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Abstract

Despite being studied for over 30 years, a consensus structure-activity relationship (SAR) that
encompasses the full range peptidic and non-peptidic p opioid receptor ligands is still not
available. To achieve a consensus SAR the Conformationally Sampled Pharmacophore (CSP)
method was applied to develop a predictive model of the efficacy of p opioid receptor ligands.
Emphasis was placed on predicting the efficacy of a wide range of agonists, partial agonists and
antagonists as well as understanding their mode of interaction with the receptor. Inclusion of all
accessible conformations of each ligand, a central feature of the CSP method, enabled structural
features between diverse p opioid receptor ligands that dictate efficacy to be identified. The
models were validated against a diverse collection of peptidic and nonpeptidic ligands, including
benzomorphans, fentanyl (4-anilinopiperidine), methadone (3,3-diphenylpropylamines),
etonitazene (benzimidazole derivatives), funaltrexamine (C6 substituted 4,5-epoxymorphinan) and
herkinorin. The model predicts 1) that interactions of ligands with the B site, as with the 19-alky!l
substituents of oripavines, modulates the extent of agonism; 2) that agonists with long N-
substituents, as with fentanyl and N-phenethylnormorphine, can bind in an orientation such that
the N substitutent interacts with the B site that also allows the basic N-receptor Asp interaction
essential for agonism and 3) that the p agonist Herkinorin, that lacks a basic nitrogen, binds to the
receptor in a manner similar to the traditional opioids via interactions mediated by water or a ion.
Importantly, the proposed CSP model can be reconciled with previously published SAR models
for the p receptor.
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Introduction

Opioids represent the front-line clinical treatment for pain, acting mainly on the central
nervous system to achieve their desirable outcome. They target three receptor subtypes u, 8,
and k1~ of which p receptors are thought to mediate the majority of pain relief, as p-specific
agonists are the most effective analgesics for severe pain. However, the clinical use of
agonists is accompanied by a range of adverse side effects including development of
tolerance, dependence, nausea, constipation, and respiratory depression®~’. Due to these side
effects p agonists have been the object of numerous lead modification studies®-2, including
a large number of structure-activity relationship (SAR) studies3-24. To date, SAR studies
focused on one position on the opioid skeleton yielding predictive models for a specific
class, but introduction of substituents in other positions on the opioid skeleton often
abolished the SAR such that a consensus pharmacophore for all classes of p agonists has not
been achieved. For example, a number of SAR based on the 4,5-epoxymorphinans were not
applicable to other series®=12 such as benzomorphans, Diels-Alder adducts of thebaine, or
fentanyls. Furthermore most SAR models dealt with binding affinities. Accordingly, the
need for a consensus pharmacophore model that can quantitatively predict the efficacy of the
full range of structural classes of u-opioid receptor ligands is evident. Such a model would
facilitate ongoing efforts to develop novel opioids that are both p agonists and antagonists
with the goal of limiting side effects while maintaining the analgesic properties2>-28,

In the present study, we develop a comprehensive p-opioid SAR by applying the
Conformationally Sampled Pharmacophore (CSP) method?%-33 to a diverse collection of p-
opioid ligands. The models were constructed based on two classical opioid scaffolds, the
4,5-epoxymorphinans and Diels-Alder adducts of thebaine (i.e. oripavines), and then applied
to predict efficacies of benzomorphans, fentanyls, peptidic opioids, as well as additional
known p-opioid ligands. From the SAR common structural features are identified that can
account for the efficacies of the diverse classes, indicating that these ligands have the same
mechanism of receptor binding and activation.

