in triplicate in 3—4 independent experiments
(error bars indicate S.E.M.).
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[3H]-Naloxone displacement by multiple opioid agonists in intact, whole CHO cells transiently
expressing rpMOR (A) or h(MOR (B). Agonists displaced [3H]-naloxone and bound to a single
site. The K; and Hill slope for each is shown in Table 1. Percent specific binding of [3H]-
naloxone at each concentration of competitor was determined in triplicate in 3—4 independent
experiments (error bars indicate S.E.M.).
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Fig. 3.

[3H]-Naloxone displacement by multiple opioid antagonists in intact, whole CHO cells
transiently expressing rpMOR (A) or h(MOR (B). Antagonists displaced [3H]-naloxone and
bound to a single site. The K; and Hill slope for each is shown in Table 1. Percent specific
binding of [3H]-naloxone at each concentration of competitor was determined in triplicate in
3—4 independent experiments (error bars indicate S.E.M.).
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Fig. 4.

Inhibition of [2BH]JcAMP accumulation by morphine (A) or DAMGO (B) in CHO cells stably
expressing rpMOR or hMOR. A range of opioid agonist concentrations were used in order to
determine the concentration for 50% inhibition (ICsp) and maximal inhibition (Imax)-
Individual values are reported in Table 2. [BH]-cAMP accumulation is plotted as percent versus
that in cells treated with 10 uM forskolin only. For each condition, 3—5 independent
experiments were performed in triplicate (error bars indicate S.E.M.).
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Fig. 5.

ClustalW alignment of rpMOR and hMOR amino acid sequences. Alignment was done using
default values (Mega v. 4.0, www.megasoftware.net). Identical sites are noted by white text
with black background, conservative substitutions are noted by grey background, and different
sites are boxed on the rpMOR sequence. .
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Table 3
Comparison of type-selectivity of opioid ligands for h(MOR in present study with previously reported type-selectivities
for h(MOR in Toll et al. 1998 study. The degree of type-selectivity was determined by calculating the ratios of opioid
Kj values for delta- vs. mu-selective and kappa- vs. mu-selective ligands.

: . Present Studya Toll et al. 1998b

Type-Selectiv ioi . .

ype-Selective Opioids K; (nM) Ratio K; (nM) Ratio
Agonists
DPDPE/DAMGO (delta/mu) 11,690/268 44 504/0.5 1,008
U-50,488/DAMGO (kappa/mu) 5,561/268 21 290/0.5 580
Antagonists
NTI/B-FNA (delta/mu) 6.10/1.85 3.2 6.3/0.3 21
Nor-BNI/B-FNA (kappa/mu) 67.4/1.85 35 21/0.3 70

aOpioid ligand binding was conducted in intact cells in Hank's balanced salts buffer at pH 7.4

bOpioid ligand binding was conducted using cell membrane homogenates in 50mM Tris-HCI pH 7.5.
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