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ABSTRACT: Mounting evidence has suggested that G protein-

coupled receptors can be stabilized in multiple conformations in ord

response to distinct ligands, which exert discrete functions through D VoW N
selective activation of various downstream signaling events. In

accordance with this concept, we report biased signaling of one C6-

heterocyclic substituted naltrexamine derivative, namely, 17-cyclo-
propylmethyl-3,148-dihydroxy-4,5a-epoxy-64-(4'- N
pyridylcarboxamido)morphinan (NAP) at the mu opioid receptor / N

morphine

(MOR). NAP acted as a low efficacy MOR partial agonist in the G
protein-mediated [**S]GTPyS binding assay, whereas it did not
significantly induce calcium flux or f-arrestin2 recruitment. In G protein B-arrestin2 “E"g; ':i;_ oodg7m"g“fkg
contrast, it potently blocked MOR full agonist-induced f-arrestin2 ~ (GTPyS, AC) recruitment

recruitment and translocation. Additionally, NAP dose-dependently

antagonized MOR full agonist-induced intracellular calcium flux and

P-arrestin2 recruitment. Further results in an isolated organ bath preparation confirmed that NAP reversed the morphine-
induced reduction in colon motility. Ligand docking and dynamics simulation studies of NAP at the MOR provided more
supporting evidence for biased signaling of NAP at an atomic level. Due to the fact that NAP is MOR selective and preferentially
distributed peripherally upon systemic administration while f-arrestin2 is reportedly required for impairment of intestinal
motility by morphine, biased antagonism of f-arrestin2 recruitment by NAP further supports its utility as a treatment for opioid-
induced constipation.
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he G protein-coupled receptors (GPCRs) are trans- efficacy of two distinct ligands may be reversed in one pathway
membrane receptors and account for approximately 4% of compared to another.
the human genome.' As such, nearly 30% of United States The mu opioid receptor (MOR) belongs to the Class A

Food and Drug Administration (FDA)-approved drugs target GPCR superfamily, and the majority of opioids exert their
GPCRs.” Historically, GPCRs were assumed to exist in

equilibrium between active and inactive states and activation

of GPCRs would equally affect all downstream signaling
3,4 : :

pathways.” However, accumulating evidence has suggested

that a single GPCR can assume multiple conformations that are

differentially stabilized by distinct ligands, which exert discrete

functions through selective activation of various downstream

analgesic activity primarily via activating the MOR.” MOR
activation has also been associated with the adverse effects of
opioids, such as dependence, and gastrointestinal and
respiratory dysfunction.'” Upon activation, MOR predom-
inately couples to G/, two subtypes of the G, subunit, which
together with Gg,, orchestrate downstream signaling cascades

effectors, a phenomenon termed “functional selectivity”, “biased including those contributing to antinociception. During this
agonism”, “ligand directed trafficking”, “stimulus trafficking”, or

“pluridimensional efficacy”.”™" In this regard, a biased ligand Received: September 16, 2015

may behave as an agonist in one signaling pathway while acting Accepted: December 30, 2015

as an antagonist in another; or the rank order of potency or Published: December 30, 2015
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Figure 1. Chemical structures of the MOR unbiased ligand morphine, G protein-biased ligand TRV130, and our lead compound NAP.
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Figure 2. Ca®" flux assays in Ggis transfected hMOR-CHO cells. The results shown are representative of at least three independent experiments. (A)
MOR full agonist DAMGO dose-dependently increased intracellular Ca®* level, whereas no apparent agonism was observed for NAP and
nalbuphine. (B) NAP and nalbuphine significantly antagonized DAMGO-induced intracellular Ca** increase. ICs, + SEM values of NTX, NAP, and
nalbuphine are 15.5 + 0.1, 52.1 + 9.4, and 887.6 + 59.7 nM, respectively.