Computational methods

Empirical force field calculations were performed using the program CHARMM34 with the
CGenFF3 force field parameters for the non-peptidic ligands and the C22 all-atom protein
force field, including the CMAP correction for the peptidic ligands3®¢: 37. CGenFF
parameters for selected opioids were validated targeting geometries, QM vibrational
spectra38 and X-ray crystal structures3®. (See supporting information). For CSP model
development, all compounds were initially constructed based on the internal coordinates in
CGenFF for nonpeptidic opioids and the C22 force field for the peptidic ligands and
assigned physiologically pertinent protonation states consistent with the experimental pH of
7.4. Compounds were first relaxed in the gas phase by energy minimization for 500 steps
with the steepest decent algorithm followed by 1000 steps with adopted basis Newton-
Raphson method to an RMS force of < 1076 kcal/mol A. In all remaining calculations the
aqueous solvent environment was treated implicitly by the Generalized Born Continuum
Solvent Model (GBMV)#%. MD simulations were performed with a 2 fs integration time step
using the Leap-Frog integratorl. Covalent bonds involving hydrogen atoms were
constrained to their equilibrium bond length by the SHAKE algorithm?2. For non-bonded
interactions, a switching function3 was used from 16 to 18 A and the nonbond pair list was
generated out to 21 A. Simulations to achieve comprehensive sampling of ligand
conformations used the replica exchange method** based on four MD simulations (ie.
replicas) running at temperatures of 300, 330, 363, and 400K for 10 ns/replica. Exchanges
were attempted every 0.5 ps, saving coordinates every 2 ps. The 5000 conformations
collected from the room temperature replica were subjected to CSP analysis. With the
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herkinorin-water complex simulation a harmonic restraint force of 100 kcal/mol/A with a
minimum of 3.0 A was applied to the distance between the water oxygen and respective
ester oxygens.

Probability distributions were based on distances and angles calculated from the simulations
between the pharmacophoric points (Figure S1) with bin sizes of 0.1 A and 1°, respectively.
The extent of overlap of the distributions for different ligands was determined by calculation
of overlap coefficients (OC)#°. 1D OC values are defined by equation 1,

OC=xmin (P}, PY), Eq. 1

which quantifies the area under the probability distributions where the two distributions

overlap. P{‘ represents the probability density of compound A at bin i of the respective
distance or angle. OC values associated with the pharmacophoric points in Figure 1 for each

molecule were calculated with respect to a reference molecule (P¥). Morphine was initially
selected as the reference compound because of its high efficacy, affinity and prototypical
structure while development of the second (AB'NS) model used etorphine as the reference
compound due to its greater potential interactions with the “B site” as compared to
morphine. Previous studies have shown that the CSP approach is not significantly impacted
by the selection of the reference compound3?, though selection of a highly active species
facilitates structural interpretation of the resulting model.

CSP model development was based on all possible permutations of triplets of OCs of the six
distances and twelve angles for the 12 molecules in the training set (Figure 1). All
permutations were iteratively treated as independent variables in multiple regression
analysis with respect to the target experimental data. Statistical analysis was done using in
house Perl scripts*6 based on the R statistical package*’. Highly correlated independent
variables (correlation coefficient > 0.9, Table S3) were excluded from analysis and
regression models for the individual independent variables with coefficient of determination
(R?) above 0.8 were selected for the further analysis. The predictability of each model was
verified by leave one out cross-validation and application of the models to the external, test
set of compounds. To check convergence of the MD simulations with respect to
conformational sampling was performed based on calculation of self OC values as a
function of simulation time (Figure S9).

Results/Discussions

The CSP method?9-33 is designed to overcome the possibility that the global minimum
conformation of an unbound ligand may not be the most populated form when bound to the
receptor?®. This is achieved by including all accessible conformations of the ligands during
model development from which probability distributions of geometries, such as distances
and angles among critical functional groups, are used as the basis for SAR development.
The probability distributions are converted to normalized overlap coefficients (OC) with
respect to a reference compound, which may then be regressed against experimental data. As
the CSP approach is ligand based, it inherently assumes that all the ligands are interacting
with the same site on the receptor, although the inclusion of all accessible ligand
conformations in the CSP approach may accommodate local conformational changes that
may occur in the receptor upon binding to different ligands.

Model development used experimental data for 20 non-peptidic opioids and 5 peptides from
Toll et al*® (Figure 1), of which 12 compounds were assigned as the training set and the
remainder as the external test set (Figure 1 and Table S1 of the supporting information).
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Training set compounds included 4,5-epoxymorphinans and the oripavines. Experiments
were conducted on CHO cells expressing the human p-opioid receptor, which excludes
issues of multi-receptor environments and/or pharmacokinetic considerations that may
potentially complicate SAR development®0. As the experimental data is based on
homogenous p-opioid receptor, the resulting model does not take into account the possible
heterodimerization between y, 3, and k receptors on ligand efficacy. Efficacy was measured
as the relative % stimulation with respect to that of DAMGO (100%) using a [3°S]GTPyS
binding assay.

