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ABSTRACT: Opioid ligands are a large group of G-protein-
coupled receptor ligands possessing high structural diversity,
along with complicated structure−activity relationships
(SARs). To better understand their structural correlations as
well as the related SARs, we developed the innovative
template-based alignment modeling in our recent studies on
a variety of opioid ligands. As previously reported, this
approach showed promise but also with limitations, which was
mainly attributed to the small size of morphine as a template.
With this study, we set out to construct an artificial μ-agonist
template to overcome this limitation. The newly constructed
template contained a largely extended scaffold, along with a
few special μ-features relevant to the μ-selectivity of opioid
ligands. As demonstrated in this paper, the new template showed significantly improved efficacy in facilitating the alignment
modeling of a wide variety of opioid ligands. This report comprises of two main parts. Part 1 discusses the general construction
process and the structural features as well as a few typical examples of the template applications and Part 2 focuses on the
template refinement and validation.

■ INTRODUCTION

Opioid ligands are an exceedingly large group of G-protein-
coupled receptor (GPCR) ligands that interact with opioid
receptors and possess high structural diversity, ranging from
alkaloids, peptides, terpenoids, peptidomimetics, and synthetic
small molecules of random scaffolds.1,2 Amazingly, all of the
highly diverse ligands can effectively bind in the same pockets
of opioid receptors. As is well known, opioid ligands often
interact specifically with the receptors; sometimes, even one
minor structural alternation can lead to a totally changed
bioactivity for the ligand. So how can all of these diverse
ligands bind at the same pockets? And how are these ligands
structurally correlated? These kinds of questions are difficult to
answer but are important for examining the medicinal
chemistry of opioid ligands.
Particularly, the structural correlation between morphine (an

alkaloid) and Leu-enkephalin (a peptide), two well-known
prototypes of opioid ligands, the former from the plants, the
latter the natural endogenous ligand, both interacting with the
μ-opioid receptor, has been a focus. Understanding their
structural correlation will not only help for the elucidation of
the structure−activity relationships (SARs) of opioid ligands
but can also greatly aid the discovery of new opioid drugs.
Numerous models have been proposed in the literature for
their correlation, but the majority of them seem to have only
focused on matches between the scaffold of morphine and the
side chains of opioid peptides.3−7

Based on a unique X-ray crystal structure of Leu-enkephalin,
we recently proposed a new model for the structural
correlation of morphine and Leu-enkephalin, featuring matches
between morphine’s scaffold and the backbones of the
peptides, instead of the side-chain groups (Figure 1).8 This
new approach, referred to as the backbone alignment modeling
(or now called the template-based alignment modeling
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Figure 1. Match of morphine’s scaffold to the backbone of Leu-
enkephalin.
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(TAM)) seemed to be the first to tackle the backbone
elements for structural correlations of opioid ligands.
Applying this innovative approach, we examined a large

number of opioid ligands with respect to their possible
structural correlations, with which, we proposed three new
backbone-conformational models, corresponding to the three
types of opioid ligands, μ, δ, and κ,8 (refer to Figure 10A
below). These new models have significantly improved our
understanding of the complicated SARs of opioid ligands.
However, the original modeling displayed only limited

capacity in interpreting the SARs of opioid ligands, mostly
because the small-sized scaffold of morphine was used as the
key template. Many opioid ligands with bulky or novel
scaffolds were not able to align well with the morphine scaffold.
Thus, how to upgrade to a large-sized template has been a
critical issue in our ongoing studies to further explore the
innovative backbone alignment modeling.
Ideally, we anticipated an inclusive template that would have

a large and versatile scaffold to fully represent the structural
features of diverse opioid ligands (or speaking differently, to
fully cover the ligand-binding space of opioid receptors). To
that end, it seemed best for us to build an artificial template
using a wide variety of μ-ligands as the building blocks (to use
μ-agonists for the template construction was mainly because of
the abundance in structural diversity and SAR data as well as
the importance and significance of this subtype for opioid
ligand studies.). In fact, with a similar strategy, we had already
built an artificial template for the Hsp90 ligands,9 which was of
great help for us with this study.
Herein, we wish to report the results of our recent efforts in

establishing an artificial μ-agonist template for opioid ligand
modeling.

■ RESULTS AND DISCUSSION

This section, relatively long in size, is organized into two main
parts. Part 1 discusses the general construction process as well
as the structural features of the template and Part 2 focuses on
the template refinement and validation.
Part 1. Template Construction. Strategies for Template