process, f-arrestins, including S-arrestinl and S-arrestin2, may
bind to the phosphorylated MOR (which occurs rapidly
following agonist exposure) and diminish G protein-mediated
signaling. In particular, studies have indicated that MOR
internalization and desensitization may primarily be mediated
by p-arrestin2. For example, in f-arrestin2 knockout or
knockdown mice a significantly enhanced and prolonged
analgesic effect of morphine was observed. Moreover, morphine
also produced less tolerance, dependence, constipation, and
respiratory suppressive side effects in the absence of f-
arrestin2.” It is therefore conceivable that a biased MOR
agonist that selectively activates G protein over f-arrestin2
holds greater therapeutic potential compared to an unbiased
one. In fact, a G protein-biased MOR ligand TRV130 ([(3-
methoxythiophen-2-yl)methyl](2-[ (9R)-9-(pyridin-2-yl)-6-
oxaspiro[4.5]decan-9-yl]ethyl)amine, Figure 1) has recently
been reported to show potent analgesic effects with reduced
gastrointestinal and respiratory dysfunction compared to
morphine.'" Based on this premise, it follows that biased
ligands that are selective agonists at one pathway over another
by virtue of differential efficacy could also act as biased
competitive antagonists for the nonpreferred pathway,
assuming an orthosteric mode of receptor binding. In general,
for MOR ligands, those with low efficacy for G protein
activation also have low efficacy for f-arrestin2 recruitment, and
in fact partial agonists such as buprenorphine do not
significantly recruit f-arrestin2 in cell models."”

Our pursuit of highly selective and potent nonpeptide MOR
ligands (preferential G protein-coupling antagonists) have
yielded several promising lead compounds, including 17-
cyclopropylmethyl-3,144-dihydroxy-4,Sa-epoxy-6-(4'-
pyridylcarboxamido)morphinan (NAP), which acted as a
peripherally selective MOR modulator with potential to treat
opioid-induced constipation (Figure 1)."*7'° Briefly, NAP
behaved as a low efficacy MOR partial agonist in the
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[*S]GTPyS binding assay whereas it also competitively
inhibited MOR full agonist [p-Ala*>-MePhe*-Gly(ol)*]-
enkephalin (DAMGO)-stimulated [*S]GTPyS binding.'>"
Interestingly, NAP produced no apparent analgesic effects at
doses up to 100 mg/kg, while it could antagonize the
antinociceptive effect of morphine in the warm water tail-
immersion assay with moderate potency."” Furthermore, being
a P-glycoprotein substrate, NAP has limited access to the
central nervous system and dose-dependently restored
morphine-impaired intestinal motility without precipitating
significant withdrawal symptoms (jumps, wet-dog shakes, or
locomotion).' ' While originally NAP was defined as a potent
antagonist on the MOR due to its lack of efficacy from our in
vivo studies, its partial agonism on the MOR from the in vitro
experiment results really intrigued us. Inspired and encouraged
by these results and the aforementioned “proof-of-concept” in
development of the G protein-biased MOR agonist TRV130,
and based on the concept of biased antagonism, we
hypothesized that NAP would act as a neutral antagonist for
P-arrestin2 recruitment and low efficacy partial agonist for G-
protein activation. We further propose that this pharmacody-
namics profile would result in net antagonism of opioid agonist-
impaired gut motility. Therefore, we investigated herein the
ability of NAP to activate or antagonize both G protein
activation and f-arrestin2 recruitment to the MOR. Chimeric
Giqis-mediated Ca®* mobilization assays were first employed to
study G protein-mediated signaling and f-arrestin2 recruitment
and translocation assays were performed to examine potential
P-arrestin2 interactions upon ligand binding to the MOR. The
low efficacy opioid receptor partial agonist nalbuphine'®'” was
tested along with NAP for comparison in these two studies. We
also examined isolated intestinal tissue preparations to
determine the influence of NAP on the inhibitory effect of
morphine on colonic motility. In addition, molecular docking
studies based on a recently available crystal structure of the
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Figure 3. f-Arrestin recruitment assay using PathHunter eXpress OPRM1 CHO-K1 f-arrestin2 assay kit. (A) MOR full agonist DAMGO dose-
dependently increased f-arrestin2 association, whereas NAP and nalbuphine displayed no apparent agonism. (B) NAP and nalbuphine significantly
antagonized DAMGO-induced f-arrestin2 recruitment in a dose-dependent fashion. ICs, (95% CI) values of NAP and nalbuphine are 8.8 (4.0—