Initial selection of the pharmacophoric points for model development was based on previous
SAR studies of u opioids. The aromatic ring (A), basic nitrogen (N), N substituent (S), and
hydrophobic substituent on the C ring (B) of the morphine scaffold are known to play
critical roles in opioid efficacy®. While the definitions of A, N, and S are clear, that of B is
not obvious.15: 18 This ambiguity led to the selection of the 4,5-epoximorphans, with the
classical opioid scaffold, and the oripavines (etorphine, buprenorphine and diprenorphine) as
the training set compounds (Figure 1). With the 4,5-epoximorphans the 7 and 8 carbons in
the C ring were assigned as the B point while in the oripavines both the 17 and 18 carbons
(ABNS model) and the substituents on the 19 position were separately considered as the B
group (AB'NS model). Concerning the reference compound morphine was used in the
ABNS model while etorphine was used for the AB'NS model; etorphine was used in the
later case as this is a full agonist with a prominent hydrophobic group at the 19 position.

Model development involved iterative fitting of individual OC values for the 6 possible
pharmacophore distances and 12 angles (Tables S2 and Figure S1, supporting information)
against the experimental data. Individual OCs with correlation coefficients (r2) > 0.8 were
then used as independent variables in multiple regression analysis that involved all possible
permutations of two and then three OCs sets, from which the top 10 models were selected
for each of the ABNS and AB'NS models (Table S2). The top ABNS efficacy model had R?
= 0.96 with a P-value of 107 and R2 above 0.90 and Q2 above 0.5 for the 10 models (Table
S3, supporting information). With the AB'NS model the top model had R? = 0.87 with a P-
value of 10723 and in all cases R? is above 0.77 and Q2 is above 0.5 (Table S4). In both sets
of models all four pharmacophore points are well represented, consistent with the essential
role of the N (though exceptions do exist (see below)152: 53) and A groups while the S
group is known to play an important role in the activity of opioid ligands®. With the ABNS
model the B point is not included in two of the models while it is present in all cases with
the AB'NS model.

While the ABNS model yielded overall better quality fits, the model under predicts the
efficacy of buprenorphine while that of diprenorphine is over predicted (Figure 2a). This is
due to the B group not being included in two of the top 10 ABNS models, suggesting a
limitation in the use of the 17/18 carbons of oripavines to define that group. In contrast, the
AB'NS model better distinguishes the efficacy of the oripavines although the overall
goodness of fit decreased (Figure 2c). This decrease is associated with the C19 substituent
being unique for the oripavines such that etorphine as the reference compound was less
representative for non-oripavines. This leads to some B' related OC values, such as AB',
B'N, AB'N, AB'S, ANB', and ASB"', being zero for non-oripavines with respect to etorphine
(Table S2). Since each of the 10 AB'NS models has one of these terms as an independent
variable the goodness of fit decreases. However, this degradation was deemed acceptable to
predict the efficacies of oripavines and the AB'NS models more accurately predicted the
efficacies of the external test set compounds than the ABNS model (see below).

Receptor models suggested by Casy and Beckett®*: 55 include an additional binding site for
the B group and Snyder et al.55: 57 postulated the presence of a specific interaction site for
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the C19 substituent or its equivalent which is only accessible by agonists. Probability
distributions of the AB distances for these three oripavines showed significant overlap with
the agonist etorphine and partial agonist buprenorphine distributions while that of the
antagonist diprenorphine occurred at significantly shorter distances (Figure S2). These
observations suggest an important role of the B group in differentiating efficacy considering
the presence of the cyclopropylmethyl (CPM) moiety on both buprenorphine and
diprenorphine, a substituent typically associated with antagonists8. The importance of the
role of the B group is further supported by a previous study showing N-allyl or N-CPM
substituted etorphines to have stronger agonism than morphine®8, though they typically lead
to antagonism in 4,5-epoxymorphinans, and that norbuprenorphine is also a potent partial
agonist with higher efficacy than buprenorphine>®.