Construction.With the construction of an artificial template of
N-terminal Hsp90 ligands,9 we gained substantial experience.
Similar to opioid ligands, the structures of N-terminal Hsp90
ligands were highly diversified. So how to recognize their
correlations was a challenge for us. Thus, we started by first
examining a cluster of the crystal structures of a group of
Hsp90 ligands, which, on quick examination, were much like a
bundle of randomly tangled structures (Figure 2). With the
backbone alignment concept as a guideline to closely examine
the cluster, however, we were able to see high structural
correlations among the ligands. It was observed that regardless

of the size and the rigidity, all of the ligands in the cluster were
confined within a unique three-dimensional (3D)-space and
with many structures overlapping through similar-to-similar
patterns (e.g., aromatic ring to aromatic ring and hetero-atoms
to hetero-atoms, etc.). In particular, most of the overlapping
structures were also in bond-to-bond correlation, a scenario
much resembling what we observed in our alignment
modeling. And the entire situation strongly suggested that all
of the ligands were not randomly bound at the pocket, but
their bindings were strictly following certain patterns.
Consequently, through proper structural processes, it was
possible for us to create a core structure (namely, an artificial
template) out of the cluster to characterize all of the ligands at
the binding site.
Accordingly, we set out to process the structures of the

ligands by merging and connecting the individual bonds,
followed by refining the scaffold as a whole, so as to give rise to
a rigid and bulky artificial template, which, by size and 3D
shape as well as many other structural features, much
resembled the original crystal structure cluster of the Hsp90
ligands (Figure 2).
Although Hsp90 and opioid receptor are totally different

proteins with respect to their sequences and structures,
presumably the fundamental ways they interact with the
ligands are the same. For example, the special bond-to-bond
correlation pattern seen with the Hsp90 ligands should be
present with opioid ligands as well. In fact, the same patterns
were well observed with many other types of protein−ligand
complexes, such as protein kinase inhibitors and tubulin-
binding agents (unpublished results). Hence, by following a
similar process for the construction of the Hsp90-ligand
template, we should be able to build an artificial template for
opioid ligands as well.
For the template construction, it was essential for us to know

the binding conformations of the ligands, which, for the Hsp90
ligands, were mainly derived from the crystal structures of their
ligand−protein complexes (see a list of the collection at
ChEMBL database).10 For opioid ligands, however, there were
only a handful of crystal structures of ligand−receptor
complexes available, too few to support our project. Hence,
as an alternative way, we exploited template-based alignment
modeling (TAM) again to deduce the ligand-binding
conformations.
The principle of TAM states that different ligands that bind

at the same binding site are structurally highly correlated, that
we are able to align the backbones/scaffolds of the ligands with
a template, with which the binding conformations of the
individual ligands relevant to the template can be realized, a
practice that was already illustrated in our previous
publication.8

Figure 2. Construction of an artificial template for the N-terminal Hsp90 ligands. The crystal structure cluster of Hsp90 ligands was converted into
a rigid artificial template through bond merging and bond connecting.
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Thus, here we would first need to assemble a ligand cluster
by using a group of selected μ-agonists as the building blocks
(particularly those with rigid and bulky scaffolds). And then,
we would convert the cluster into a preliminary template
through structural processing, and then we would align a
variety of μ-agonists with the template to further refine it (see
Figure 3).
From the literature, we were able to obtain the structural

information of a large number of μ-agonists, many of them
with bulky and rigid (or semirigid) scaffolds,10,11 including a
variety of bulky morphinan derivatives as well as a series of
semirigid Tyr1-attached cyclic peptides, which would be
exploited as efficient building blocks for the template
construction.
Construction Process. In the practical process, the ligand

cluster was stepwise assembled and processed (see Figure 4).
First, a small group of special μ-agonists were selected as the
basic building blocks based on their structural features (i.e.,
rigid and diversified, able to be aligned with morphine’s
scaffold) (note: here EM1 was not a rigid ligand and it was
selected mainly because of its large AA3 and AA4 moieties
helpful for the construction of a special region of the template).
And then, each of the selected ligands was subject to individual
alignment with morphine (as an initial template), followed by
structural processing (i.e., bond merging and bond connect-
ing), with which a preliminary template was formed (see the
stepwise additions and processes of ligands (b)−(e) in Figure
4).
In the subsequent process, we further extended and refined

the scaffold of the preliminary template by iterative alignments
of a wide variety of μ-agonists onto it. Thereby, we were able
to closely examine each of the ligands for its special matching

pattern with the template so as to modify and improve the
main scaffold as well as all of the substructures of the template
accordingly (the detailed refinement will be discussed below in
Part 2 of this report).
Along with the refining process, the template validation was

concomitantly undertaken through assessing the alignments of
many structurally diversified μ-ligands. As shown in Figure 5,
the majority of ligands were aligned well with the template
with respect to their various match patterns, e.g., the 3D-shape,
the stereochemistry, the structural and conformational features,
etc., suggesting that the template was able to well represent the
diverse ligands (see Figure 5).
In particular, it was observed that many of the μ-ligands

coincidently aligned their binding-selectivity-related moieties
to the special μ-features of the template, such as N-PhEt and
Ph/Ind (see Figure 6) (for discussion of the special μ-features,
see General Features of the Template below). And due to the
scaffold diversity of the ligands, the co-alignments of their key
moieties would, therefore, be an excellent validation to the
special μ-features of the template. Moreover, it was seen that a
few nonclassical μ-ligands tended to align their unique
scaffolds beyond or exclusively out of the morphinan core,
the classical “message” of opioid ligands, (such as Salvinorin A
and CJ-15 208, see Case Discussion below). And this scenario
provided us with a new vision about the diverse binding modes
of opioid ligands for receptor interactions.

Crystal Structures for Validation. The crystal structures of
μ-ligands as extracted from their receptor complexes are highly
valuable information for the template validation, because they
can directly provide the binding conformations of ligands.
However, the biggest issue was still the lack of enough crystal
structures for use in this study. And there were only two μ-

Figure 3. Basic strategy for the μ-agonist template construction. Through TAM, a group of selected μ-agonists are assembled and converted into a
universal template.