19.3) and 47.2 (14.4—155.0) nM, respectively.
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Figure 4. ff-Arrestin2 translocation assay of NAP in opioid receptor-expressing farr2eGFP-U20S cells. f-Arrestin2 translocation to cell membrane
(bright green punctae as indicated by white arrows) evoked by ligand-induced receptor activation in live cells were imaged by confocal microscopy.
The MOR full agonist DAMGO was tested concurrently as a positive control. MBU cells were treated with DAMGO, NAP, or NAP plus DAMGO
(both at 10 uM) as indicated. NAP did not induce f-arrestin2 recruitment. Moreover, pretreatment with NAP abolished DAMGO-induced f-

arrestin2 recruitment.

MOR in a membrane system were pursued to investigate
possible mechanisms of the observed modulation at an atomic
level.

B RESULTS AND DISCUSSION

Intracellular Ca®* concentration under$0es a rapid and
transient increase upon G activation.”” Cytosolic Ca*

measurement has thus become a routine assay to assess
GPCR function. While the MOR is mainly G;/, mediated, it
would be interesting to further profile NAP in this G protein-
mediated signaling cascade by comparing with some other low
efficacy agonist of the MOR. Because the GTPyS assay directly
measures G protein activation, the initial step in MOR signal
transduction, we decided to use a more downstream measure of
G protein-mediated effector activity in order to allow
amplification of the signal and potentially reveal a higher
level of partial agonism. Moreover, because we intended to
compare these results to a CHO cell-based assay for f-arrestin
recruitment (presented below), we therefore performed cell-
based Ca’* flux assays for NAP in hMOR-CHO cells
transfected with chimeric Gggs. Intriguingly, results showed
that whereas DAMGO dose-dependently increased the intra-
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cellular Ca** level with an EC, of 7.5 + 1.6 nM,"” no apparent
agonism was observed for NAP or nalbuphine, another partial
agonist of the MOR, in the Ca®" mobilization assay (up to the
highest concentration (100 M) tested for NAP, the average of
observed efficacy was S & 3% of the maximal effect relative to
DAMGO, a full agonist as our reference compound, Figure
2A). On the contrary, both drugs inhibited Ca** flux induced by
DAMGO (Figure 2B), similar to the MOR antagonist
naltrexone (NTX). The order of Ca** flux inhibition potency
is NTX > NAP > nalbuphine. Several factors might contribute
to the lack of agonism of NAP and nalbuphine in the Ca** flux
assay. First, these two compounds may act as neutral MOR
antagonists in this signaling pathway, although our previous
studies found that NAP acted as low efficacy partial agonist in
GTPyS binding assays. Second, introduction of chimeric or
promiscuous G proteins may cause such a phenomenon. A
similar scenario has been reported whereby ipsapirone, a highly
potent and efficacious S-HT,, receptor agonist in cAMP
inhibition assays, failed to show any agonist effect in the Ca®"
mobilization assay.”””' Third, Ca?* flux of slow binding
agonists'° may not be detectable within our initial experimental
time course (i.e,, 2 min). However, no apparent agonist activity
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Figure S. (A) Representative traces from mouse distal colon of circular muscle contractions to increasing concentrations of morphine (top) or NAP
(bottom). Isometric tension recordings for morphine and NAP were obtained from the same animal. After an initial concentration-effect curve with
morphine the tissue was washed extensively until basal levels returned (>2.5 h) and then a concentration-effect experiment with NAP was conducted.
Data for NAP were represented as a percent of the maximum response obtained with morphine. These traces were from the distal colon; however,
the proximal colon gave similar results. (B). Quantification of raw traces was done by integrating the total responses between concentrations using
the built-in software. Morphine in this assay behaved as a high potency high efficacy agonist pD, = 5.9 + 0.1. NAP did display low efficacy partial
agonism in this assay (pD, = 6.6 + 0.2); however, the statistical difference using a t test between the response at 1 nM and 30 ym was marginal (P =
0.02). Data were expressed as mean response + SEM from at least three different animals. NAP Inhibitory effect on morphine-induced tissue
contractions were shown in the distal (C) and proximal (D) colon tissue contraction.