The models were next challenged against the remaining compounds in Figure 1. Application
of the ABNS model yielded poor agreement for selected compounds including
ethylketocyclazocine (EKC), fentanyl, methadone, and the peptides (Figure 2b), even when
alternate definitions of the B point were considered for fentanyl and methadone, for which
the B definition is ambiguous (Figures 1, S2, and S3); this model was not considered further.
In contrast, the AB'NS model yielded satisfactory predictions of efficacy for the test
compounds (Figure 2d, Table S5). This was also achieved by considering multiple moieties
as the S and B groups in methadone and fentanyl, a procedure that was essential for
successful application of the AB'NS model to diverse opioids, as presented below.

Individually some of the AB'NS models (models 3, 4, and 5) yielded relatively poor
agreement (Table S6, S7), due to B related OC values of some test compounds being higher
than those in the training set thereby producing higher or lower predicted efficacies (Table
S4). For example, in model 3 the ANB' OC values of peptidic opioids are five times higher
than any compounds in the training set yielding high efficacies and the BS OC values of
etonitazene and methadone are the cause of lower predicted efficacies. However, those
errors cancelled in the average values yielding overall good predictions, including the
correct prediction of the peptidic opioids. The most significant failure with the AB'NS
model occurs with Leu-enkephalin, whose efficacy is systematically predicted to be too high
(see below).

Of note is the ability of the AB'NS model to satisfactorily predict the efficacies of the
benzomorphans, which range from an antagonist (bremazocine) to partial agonists
(cyclazocine, pentazocine) to an agonist more active than morphine (ethylketocyclazocine
(EKC)). This class of compounds lacks a C ring while the composition and configuration of
their C6 and C11 substituents are crucial to their efficacy®. Given the lack of a C ring, the
C6 and C11 substituents were used to define the B pharmacophoric points (Figure 1).
However, it was questioned why cyclazocine and pentazocine, which contain CPM or allyl
N substituents, are partial agonists while those substituents are responsible for antagonism in
the 4,5-epoxymorphinans. To analyze this, selected probability distributions of cyclazocine
were compared with those of the agonist morphine and the antagonist naltrexone (Figure 3).
For the ABN and BS distributions, there is significant overlap of the morphine and
cyclacozine distributions, while for the ANS distribution there is significant overlap with
that of naltrexone. Similar overlap with naltrexone is present with the AN, AS, ANS, ASN,
and NAS distributions (Table S3). Thus, with respect to the relative orientation of the A, B
and N pharmacophoric points, cyclazocine mimics an agonist, while with respect to the
relative orientations of the A, S and N points it mimics an antagonist. This combination is
suggested to lead to cyclazocine and pentazocine being partial agonists.

The benzomorphans, EKC and bremazocine, are structurally similar yet have significantly
different efficacies. While the OCs of both compounds are generally similar to those of other
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antagonists (Table S3) significant differences for several angles, including BAS, BNS and
NBS, allow the AB'NS model to differentiate between the two compounds, emphasizing the
importance of the spatial relationship of the different pharmacophore points in the models.
However, it should be emphasized that the ketone on the C1 of EKC and hydroxyl on the
CPM moiety of bremazocine could directly contribute to their differential efficacies.
Antagonist bremazocine's hydroxyl group is approximately 2.7 A away from the proton on
the basic nitrogen possibly affecting the interaction of the N with the receptor. Alternatively,
the ketone on EKC, as an electron-withdrawing group, may enhance the basicity of the
nitrogen leading to more favorable interaction with the receptor thereby favoring its agonist
activity.