Figure 4. Stepwise construction of the template. (a) morphine; (b) norbuprenorphine; (c) Le Bourdonnec 2006;12 (d) fentanyl; (e) EM1; (f)
cyclic peptides; (g) many other μ-ligands.
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receptor−ligand complexes available at the time of this study:
one with μ-antagonist β-FNA bound (PDB ID: 4dkl) and the
other with μ-agonist Bu72 bound (PDB ID: 5clm). Addition-
ally, there existed a δ-receptor complex with DIPP-NH2 bound
(PDB ID: 4rwa), where DIPP-NH2 happened to be a mixed μ-
agonist/δ-antagonist.13 Since close similarities in sequence and
3D-structure were seen between μ-and δ-receptors,14 presum-
ably DIPP-NH2 would take the binding pose at μ-receptor
similar to that at δ-receptor, so that it would be possible for us
to exploit it for the template validation. Thus, we set out to
cluster the three ligand−receptor complexes as a bundle to
examine the binding behaviors of their bound ligands (Figure
7).

Figure 7 shows the superimposed crystal structures of the
three receptor complexes (left panel) as well as of the three
ligands as extracted out (Figure 7A). As we can see, the major
scaffolds of the three ligands appear to be aligned around the
morphinan core, which is consistent with the predicted binding
poses in our modeling (Figure 7B). The good agreement in
binding conformations between the crystal structures and the
modeling results would, therefore, strongly support the
template validation.
For validation purpose, we also managed to dock the

template into the binding pocket of a μ-receptor complex
(PDB ID: 5clm), where the template was superimposed with
Bu72 (the bound ligand) at the morphinan moieties (Figure
8). For this match, the whole scaffold of the template appeared

Figure 5. Template validation. A wide variety of μ-agonists were aligned to examine their match patterns with the template.

Figure 6. Co-alignments to the special μ-features of the template. Many μ-ligands co-aligned their selectivity-related moieties (blue or red circled)
to the special μ-features of the template, which would help also for the structural validation of the template.
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to fit by size and 3D-shape into the binding pocket pretty well,
which helped further for the template validation.

The template docking helped to reveal the binding
conformations of linear μ-opioid peptides, where the N-
terminal of the peptides was oriented toward the bottom of the
binding site, while the C-terminal toward the opening (see the
alignment of EM1, a μ-agonistic peptide, Figure 8B) (note:
prior to the docking modeling, our modeling was only able to
show the relative conformation of the peptide in reference to
the template). Indeed, the binding conformation was shown to
be correct with the cryo-electron microscopy structure of
DAMGO recently15 (PDB ID: 6dde).
In addition, the docking pose of the template was also able

to help for the understanding of some classical SARs of opioid
ligands. For example, the N-PhEt moiety of the template at the

docking is inserted deeply into the bottom of the binding
pocket (see Figure 8A), which helps to account for the
significantly enhanced binding affinities often associated with
the N-PhEt-bearing ligands.16 Thus, the template’s docking
modeling was supporting the template validation.

General Features of the Template. Morphinan Core and
the Extended Scaffold. The template consists of a morphinan
core along with a largely extended scaffold. Overall, the
template appears to be a rigid structure embodying a number
of fused rings, along with many other structural features, such
as aromatic zones, hetero-atoms, and μ-selectivity-related
moieties (see Figure 9).

Designated Loops and Special μ-Features. We have
designated several special loops of the template (Figure 9):
the inner (red), the in-middle (blue), and the up-middle
(green). Meanwhile, we have also identified a few structural
features of the template relevant to the μ-selectivity of the
ligands: (a) Ph/Ind; (b) N-PhEt; (c) up-middle loop; (d)
front benzoyl (see Figure 9). In addition, there are also some
other features of the template, such as the embedded
backbones of the peptide ligands, which will be discussed in
Part 2 of this report. All of these features will be of help to
facilitate the discussions below.
In our previous study, by aligning a variety of opioid ligands

with morphine, we proposed three backbone-conformational
models, corresponding to the three types of opioid peptides8

(Figure 10A). In this study, the three conformational models
are correlated, respectively, to three special loops of the
template: the up-middle (green), the inner (red), and the in-
middle loops (blue) (Figure 10B). As shown in the figure, the
previous backbones models and the three special loops are
pretty consistent with each other in terms of their relative
positions and orientations. This comparison helps to reveal the
intrinsic correlations of the template with the backbones/
scaffolds of opioid ligands relative to the binding selectivity.
And the correlations would, thus, allow us to exploit this μ-
agonist-specialized template for δ- and κ-ligands’ modeling, as

Figure 7. Comparison between the binding poses of the experimentally determined and the modeling predicted of the three ligands (stereoview).
(A) The three crystal structures of DIPP-NH2, Bu72, and β-FNA overlap at the morphinan core; (B) the similar binding poses are seen, as the
three ligands are co-aligned with the template.