was observed for either NAP or nalbuphine with extended
detection time (from initially 2 to 10 min, see details in the
Supporting Information). Apparently, as a low efficacy MOR
ligand, activation of G, by NAP seemed insufficiently
efficacious to induce significant downstream Ca** flux
compared to DAMGO, a full agonist of MOR, even when
facilitated by a chimeric G-protein. In addition, the character-
istic inhibitory modulation by NAP of the MOR from our in
vivo studies (gastrointestinal transit and/or warm water tail
immersion) matched well with the findings from the Ca*" flux

assays.

300

To further elucidate the pharmacological profile of NAP for
modulation of different downstream signaling/regulatory path-
ways, it was then subjected to f-arrestin2 recruitment
assessment using the PathHunter assay in CHO-K1 cells
(DiscoveRx). The MOR full agonist DAMGO produced dose-
dependent f-arrestin2 recruitment with an ECgy (95% CI) of
114.4 (30.9—423.3) nM, which is consistent with the reported
data by Burford and colleagues.”” In comparison, activation of
MOR by NAP or nalbuphine did not recruit S-arrestin2 (up to
the highest concentration (10 M) tested for NAP, the average
of observed effect was 2 + 2% of the maximal effect relative to
DAMGO, Figure 3A). In contrast, both ligands blocked

DOI: 10.1021/acschemneuro.5b00245
ACS Chem. Neurosci. 2016, 7, 297—304


http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.5b00245/suppl_file/cn5b00245_si_001.pdf
http://dx.doi.org/10.1021/acschemneuro.5b00245

ACS Chemical Neuroscience

Research Article

DAMGO-induced f-arrestin2 recruitment with ICy, values in
the low nanomolar level (Figure 3B), which is about an order of
magnitude more potent than those for inhibiting DAMGO-
induced Ca** flux. This discrepancy may be because Ca* flux is
further downstream than p-arrestin2 recruitment following
receptor activation, or it could be due to differing sensitivities of
the two assays, which is reflected in the differential potencies
for DAMGO (7.5 nM for Ca** flux vs 114.4 nM for S-arrestin2
recruitment).

The MOR-f-arrestin2 recruitment assay platform uses an
enzyme fragment complementation approach with modification
of the MOR C-terminus, adjacent to a region containing
phosphorylation sites that are known to be crucial for
recruitment of f-arrestin2 to the MOR. Therefore, we also
employed an additional approach to visualize interactions
between activated receptor and p-arrestin2: ligand-induced
translocation of green fluorescence protein (GFP)-tagged f-
arrestin2 to the MOR was assessed using MOR-farr2e GFP-
U20S (MBU). DAMGO-induced f-arrestin2 translocation has
been previously reported.”” The results from NAP confocal
microscopy were in good agreement with the PathHunter f-
arrestin2 recruitment assay (Figure 4). NAP did not induce
visible f-arrestin2 recruitment in MBU cells. Moreover,
pretreatment of NAP significantly blocked DAMGO-induced
f-arrestin2 translocation (Figure 4). Compared to the previous
results with [**S]GTPyS at the MOR, the p-arrestin2 results
further suggest that NAP may be a biased antagonist at the
MOR against S-arrestin2 recruitment.