Fentanyl is an agonist for which multiple definitions of the pharmacophoric points are
possible. Accordingly, in addition to the pharmacophore point definitions shown in Figure 1,
alternate definitions, such as the phenethyl moiety being the B point, rather than the S point,
and the N-phenyl ring being the A point were considered (Figure S3). Interestingly, classical
definition of the N-substituent as S did not yield agonism activities but defining the
phenethyl moiety as either the A or the B point leads to proper prediction of fentanyl
efficacy. This is illustrated in Figure 4a—b showing that both orientations of the aromatic
rings overlap with the A and B' regions of etorphine, as supported by probability
distributions (Figure S3) showing that either aromatic ring yields significant overlap with
the BN distribution of etorphine. This observation agrees with previous studies5: 16 which
proposed that the N-phenethyl group is the A pharmacophoric point corresponding to A ring
of 4,5-epoxymorphinans. However, the ability of the N-phenethyl moiety to also act as the
B' point is particularly interesting as it suggests a model that allows compounds with long N
substituents to be p agonists, associated with the ligand reorienting in the receptor binding
pocket, as will be discussed in more detail below.

Both methadone and etonitazene are agonists with unique structures that include a basic
nitrogen. Methadone is representative of the diphenylpropylamines, while etontazene is the
full agonist benzimidazole derivative; both compounds are properly predicted to be agonists.
For methadone, one phenyl ring represented the A point while the ethyl ketone moiety was
the B point (note that both rings were considered as the A or B groups, Figure S4). This
assignment is consistent with experiments showing methadone to lose potency upon removal
of one phenyl ring and an important role of ethyl ketone or ethyl alcohol groups for efficacy
and/or potency8. Secondly, dimethyl or diethyl S substituents on the basic N lead to optimal
analgesics but longer substitutions retain weak agonism in contrast to the 4,5-
epoxymorphinans where such S groups lead to antagonism. For etonitazene, the nitro-
containing benzylimidazole ring and ethoxy group acted as the A and B points, respectively,
consistent with experimental studies showing them to be important for efficacy.®
Superposition of selected conformations of methadone and etonitazene with etorphine based
on these definitions (Figure 4c and d) reveals the extent of overlap of the A and B moieties,
emphasizing that these highly flexible molecules participate in the same ligand-receptor
interaction mode as 4,5-epoxymorphinans.

The only irreversible antagonist in this study, B-funaltrexamine, has a hydrophaobic group
branched at C6. It has similar OC values to the oxymorphindoles including high spatial
overlap with their B group distributions (Table S3). Therefore, p-funaltrexamine is predicted
to interact in a similar way as naltrindole and naltriben (Figure 4e). Interestingly, such an
interaction mode may orient the ester group of B-funaltrexamine such that it may form a
covalent bond with a Lys in the 5 transmembrane domain (TM) of the p opioid receptor®®
based on models of the receptor that assume Asp147 in the 3'd TM is involved in an ionic
interaction with the basic nitrogen of the opioids?.
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The remaining compounds in the test set are the peptidic opioids (Figure 1). In these
compounds the N-terminal nitrogen and tyrosine sidechain are thought to mimic the N and
A ring in morphine, respectively8, and the phenylalanine ring has been hypothesized to
assume a conformation similar to the C19 substituents of oripavines and take part in
hydrophobic interactions with the receptors®’- 92, Based on these definitions, with the N
hydrogens as the S group, the AB'NS model correctly predicted the efficacies of the peptidic
opioids, with the exception of the low efficacy of Leu-Enkephalin, indicating the peptidic
opioids to share the same pharmacophoric features as the non-peptidic opioids. This is
shown in Figure 4f where one conformation of DAMGO from the CSP simulations is
superimposed on etorphine. CSP modeling made it possible to identify biologically active
conformations of peptides consistent with those of the non-peptidic opioids, further
validating the AB'NS model as a consensus pharmacophore.

Given that Leu-Enkephalin contains two consecutive glycines and lacks D-amino acids, a
different binding mode was suspected and alternate pharmacophoric point definitions were
tried. These included the sidechains of Tyrl, Phe?, and Leu® as each the A and B points. For
all these possibilities Leu-Enkephalin was predicted to be a partial agonist in the AB'NS
model. Thus, despite the model correctly predicting the agonist activity of the remainder of
the peptides, the efficacy of Leu-Enkephalin is over predicted.