Figure 8. Docking the template at the binding site of μ-receptor. (A)
On docking, the scaffold of the template (in green) appeared to fit
well by size and 3D-shape to the binding pocket. (B) The alignment
of EM1 shows the downward orientation of the N-terminal.
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well (see related discussions in Examples of Applications
below).
Examples of Application. As anticipated initially, the new

template worked indeed much better in facilitating our
alignment modeling of a wide variety of opioid ligands. And
the extended scaffold of the template was able to help for us to
improve the alignments of several special μ-ligands as proposed
in our previous study (e.g., Em-Mm,17 etonitazene, salvinorin
A, and CJ-15 208), and the updated alignments were shown to
account well for the related SARs (see examples in Case
Studies below).
With the new template, many potential applications in

medicinal chemistry studies can be expected, such as ligand−
structure correlations, binding-pose predictions, SAR inter-
pretations, recognition of the structural features of antagonists
vs agonists, and so on.
General Guidelines for the Alignment Modeling. For

an aligning process, we will need first to examine the whole
scaffold of a ligand so as to recognize and match the key
moieties to the corresponding parts of the template, followed
by matching the rest of the molecule. Meanwhile, we will need

to observe a number of match patterns in the aligning process
(see a list of the match patterns in “Supporting Information” at
the end of this article). However, the rule of thumb for the
ligand aligning is straightforward, just “SIMILAR to
SIMILAR”. In addition, as discussed in our previous study,8

the alignment modeling requires only the approximate
conformational fit of a ligand with the template, while taking
into account most of the special structural match patterns
between them.
Due to the structural complexity of the template, it is not

always straightforward to determine a meaningful alignment of
ligands. In fact, we need to handle the confusing cases pretty
often, such as with ligands having unique scaffolds or
possessing more than one potential alignment. In many
cases, however, the special μ-features as well as some other
characters of the template can be utilized to assist the matching
process.
There are three major approaches we take to verify the

putative alignments of ligands: to match with the μ-features, to
fit with SAR data, and to compare with the structures of well-
verified ligands. Although largely empirical in nature, these

Figure 9. Structural features of the template. The template possesses a unique scaffold consisting of a morphinan core along with a largely extended
scaffold, where identified are several μ-selectivity-related features as noted with letters a−d as well as a few special loops in different colors: the
inner (red), the in-middle (blue), and the up-middle (green).

Figure 10. Correlations between the three backbone-conformational models of opioid peptides and the three special loops of the template
(stereoview). (A) The three backbone-conformational models (μ: green, δ: red, and κ: blue); (B) the corresponding loops (the up-middle: green,
the inner: red, and the in-middle: blue).
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approaches, when applied in combination, have proven to be
effective in verifying the ligand alignments.
Case Studies. Interpretation of Salvinorin A as a κ-

Agonist and Herkinorin as a μ-Agonist. Salvinorin A is a
naturally occurring κ-agonist, while Herkinorin and Kurkinor-
in, the two close analogs, are pure μ-agonists18 (Figure 11).
Salvinorin A has a unique neoclerodane scaffold, which does

not contain a prototypic amino group that many opioid ligands
have. And also, Salvinorin A’s scaffold is rather symmetric,
allowing for multiple alignments. So how to properly align
Salvinorin A as well as its analogs was a complicated case in
our previous modeling.
The originally proposed alignment matched Salvinorin A’s

A/B rings to the morphine’s D/C rings, respectively.8 With the
same alignment, Herkinorin’s 2O-benzoyl group was matched
to the μ-featured N-PhEt to account for the special μ-
selectivity of this ligand (see the blue-circled area in Figure
12A). However, that alignment did not seem to be a smooth

one because Herkinorin’s A-ring without an amino group was
not really a good match to the nitrogen-containing D-ring of
morphine. And also, the 2O-benzoyl ester of Herkinorin and
the N-PhEt of the template were structurally not a good match.
In addition, the alignment did not seem to make sense in
interpreting the enhanced μ-affinity of Kurkinorin with a
double bond at the A-ring19 (Figure 11).
Aided with the extended scaffold of the new template, we

realigned Salvinorin A as well as the two analogs. And the
updated alignments appeared to be much better for under-
standing the special SARs of these ligands (see Figure 12B).

(i) With the new alignment, Salvinorin A’s κ-binding is well
explained. As shown in Figure 12B, the central area of

Salvinorin A along with the furan ring is aligned
smoothly to the in-middle loop (indicated with blue
ball−sticker rendering), which is the κ-specific area of
the template corresponding to the κ-backbone-con-
formational model (Figure 10). So, this alignment can
well account for the κ-activity of this ligand (this is a
typical example to show how the μ-agonist template can
be applicable for the alignment of δ-/κ-ligands. Another
case can be seen below with the interpretation of the δ-
antagonism of DIPP-NH2).