Opioid induced constipation (OIC) is a complex phenom-
enon that is still not fully understood. It is generally accepted
that OIC is promoted primarily by the activation of the MOR.
In the gastrointestinal tract, activation of the MOR on enteric
neurons within the myenteric plexus causes relaxation of the
propulsive longitudinal muscles and increased contractions of
the nonpropulsive circular muscle.”* Both of these responses
can be readily observed in isolated tissue preparations in an
organ bath. Previous studies have shown that NAP is able to
reverse the reduced intestinal motility caused by morphine in
mice.'® To gain further insight into its pharmacology, we
examined the effects of NAP on morphine-induced circular
muscle contractions of isolated distal and proximal colon from
mice (colon was chosen because tolerance to morphine does
not develop in the colon®®). First of all, no significant tissue
contraction was observed even at very high concentrations of
NAP, in contrast to its low to moderate agonism at all three
opioid receptors in the [**S]GTPyS assay. This finding is in
agreement with its insignificant effect on calcium flux and p-
arrestin2 recruitment. In comparison, morphine induced
contractions in both distal and proximal colon, with a higher
potency in the proximal colon. This regional difference has also
been observed for endomorphin 1 and 2.2° Second, within the
distal colon a significant inhibition by NAP of the stimulatory
action of morphine was observed at 100 nM. This inhibition is
demonstrated by the rightward shift in the morphine
concentration-effect curve and the decrease in pD, value
from 6.1 & 0.01 to 5.3 + 0.1 (Figure SA). In contrast, within
the proximal colon NAP shows significant antagonism of the
effects of morphine at 10 nM as seen in the change of pD, from
6.7 + 001 to 5.9 * 0.1 after NAP exposure (Figure SB).
Further increases in NAP concentration within the proximal
colon did not lead to any further significant changes in the
concentration-effect curve (pD, = S4 =+ 0.2). These results
suggest difference in the sensitivity of the proximal colon to

301

NAP antagonism against morphine compared with the distal
colon. Several factors could contribute to the observed region
specificity of ligand effects. First, different opioid receptor
expression levels have been identified in proximal and distal
colon in other rodents.”® Second, difference in the expression of
MOR splice variants might also contribute to these results, as
recent studies have identified at least 31 splice variants of the
OPRM:-1 gene which encodes for the MOR.”’

Recent structural biology efforts have provided clues to the
mechanisms at an atomic level by which biased ligands may
modulate the target receptor. Particularly, conformational
changes in transmembrane (TM) helix 7, helix 8, and
extracellular loop 2 may play some role in f-arrestin-mediated
signaling while conformational changes in TM3, 5, and 6, in
addition to intracellular loop 2 may be related to G protein-
mediated signaling.28 From our collected studies, NAP seems
to modulate the MOR in a biased fashion by activating G
protein coupling without significant recruitment of f-arrestin2
or induction of calcium flux, at least when measured
downstream of Gay chimeric G protein activation. To seek
possible mechanisms of such biased modulation of the MOR at
an atomic level, docking studies of NAP using the recently
available crystal structure of MOR®® were conducted. In this
crystal structure the MOR was covalently bound to an
antagonist f-FNA and, therefore, this structure represents a
snapshot of stabilized receptor conformation. In consideration
of NAP as a low-efficacy partial agonist at the MOR, this
conformation should serve as a reasonable starting point for our
docking and simulation studies. The conformation of the
cocrystallized antagonist (f-FNA) in the receptor was used as a
reference for the docking because NAP shared the same
morphinan skeleton of S-FNA. After energy minimization,
molecular dynamics simulation was then applied in a
membrane system. The results indicated that the epoxymor-
phinan skeleton of NAP resided in an identical binding pocket
to that of B-FNA, while their side chains might have
insignificantly different orientations in the binding site (Figure
6). In particular, the side chains of NAP interacted with the
originally identified unique “address” domain of the MOR to
engender selectivity.> This domain is mainly composed of the
nonconserved amino acid residues Trp318 and Lys303 along
with a number of conserved residues. This observation is
supported by our site-directed mutagenesis studies.”’ Further
analysis of this binding domain indicated aromatic stacking
interaction of the ligand side chains with Trp318; hydrogen
bonding interaction of the ligands with Lys303, and Lys233/
Glu229, and hydrophobic interaction of the ligands with
Val300. Notably, the interaction with these residues typically
does not induce activation of the receptor based on our current
knowledge of opioid receptor activation mechanisms.”’ More
importantly, none of these residues are located on ECL2 and
only one is on TM7. On the other hand, most of them are
located on TM3, S, and 6. Such observations seem to be in
compliance with the biased modulation properties of NAP on
the MOR.