The AB'NS model was further challenged by considering 4,5-epoxymorphinans that include
N-phenethyl, C14-O-phenylpropyl, and C7B-phenylbutyl substituents (Figure S5). 4,5-
epoxymorphinans with C-7p alkyl or arylalkyl groups53 64 or C14 lipophilic chains6 66 are
highly potent agonists and there have been longstanding presumptions that their increased
potency is due to a mechanism similar to that occurring in the C19 substituted oripavines,
motivated by the C7p and C14 substituents being spatially similar to C19 substituents. When
the efficacies of these compounds are predicted by the AB'NS they are in generally good
qualitative agreement with reported potencies from a number of studies (Tables 1 and S8).
Quantitative comparison was impossible between p-opioid receptor specific cell-line
efficacies and potencies from in vivo mouse assays since animal experimental results are
influenced by many factors such as pharmacokinetics, affinity, and the presence of other
types of opioid receptors. Of these compounds N-cyclohexylethyloxymorphindole,
phenazocine and N-phenethylnormorphine are of particular interest. To be correctly
predicted it was necessary to assign the B point to be the N-substituent, which is typically
the S point (Figure S5). Indeed, when etorphine and N-phenethylnormorphine are aligned in
the conventional fashion (Figure 4g) their putative B substituents occupy significantly
different regions of space. However, if N-phenethylnormorphine is simply rotated around
the AN axis the putative B moiety shows significant overlap (Figure 4h). This is analogous
to the rotation applied to fentanyl and a similar effect is seen with N-
cyclohexylethyloxymorphindole and phenazocine (not shown). This suggests that N-
phenethylnormorphine and related analogs do NOT bind in the conventional orientation to
the p-opioid receptor, but rather reorient such that the N-phenethyl moiety occupies the B
moiety binding site.

The benzomorphans, phenazocine and metazocine (Figure S5, Table 1), which are both
indicated to be agonists, are an interesting example of the importance of the alternate
binding modes as defined by the rotation about the N-A vector leading to the traditional N
substituent occupying the B site. With phenazocine, the phenethyl N substituent is also
predicted to interact with the B site on the receptor, allowing the AB'NS model to predict it
to be an agonist. In contrast, metazocine, with a methyl N substituent, is predicted to interact
in the traditional orientation as occurs with the potent 4,5-epoxymorphinans. Accordingly,
the AB'NS model predicts metazocine to have higher efficacy than cyclazocine or
pentazocine.
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Recently, herkinorin®2, an analog of the non-nitrogeneous k-opioid selective agonist,
Salvinorin AL 67 was discovered and shown to be the first selective full w agonist that
lacks the basic nitrogen. There is evidence that herkinorin may have an alternate binding site
as indicated by its differential cellular signaling®? and based on studies on Salvinorin A
showing it to have unique binding epitopes on the « opioid receptor8 and have allosteric
effects on the w opioid receptor.5” However, the differential cellular signaling of herkinorin
is lost following subtle structural modifications®® and even morphine, etorphine, fentanyl,
and DAMGO display differential responses at the cellular level®®. Therefore we assumed
that herkinorin binds to the same site as the other ligands. Based on this assumption
herkinorin was selected as a rigorous test of the developed CSP model. Obviously, direct
electrostatic interactions between herkinorin and an acidic group on the receptor,
presumably Asp147, thought to interact with the prototypical p opioids is absent. However,
the compound contains a number of hydrogen bond acceptors groups (Figure S4) that led us
to hypothesize that water or Na* is acting to mediate the interaction with the receptor acidic
group. This is consistent with X-ray crystal structures of GPCRs (for example, rhodopsins
(PDB ID: 1U19) and A2A adenosine receptor (PDB ID: 3EML)), in which ordered
waters’%: 71 are located in the vicinity of Asp147 or its equivalent residue as well as the
importance of sodium ions in the interaction between opioid receptor and ligands’2 73, With
the assumption that a water or ion bridge is formed between Asp147 and the ester oxygens
of herkinorin, an explicit water was placed near one of either the carbonyl or ether oxygens
and the complexes subjected to replica exchange simulations with the water restrained to be
in the vicinity of the respective ester oxygens; CSP analysis was then performed with the N
pharmocophore point modeled as the water oxygen; the remaining pharmacophore points are
shown in Figure S5. Based on those definitions herkinorin is predicted to be an agonist with
an efficacy of 84 % when the bridging water is interacting with the carbonyl oxygen and 92
% with the ether oxygen, in excellent agreement with the experimental % stimulation in
human p-opioid receptor CHO cells of 112%.74 This success further supports the consensus
quality of the model. Figure 4i shows one of the conformations of herkinorin aligned with
etorphine. The overlap of the A and B pharmacophore points is evident while the ester
moiety is in the vicinity of the nitrogen of etorphine.