(ii) At the new alignment, Herkinorin’s 2O-benzoyl moiety
responsible for the μ-binding is aligned to the front area
of the template, a new μ-feature hence being proposed
and being verified later on with the alignments of several
other special μ-agonists (see discussions below and in
Part 2 of this report). Presumably, the 2O-benzoyl can
also work to block Herkinorin from binding to the κ-
receptor so as to account for the exclusive μ-binding of
this ligand (EC50: μ/κ = 3.0/>10 000 nM). For
Kurkinorin, on the other hand, its A-ring has a double
bond in conjugation with the neighboring carbonyl
group, which can make a better match with the local
aromatic ring of the template (see Figure 12B), so as to
account for the enhanced μ-affinity of this ligand (Ki =
1.2 nM) vs Herkinorin (Ki = 40 nM).19

Further Refinement of the Front Benzoyl. Herkinorin’s
new alignment helped to reveal the front benzoyl of the
template as a new μ-feature. Upon the recognition, we looked
further at several other special μ-ligands able to align their key
moieties with the front benzoyl (such as JOM-5 Mm20 and
Em-Mm17), which greatly helped for validation of the front
benzoyl as a new μ-feature (see the detailed discussions in Part
2 of this report).

Alignment of the Crystal Structure of DIPP-NH2. DIPP-
NH2 (H-Dmt-Tic-Phe-Phe-NH2, Dmt = 2,6-dimethyltyro-
sine), as mentioned above, is a mixed δ-antagonist/μ-agonist,13

and its binding conformation at the μ-receptor is considered to
be the same as at the δ-receptor. Thus, by aligning the crystal
structure of DIPP-NH2 (PDB ID: 4rwa)21 with the template,
we are set up to assess the SARs of this ligand.

As μ-Agonist. Figure 13 shows the alignment of the crystal
structure of DIPP-NH2 with the template, where Dmt1 is
aligned around the morphinan core, similarly to the Tyr1 of
many other μ-peptides, while the rigid bicyclic moiety of Tic2

is aligned to the inner loop, a pattern commonly seen with δ-
ligands (refer to Figure 15). Upon the alignments, the
backbones of Phe3 and Phe4 are consequently matched to
the up-middle loop of the template (the green lines). Since the
up-middle loop is the important μ-feature of the template as

Figure 11. Structures of Salvinorin A, Herkinorin, and Kurkinorin.

Figure 12. Alignment of Herkinorin. (A) The 2O-benzyl moiety was
matched to the μ-featured N-PhEt in the previous alignment (blue
circled). (B) With the current alignment, the 2O-benzyl is aligned to
the front area (red circled) as a new μ-feature to account for the high
μ-binding selectivity of this ligand.
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mentioned previously, this close match can quickly account for

the μ-agonist activity of DIPP-NH2.

As δ-Antagonist. Backbone/Scaffold Mismatch as a
Structural Basis for Opioid Antagonism. As frequently
observed in our modeling, although the majority of μ-agonists

Figure 13. Alignment of the crystal structure of DIPP-NH2 (stereoview). The backbone segments between Phe3 and Phe4 of DIPP-NH2 are
matched to the up-middle loop (green lines) of the template so as to account for the μ-agonist activity of this ligand.

Figure 14. Co-alignments of Alvimopan and EM1. Both Alvimopan and EM1 are aligned with the template to reveal an apparent one-bond-less
mismatch of Alvimopan’s key moiety vs EM1’s, (right panel: the dashed arrows indicate the correlated atoms between the two ligands).

Figure 15. δ-ligands aligned at the δ-specific area. (A) Top view of the template to show the δ-specific area (green lines); (B) δ-Agonist TAN-67
aligned bond-to-bond to the δ-specific area; (C) δ-antagonist (N-CH3)-analog of NTI aligned in one-bond-less mismatch to the δ-specific area;
(D) alignment of the crystal structure of δ-antagonist DIPP-NH2 with the Tic moiety in one-bond-less mismatch.
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display bond-to-bond match of their key backbones/scaffolds
to the template, μ-antagonists often show mismatches
(typically mismatched by one or more bonds). Presumably,
this type of backbone/scaffold mismatch is one of the
important structural bases for opioid antagonism.
Built up with μ-agonists, the template is considered to be μ-

agonistic in nature, namely, the template, if placed at the
binding site, would behave just like a large μ-agonist so as to
keep the receptor in activated conformation. However, if some
key structures of the template are altered by inserting/deleting
a bond or shifting a key moiety to a nearby location of the
scaffold, the original agonistic nature of the template would be
disrupted, so as to result in failure in activating the receptor, a
prospective mechanism for μ-antagonists associated with the
backbone/scaffold mismatch.
As an example, Figure 14 shows the co-alignments with the

template of both μ-antagonist Alvimopan (in red) and μ-
agonist EM1 (in green). As we can see, although the backbone
of EM1 is in a bond-to-bond match with the template, there is
a one-bond-less mismatch with Alvimopan’s as compared to
EM1’s (see the right panel, Figure 14).
Accounting for the δ-Antagonism of DIPP-NH2. With

the bond-mismatch notion discussed above, the structural basis
for DIPP-NH2’s δ-antagonism is understood. As mentioned
previously, the inner loop of the template is δ-specific (see
Figures 10 and 15). So δ-ligands that are bond-to-bond aligned
with the loop would be agonists (such as TAN-67,22 Figure
15B) or would be the antagonists if mismatched (such as the
N-CH3 analog of NTI,23 Figure 15C).
When the crystal structure of DIPP-NH2 is aligned to the

template, a one-bond-less mismatch of its key moiety between
Dmt1 and Tic2 with the inner loop (Figure 15D) is seen, with
which, the structural basis for the δ-antagonism of DIPP-NH2
is accounted.
The structural basis for opioid antagonism is an often

discussed topic in opioid studies.24−26 Here, our backbone/
scaffold mismatch-related modeling on DIPP-NH2 and the
other opioid ligands offers a new way to look at the potential
structural relationships between the agonists and the
antagonists (for more examples of opioid antagonism due to
the backbone/scaffold mismatch, see CJ-15 208 discussion
below as well as some others in the Supporting Information).
Interpretation of the SARs of CJ-15 208. CJ-15 208