In conclusion, further molecular pharmacological character-
ization of NAP in the G protein-mediated signaling cascade
([**S]GTPyS binding and Ca** flux) and S-arrestin2 recruit-
ment revealed that NAP seemed to carry certain degree of
“functional selectivity” between G-protein activation (repre-
sented by its partial agonism on [**S]GTPyS binding) and S-
arrestin2 recruitment while its insignificant calcium flux efficacy
seemed to be intriguing. NAP also exerted high potency in
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Figure 6. NAP docking pose analysis in the MOR crystal structure
after molecular dynamics simulation in a membrane system.

antagonizing morphine-induced circular muscle contraction in
distal and proximal colon. Ligand docking and molecular
dynamics simulation studies indicated that NAP mostly
interacts with residues from TM 3, 5, and 6, where
conformational changes are mainly linked to the G protein-
mediated signaling pathway. Thus, the observation that NAP
failed to recruit P-arrestin2 in addition to its significant
inhibition of morphine-reduced colon motility makes NAP a
potentially safe option to treat opioid induced constipation as
an opioid with mixed partial agonist and antagonist activity,
with a bias toward antagonism of the S-arrestin2 pathway. The
finding that nalbuphine exhibits similar bias suggests that other
low efficacy MOR partial agonists could also be effective against
opioid induced constipation, but NAP has the advantages of
both peripheral restriction and MOR selectivity.

B METHODS

Chemistry. NAP was synthesized as described in ref 12.

Pharmacology. Ca’* Flux Assay. hMOR-CHO cells were
maintained as described previously.'® Four hours after Gagis
transfection, cells were plated at 30000 cells per well into a clear
bottom black walled 96-well plate (Greiner Bio-one) and incubated for
24 h. The growth media was then decanted, and the wells were washed
with 100 pL of 50:1 HBSS:HEPES assay buffer. Cells were then
incubated with either 80 uL (agonism study) or 5SS uL (antagonism
study) of Fluo4 loading buffer (40 yL 2 M Fluo4-AM (Invitrogen),
84 L of 2.5 mM probenacid, in 8 or 5.5 mL of assay buffer) for 30
min. For antagonism studies, 25 L of varying concentrations of test
compounds was added in triplicate and the plate was incubated for an
additional 1S5 min. Plates were then read on a FlexStation3 microplate
reader (Molecular Devices) at 494/516 ex/em for a total of 120 s.
After 1S s of reading, 20 uL of varying concentrations of test
compounds in triplicate (agonism study) or S00 nM of DAMGO
(NIDA, antagonism study) in assay buffer, or assay buffer alone
(control), were added. Changes in Ca** flux were monitored and peak
height values were recorded. The obtained values were then subjected
to nonlinear regression analysis to determine ECy, or ICy values using
Prism 3.0 (GraphPad Software, San Diego, CA).

P-Arrestin2 Recruitment Assay. Experiment performed as
described in the manufacturer’s protocol. Briefly, 100 uL of cells was
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plated into a 96-well tissue culture plate and then incubated for 24 h at
37 °C, 5% CO,. For agonist studies, 10 yL of test compounds was
added in duplicate and incubated for 90 min at 37 °C. For antagonism
studies, 5 pL of test compounds was first added in duplicate and
incubated for 30 min at 37 °C. Then 5 uL of DAMGO at 1 uM (~22
fold ECgy of DAMGO in the agonism study) was added and the cells
were incubated for 90 min at 37 °C. After the 90 min incubation time,
S5 pL of detection reagent was added to each well and incubated for
60 min at ambient temperature (25 °C). The plate was then read on a
FlexStation3 microplate reader (Molecular Devices) for 200 ms with
luminescence mode. The obtained values were then subjected to
nonlinear regression analysis to determine ECy, or ICs, values of test
compounds using Prism 3.0 (GraphPad Software, San Diego, CA).