Consensus Ligand-opioid receptor efficacy model

Based on the presented AB'NS CSP model in combination with the large body of
experimental p-opioid SAR data, we propose the following consensus pharmacophore for
the efficacy of opioids targeting the p receptor (Figure 5). Traditional agonists (e.g.
morphine) lacking or having short N substituents have NH*-receptor Asp interactions that
lead to the receptor assuming an active conformation and do not interact with the B binding
site (Figure 5a). In agonists with large B substituents, such as etorphine, interactions occur
with both the N and B sites to maximize efficacy over that of morphine (Figure 5b). In
contrast, traditional antagonists cannot interact with the essential Asp as required for the
receptor to assume a conformation required for agonism due to their bulky N-substituents
and they also cannot interact with the B site (Figure 5c). Partial agonists, such as
buprenorphine, have a favorable interaction with the B site, which partially overcomes the
negative impact of bulky N substituents, leading to partial efficacy (Figure 5d). In this
model, the shorter C19 substituent of the antagonist diprenorphine disallows interactions
with the B site, thereby not being able to overcome the presence of the CPM N substituent.
Thus, interactions with the B site modulate the extent of agonism associated with N-receptor
Asp interactions. This can lead to enhanced efficacy when the basic N is not blocked, as
with etorphine, or to partial agonism where interactions with the B site partially overcome
the presence of large N substituents, yielding partial agonists, as with buprenorphine.
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Importantly, the proposed model may be applied to non-traditional non-peptidic opioids. For
agonists with long N substituents, such as N-phenethylnormorphine, the molecule can orient
in the binding pocket such that the large N substituent (traditional S pharmacophoric point)
interacts with the B site (Figure 5e). In this alternate binding orientation, the traditional AS
distance mimics the AB distance leading to the receptor assuming an active state. It is
suggested that this alternate binding orientation only occurs with molecules whose N-
substituent is longer than N-CPM (Figure S7). Benzomorphans are unique due to the lack of
a C ring and the presence of a N-CPM substituent while being partial agonists. If they are
assumed to bind as other antagonists that contain an N-CPM substituent, as in Figure 5c,
their partial agonism cannot be explained. However, if their binding orientation is similar to
that in Figure 5e and shifted such that they move further toward the position of dihydrofuran
and C ring of 4,5-epoxymorphinans (Figure S8), then the basic nitrogen is more accessible
to Asp residues (Figure 5f) leading to partial agonism.

The possible interaction of long N substituents in the B binding site was first proposed by
Snyder and coworkers in 1976.%7 Their model involved two conformational states of the
receptor, with only one being accessible to agonists. The presence of C19 substituents of the
oripavines or long N substituents was suggested to favor the active state, due to these
moieties interacting at the “F” site, which corresponds to our B site. For the long N
substituents to interact with the F site, it was proposed that they assume an axial
configuration, although this configuration is now known to not be populated based on
crystallographic and NMR studies of a number of non-peptidic opioids’>: 78. It should be
noted that Snyder et al. thought that every N substituent interacted with the F/B site, with the
exception of the N-CPM moiety in the case of antagonists due to the presence of a hydroxyl
at the C14 position. The present model clarifies that of Synder in that the interactions of the
long N substituents with the F/B site can occur due to reorientation of the ligands in the
receptor-binding pocket. Thus, while details of their model were not correct, Synder and
coworkers correctly predicted the presence of an F/B site on the receptor that modulates its
efficacy.