[c(Phe1-D-Pro2-Phe3-Trp4)] is a cyclic opioid peptide with
both κ- and μ-antagonistic activities27,28 (see Figure 16A)
(note: although trans-configuration is set for the amide bond
between Phe1 and D-Pro2 in Figure 16A−C, a minor
population of the cis-configuration can co-exist, as indicated
in conformational studies with EMs29−31).

To understand the structural basis for CJ-15 208’s μ-
antagonism, we need first to align the structure with the
template properly. Different from many other cyclic opioid
peptides, CJ-15 208 did not have an exo-ring Tyr1 to guide the
aligning process, adding difficulties in the initial match process.
After rigorous searching, we eventually identified an alignment
as the best one (shown in Figure 16B). With this alignment,
the backbone segment between D-Pro2 to Trp4 was aligned
bond-to-bond to the up-middle loop as the μ-specific area,
where the Phe3 side chain was matched to the Ph/Ind moiety
of the template.
Here, we decided to align Phe3 but not Trp4 with Ph/Ind

mainly because of the relevant SAR data. The Ph/Ind moiety
of the template, as observed in our modeling, was stereo-
specific in most cases, only aligning to L-AA-related structures.
However, the SAR studies showed that replacement of the L-
Trp4 of CJ-15 208 with D-Trp4 was tolerated, and the D-Trp4

analog was even more potent than L-Trp4 at μ-binding.27 On
the other hand, Phe3 of CJ-15 208 was L-specific. So, it was
suitable to match Phe3 with Ph/Ind, while Trp4 was aligned
accordingly to the end of the up-middle loop, where the steric
demanding as well as substituent effects were relatively low
(note: most of the edge areas of the template, as observed in
our modeling, were associated with relatively low steric/
substituent effects). And at this setting, the less significant
residue Phe1 was aligned to the front edge of the template to
agree with the SAR (to be discussed below). Thus, the overall
alignment seemed to well account for the μ-binding of CJ-
15 208, (but not yet the μ-antagonism).
With the ligand’s alignment determined, we can now

examine further the SARs of CJ-15 208.
Difference between Phe1 and Phe3 on Binding

Affinities. An alanine scan in SAR studies indicated that
Phe3 was necessary for high μ-affinity, while Phe1 was not,27

data for which can be interpreted readily with the current
alignment. As shown in Figure 16B, Phe3 is matched to the
Ph/Ind moiety with the μ-featured up-middle loop so as to
account for its significant effect on μ-binding, whereas Phe1 is
aligned to the front of template as an edge area, which is
considered to be relatively low in sensitivity to steric or
substituent effects (as mentioned above). Thus, the front area
alignment can account for the less significant effect of Phe1 on
the μ-affinities.

μ-Antagonism of CJ-15 208. As shown in Figure 16C,
although the backbone between Phe3 and Trp4 of CJ-15 208 is
bond-to-bond matched to the up-middle loop, an apparent
two-bond-less mismatch exists around where Phe1 is aligned
(see the red circle in Figure 16C). Although the front area is a
less significant zone for μ-binding as compared to the up-

Figure 16. Alignment of CJ-15 208 as μ-antagonist with the template. (A) CJ-15 208, a naturally occurring cyclic opioid peptide; (B) CJ-15 208 is
aligned as a μ-antagonist with the template; (C) at the alignment, the backbone of CJ-15 208 shows two-bond-less mismatch with the template
(green lines).
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middle loop, presumably the two-bond-less mismatch occur-
ring at the front area will significantly shorten the distance
between Phe1 and Trp4, so as to disturb the bond-to-bond
alignment at the up-middle loop. Thus, the μ-antagonism of
CJ-15 208 is interpreted.
Conversion of CJ-15 208 into a μ-Agonist. Based on the

above understanding, it appears to be possible to transform CJ-
15 208 from a μ-antagonist into a μ-agonist through extending
its backbone segments around Phe1 to match with the
template. Interestingly enough, this idea was examined already
by a group in Italy recently.32 The authors used β-Ala1 to
replace Phe1 so as to prolong the backbone by one bond
(Figure 17A), a modification for which indeed gave rise to a
full μ-agonist analog, along with high μ-selectivity and affinity.
It should be noted, however, that the one-bond extension

here does not really make the β-Ala analog in bond-to-bond
match with the template. Instead, a one-bond-less mismatch
still exists, which otherwise would suggest it to be an
antagonist (Figure 17B). For this issue, we seek a possible
explanation by looking into the alignment itself.
As mentioned above, the two-bone-less mismatch of CJ-