P-Arrestin2 Confocal Microscopy. As described in ref 22. Briefly,
cells were plated on collagen-coated glass confocal dishes (MatTek,
Ashland, MA). Prior to imaging, cells were starved for 60 min in
serum-free MEM without phenol red (Life Technologies, Grand
Island, NY). Compound was then added at the indicated dose, and live
cell images were obtained by confocal microscopy (Leica SPS) at the
specified time points.

Mouse Organ Bath Assays. Morphine (morphine sulfate
pentahydrate salt) was procured from the National Institute of Drug
Abuse (NIDA), Bethesda, MD and made into a 10 M stock solution
by dissolving in distilled water which was further diluted with distilled
water to make the targeted concentrations. NAP was synthesized
according to previous reports as the HCl salt and dissolved in distilled
water to a stock concentration of 10 uM, which was further diluted
with distilled water to make the targeted concentrations. Male Swiss
Webster mice (Harlan Laboratories, Indianapolis, IN) weighing 25—30
g were housed five to a cage in animal care quarters and maintained at
22 + 2 °C on a 12 h light—dark cycle. Food and water were available
ad libitum. The mice were brought to a test room (22 +2 °C, 12 h
light—dark cycle), marked for identification, and allowed 18 h to
recover from transport and handling. Protocols and procedures were
approved by the Institutional Animal Care and Use Committee
(IACUC) at Virginia Commonwealth University Medical Center and
comply with the recommendations of the IASP (International
Association for the Study of Pain).

Preparation of Colon Circular Muscle for Isometric Tension
Recordings. Mice were first euthanized by cervical dislocation. The
colon was then dissected, flushed of its contents, and trimmed of
mesentery. Segments of the distal colon (approximately 1 cm from
anus) and proximal colon (approximately 1.5 cm from distal portion)
were removed and placed in a dissecting dish containing Krebs
solution (118 mM NaCl, 4.6 mM KCl, 1.3 mM NaH,PO,, 1.2 mM
MgSO,, 25 mM NaHCO;, 11 mM glucose, and 2.5 mM CaCl,)
bubbled with 95% O, and 5% CO,. The tissues, 0.5 cm in length, were
suspended vertically along the axis of the circular muscle with a metal
triangle tied to a hook under 1 g of passive tension in 15 mL
siliconized organ baths. The tissues were allowed to equilibrate for 90
min prior to drug exposure, with the Krebs solution changed every 10
min for the first 40 min.

After the tissue was equilibrated, an initial dose response curve to
morphine was conducted to act as the control. Any tissues that did not
respond to morphine were discarded and not used. For runs in which
the antagonist was used, following the initial dose—response curve to
morphine, the tissues was washed repeatedly every 10 min for 90—120
min until contractile responses returned to basal levels. Following this,
NAP was added and allowed to incubate for 15 min after which a
second dose response curve to morphine was run. Isometric
contractions were recorded by a force transducer (GR-FT03; Radnoti,
Monrovia, CA) connected to a personal computer using Acknowledge
382 software (BIO-PAC Systems, Inc.,, Santa Barbara, CA).

Data Analysis. Contractile responses after repeated administration
of morphine were analyzed by taking the integrated response between
doses. Data are presented as the mean + SEM for no less than three
independent runs. Values of P < 0.05 when compared to controls were
considered significant. Effective concentration of agonists to produce
50% maximal response, reported as negative log (ECsy) or pD,, was
calculated by nonlinear regression, and data were analyzed by
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appropriate statistical tools using GraphPad Prism software (Graph-
Pad Software Inc.).

Molecular Modeling. The molecular structure of the ligand NAP
was sketched in SYBYL-X 2.0, and energy minimization of the
structure was performed after assigning Gasteiger—Hiickel charges
(10000 iterations) with the Tripos force field (TFF). The X-ray
crystal structure for MOR (4DKL) was retrieved from the PDB Data
Bank. SYBYL-X 2.0 was also used to prepare the obtained protein
coordinates for ligand docking by extracting the crystallized ligand and
the fusion protein at intracellular loop 3. However, crystallographic
waters were preserved. This was followed by addition of hydrogen
atoms and subsequent energy minimization of only the added
hydrogen atoms.