Conclusions

In the present study the subtle relationship of N substituents and of the C19 substituents of
the oripavines to efficacy were explored. Relationships between the composition and
conformation of N substituents and biological activity are intriguing SAR. Antagonist
properties tend to be associated with allyl, dimethylallyl, and CPM substituents, whereas
shorter N-methyl and longer N-phenethyl substitutions afford agonist properties. To date it
has not been understood why the change from methyl to CPM abolishes agonist effects
while the change from CPM to phenethyl recovers the agonist activity. Previous studies,
including those based on homology models of the receptor®l: 77-81 approached this problem
simply by presuming different binding sites for each ligands and there is no published SAR
model including the effect of N substituents. However, the CSP model developed in this
work presents a hypothesis to explain these observations. The receptor-binding site, which
can accommodate ligands of up to 10 amino acids residues, allows different ligands to bind
in different orientations, such that the extended N substituents are interacting with the B site
in the receptor, the site where C19 substituents usually interact. This allows compounds with
long N substituents such as fentanyl, cyclohexylethyl-oxymorphindole,
phenethylnormorphine and phenazocine to act as agonists. While more detailed structural
studies, including experimental elucidation of the 3D structure of the u-opioid receptor in
the presence of ligands, are required to verify this hypothesis the present results based on the
ligand-based CSP approach, that includes all accessible ligand conformations in model
development while not requiring ligand alignment, presents an intriguing solution to an issue
that has confounded the opioid community for over 30 years.
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Figure 1.

Structure of opioids and representative numbering. The 12 opioids included in the training
set are indicated by *. Pharmacophoric points of the ligands are shown where green
represents the aromatic ring (A), red represents the hydrophobic group (B), blue represents
the basic nitrogen (N), and pink represents the N substituent (S).
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Figure 2.

Predicted and experimental relative efficacies of the 12 training set compounds and 13 test
set by the ABNS (a, b) and AB'NS (c, d) models. Red solid line: experimental values, blue
dotted line: average of the predicted values from the top 10 models. The top 10 models are
indicated by individual symbols.
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Figure 3.

Probability distributions of the partial agonist cyclazocine with those of the agonist
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morphine and the antagonist naltrexone for the A) ABN, B) BS and C) ANS pharmacophore

descriptors.
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Figure 4.

Superposition of selected structures with etorphine or naltrindole. Alignment of fentanyl
with etorphine a) when the phenethyl group is used as the B' descriptor and b) when the
phenethyl group is used as the A descriptor. In both cases the N atoms are superimposed.
Note the overlap of the aromatic moiety attached to the amide N in fentanyl with the A ring
of etorphine in the superpositions. c) Methadone with etorphine (blue lines) showing two
possible arrangements of ethylketone group and aromatic ring with respect to the B' site. d)
Superposition of etonitazene with etorphine (blue lines), based on the N, A and B points. €)
Superposition of B-funaltrexamine with naltrindole (blue lines) based on the N, A and B
points. f) Superimposition of DAMGO with etorphine shown in two orientations of the same
overlaid structures. g) Conventional alignment of N-phenethylnormorphine (red) with
etorpine (blue) and h) suggested alignment of N-phenethylnormorphine with etorpine
following rotation of N-phenethylnormorphine around the AN axis, and i) the
superimposition of herkinorin on etorphine.
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Hypothetical binding states of p opioid receptor ligands.
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Prediction of test set 2 compounds

Table 1

compound relative % stimulation prediction
ABNS  AB'NS

1 N-cyclohexylethyloxymorphindole 0.582:83 0.0 1.8
2 N-phenethylnormorphine more potent than morphine84-8 0.6 1.9
3 N-methyl-C14-O-phenylpropyl substituent 1.03)65, 66, 83 11 0.4
4 N-CPM-C14-O-phenylpropyl substituent ~ more potent than morphine®s 66.83 0.1 1.0
5 metazocine 0.7%5 1.0 0.8
6 phenazocine 0.887 0.5 2.1
7 N-CPM-C7-B-phenylbutyl substituent as potent as morphing8364 0.0 0.4

Page 19

a)Compound 3 lacks methyl group at C5 compared to the one in experiment but it is reported that C5 methyl group shows no significant effect on

activities.

*
Relative % stimulation is based on DAMGO's efficacy 1.00 (100%) in [358]GTPyS binding assay
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