15 208 significantly shortens the distance between Phe1 and
Trp4 so as to cause the μ-antagonism of CJ-15 208. On the
other hand, the alignment of β-Ala analog at the front area
appears to be pretty smooth, and the distance between β-Ala
and Trp4 looks rather close to that of the bond-to-bond match
(Figure 17B). So presumably, this one-bond-less mismatch
does not cause much disturbance to the backbone aligned at
the μ-featured up-middle loop, so that this ligand can still act
as a μ-agonist.
In addition, the above-discussed alignments/SAR interpre-

tations for CJ-15 208 and the analog may be applicable as well
in accounting for the potent μ-binding and agonistic activities
of a class of special cyclic EM1 analogs, since they are also the
atypical cyclic peptides with the similar sequences.33,34

Part 2. Template Refinement. This part is focused on the
template refinement and validation, an important process in
the template construction. After construction of the prelimi-
nary template (see Figure 4 in Part 1), we have made great
efforts into refining the scaffold, process for which is still
ongoing. Herein, we will illustrate how the template is stepwise
refined and validated, how it will help us understand the SARs
of individual ligands, and also how we can contemplate further
improvements.
As mentioned in Part 1, template refinement is an iterative

process. Upon alignment of the various μ-ligands with the
template, we carefully analyzed the aligning patterns of the

backbone/scaffolds of ligands so as to identify their common
structural features for improvement of the template scaffold.
This refinement and validation process has been carried out
repetitively for all parts of the template scaffold. Therefore,
almost every portion of the template is derived from multiple
ligands, even though only a handful of them will be discussed
herein.
To facilitate the discussions below, we divide the template

scaffold into six regions: A−E and the back region (differently
colored in Figure 18), each having special structural features
for the ligand alignment.

Region A (the Green Zone). Region A is basically
constituted with the core of morphine as well as many other
classical morphinan derivatives. Conventionally, the mor-
phinan core is considered as the message to achieve the
opioid activity, while a special “address” is needed for opioid
ligands to confer their receptor selectivity. For the peptide
ligands, the address is usually related to AA2 and the residues
beyond8,35 (see also discussions of Region C (the Blue Zone)
below). However, there can also be other address moieties for
opioid ligands, e.g., the μ-features of the template for μ-ligands
(see Part 1 of this report). Typical examples of μ-ligands,
which can be aligned at Region A, include both the morphinan
and the nonmorphinan derivatives, such as 1−416,36 and 5−637
(Figure 19). Thus, the μ-featured N-phenethyl moiety is the
address component of the ligands (see Figure 19A).
Nature has uniquely structured the morphinan core. It seems

that appropriate alignment with the core is essential for an
opioid ligand to achieve good affinity and activity, whereas a
misalignment as caused by a substituent, a steric, or other
factors would potentially result in significant changes in
binding behaviors of the ligands. 5, for example, is a potent μ-
agonist [Ki(μ/δ/κ) = 0.19/13/184 nM].37 As shown in Figure

Figure 17. Conversion of CJ-15 208 from μ-antagonist to μ-agonist. (A) One-bond extension of CJ-15 208’s backbone resulted in a μ-agonistic β-
Ala analog; (B) the one-bond-less alignment of the β-Ala analog (thick lines) appears to fit smoothly to the template (green lines), as compared to
that of CJ-15 208 (gray lines).

Figure 18. Six regions of the template. The scaffold of the template is
divided into six differently colored regions: A−E and the back region,
each with special structural features for the ligand alignment.
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19B, 5 has a 9S-OH in its scaffold, which can make a
heteroatom match with the oxygen atom at Region A of the
template (see Figure 19B), so that it displays high binding.
However, 6, the epimer, is a weak binder [Ki(μ/δ/κ) = 59/
1570/245 nM],37 because the 9R-OH of 6 sterically does not
fit (Figure 19C).
For many opioid peptides, Region A is where their first two

residues at the N-terminal are aligned (often Tyr1 and Pro2 for
the μ-selective peptides38). The Pro2 of μ-peptides, as
proposed in the previous study, plays a critical role in keeping
the AA2 backbone oriented perpendicularly to the C-ring of
morphine,8 so as to promote the successive backbones to align
with Region C to achieve the μ-selectivity (see Region C (the
Blue Zone) discussion in the following section).

In addition, we proposed two possible backbone con-
formations in our previous study for the two N-terminal
residues aligned at this region, the μ- and the δ-alignments.8

However, we now drop the “μ-alignment” and only keep the “δ
alignment”, since the δ alignment appears to work well with all
of the cases in our modeling.
Region A does not retain the 4,5-epoxy ring (the E-ring) of

morphine, because this moiety does not seem to be a necessary
component, while its presence would rather interfere with the
template refinement. However, awareness of a potential five-
membered ring existing at this position would be of help for
the alignment of related ligands (e.g., the five-membered ring
of EMs’ Pro2 or of CJ-15 208’s D-Pro2; see the related
alignment in Part 1).

Figure 19. Ligand alignment at Region A (the green zone). Several μ-selective morphinan derivatives are aligned in this region (e.g., 1−6), where
their morphinan core is considered as the message and the N-PhEt as the address. (A) The alignment of 1 at Region A indicates the N-PhEt group
as an address for the μ-binding selectivity; (B) the steric match of the 9S-OH of 5 with the template’s oxygen atom at Region A ensures the high μ-
binding of this ligand; (C) the low μ-affinity of 6 is attributed to the sterically mismatched 9R-OH group.