GOLDS.296, a genetic algorithm-based automated docking
program was employed to dock the ligand onto these “cleaned”
receptor structures. The binding site was defined to include all atoms
within 10 A of the y-carbon atom of Asp3.32 for the mu opioid
receptor crystal structure, along with a hydrogen bond constraint
between the basic nitrogen atom and the carboxylate group oxygen
atoms of Asp3.32. The best CHEM-PLP-scored solutions were chosen
for molecular dynamics (MD) studies. Gaps in the protein sequence
including those due to incorporation of the fusion proteins in the
crystal structure (Leu259-Arg273) in the MOR and gaps due to
missing electron density in the crystal structure of the receptors were
modeled and refined by MODELER 9v10. Density functional theory
(DFT) calculations at the 6-31G* level were employed to calculate
partial atomic charges of the NAP atoms using NWChem 6.0. Force
field parameters and topology files for NAP were generated utilizing
SwissParam. The atomic charges obtained from NWChem were added
to the ligand topology file. The topology and parameter files were
further edited accordingly.

Coordinates for the spatial arrangement of the receptors within the
lipid bilayer were retrieved from the Orientations of Proteins in
Membranes (OPM) database. OPM estimates arrangement of
transmembrane protein inside the lipid bilayer by minimizing the
transfer energy of the protein from water to the lipid membrane.

System Preparation for MD Simulation. VMD 1.9.1 was used to
prepare the system for MD simulations. Coordinate (pdb) and
connectivity files (psf) were generated for receptor—ligand complex
using the psfgen module. The VMD membrane module was employed
to create a lipid bilayer of POPC (1-palmitoyl-2-oleoylphosphatidyl-
choline). This was followed by addition of 30 A of water layers to both
sides of membrane at the vertical axis, using Solvate plugin. All the
waters and POPC molecules at a distance of 0.65 A or less from the
receptor—ligand complex were then deleted followed by deletion of
waters within the POPC membrane. The water system was then
ionized to 0.15 M of NaCl by the Autoionize plugin.

Melting Lipids. All molecular modeling simulations were performed
using NAMD 2.8. MD simulations were carried out in four stages. In
the first stage, equilibration of the fluidlike lipid bilayer was performed
via minimization (1000 iterations) followed by NPT equilibration
(pressure equilibration) of the lipid tails for a period of 0.5 ns.
Simulations were carried out using the CHARMM force field with
CHARMM?22 parameters for protein, CHARMM?27 parameters for
lipids, and CMAP corrections for proline, glycine, and alanine
dipeptides with a time step of 2 fs. Periodic boundary conditions
were employed, and particle mesh Ewald (PME) summation was used
to calculate long-range electrostatic interactions. Nonbonded inter-
actions were calculated with a smooth cutoff between 10 and 12 A
with a frequency of 1 fs. Constant pressure and temperature at 310 K
was maintained via Langevin dynamics.

Equilibration with Constrained Receptor—Protein Complex. In
the second stage, an NPT equilibration of the system was run for a
period of 1 ns with harmonic constraints placed on protein, NAP, and
crystallographic water atoms (S kcal/(mol A)) while keeping all the
parameters the same as earlier.

Equilibration with Unconstrained Receptor—Protein Complex.
The harmonic restraint was released in stage three, and the entire
system was equilibrated using the NVT canonical ensemble for a
further 1 ns.
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Production Run. The final production run was conducted using an
NVT ensemble where the whole system was equilibrated for 15 ns.

Energy Analysis. Energy landscape analysis was performed using
the NAMD Energy 1.4 plug-in; nonbonded interaction analyses were
performed at various distances with a dielectric constant of 6.5. All the
atoms, including protein and water molecules within a certain cutoff
distance from the ligand, were included in the energy analyses. The
binding modes with highest nonbonded interactions were selected for
further analysis.
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