Figure 20. Ligand alignment at Region B (the pink zone). 7 and 8 are two rigid μ-agonists and their alignments contribute to the construction of
Region B; 10, on the other hand, is a naturally occurring μ-agonist with a bulky and rigid scaffold, alignment for which helps for validation of the
structures of Regions A and B.
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Region B (the Pink Zone). This region contains a phenyl
moiety at top of the scaffold, which is considered as one of the
special μ-features (see discussions in Part 1). However, this
phenyl moiety for high μ-selectivity appears to be mostly
associated with special ligand types, i.e., those with rigid
scaffolds and aligned at Regions A and B (such as 8 and 10 in
Figure 20).
7 [Norbuprenophine, Ki(μ/δ/κ) = 0.07/3.14/0.91 nM]39

and 8 [Ki(μ/δ/κ) = 0.90/2.1/65 nM]12 were the two major
building blocks for the construction of Region B (see their
alignments in Figure 20).
10 (Cebranopadol) is a naturally occurring opioid ligand

with potent μ-binding activity ([Ki(μ/δ/κ) = 0.7/18/2.6
nM]40), rigid and bulky scaffold for which can be aligned to
Regions A and B (Figure 20) to provide a good validation of
these two regions. Although 10’s scaffold contains a spiro-ring,
which conformationally does not fit the template, the major
scaffold with the top phenyl as well as the dimethylamine
substituent matches well with the template. And because of the
overall balanced alignment, this ligand can still bind effectively
to the μ-receptor (see Figure 20). Thus, this case can serve as a
good example to showcase the importance of an overall
structural and conformational match of a ligand in the
alignment modeling.
Region C (the Blue Zone). There are a large number of

opioid peptides reported in the literature, including the linear
and the cyclic peptides, many of which are excellent μ-agonists
with high selectivity and affinity.38,41,42 Yet, most of the linear
μ-peptides were not selected as building blocks for the
template construction because of the high conformational
flexibility associated with their structures. However, after the
template was basically constructed, the linear μ-peptides were

efficiently used for the refinement and validation (see examples
in the discussion below).
Our modeling has revealed that the majority of the linear μ-

peptides, naturally occurring or synthetic (e.g., endomorphins,
morphiceptin, dermorphin, DAMGO, DALDA, PL017, etc.),
can all be aligned with the template in a similar pattern. As
shown in Figure 21A, the embedded ball−stick rendering (with
nitrogen atoms labeled in blue) is the common backbone
alignment of AA1 through AA4 of the linear μ-peptides.
Region C, mainly built with the backbones (AA2−AA4) of

μ-peptides, still retains some of the peptide-bond features, such
as the α-carbon and the carbonyl group, as well as the nitrogen
atoms (see Figure 21A). The structures and conformations of
Region C were well refined with the alignments of many
peptide/peptidomimetic μ-ligands and were also validated with
the experimentally derived binding conformations of two well-
known peptide ligands: DIPP-NH2

21 and DAMGO15 (see
Figure 21B).
Region C has been identified as one of the most important

μ-features of the template, as almost all of the μ-peptides/
peptidomimetics are shown to align their backbone segments
to this region. On the other hand, the side-chain effects at this
region do not seem to be very significant. For instance, the
AA4 can be Phe4, Sar4, or β-Ala4 (see ref 38). In addition, Phe3,
often as an important residue, does not seem to be special with
μ-peptides, as many δ-peptides also possess Phe3 in their
structures.38

It seems that keeping the backbones aligned with Region C
is a key factor for the high μ-binding of many opioid peptides.
And the side chains (or some other structural factors) are
considered mostly to play assisting roles for the backbones to

Figure 21. Embedded backbones of μ-peptides and Region C. (A) The backbones of AA1 through AA4 of the μ-binding peptides are embedded in
the template (in stereoview, with the peptide-bond nitrogens labeled), while Region C still retains some of the peptide-bond features; (B) aligned
to Region C as well as the whole embedded backbones are the binding conformations of DIPP-NH2 and DAMGO.
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be properly aligned, which can be illustrated with the following
examples.
Pro2 is known to be an important feature of many μ-selective

peptides.8,38 However, a few well-known μ-peptides without
Pro2 still show high μ-selectivity, which would be attributed to
some special factors involved in their structures to keep the
backbones aligned to Region C. For example, DAMGO (H-
Tyr-D-Ala-Gly-N-MePhe-Gly-ol) without Pro2 displays high μ-
selectivity [Ki(μ/δ) = 1.22/1280 nM].43 Presumably, here the
N-methylation of its Phe4 (Figure 22A) is partly responsible
for the high μ-selectivity44 and its presence reinforces
DAMGO’s backbone to align at Region C. The similar effect
of the N-methylation to enhance μ-selectivity is seen with
DAS-DER (H-Tyr-D-Arg-Phe-Sar-OH; Sar = N-MeGly).45 In
addition, DAMGO’s terminal Gly5-ol moiety may also
contribute to the alignment to Region C, since this moiety
can be bond-to-bond matched to Region D to stabilize the
backbone alignment at Region C (see Figure 22A). DALDA
[H-Tyr-D-Arg-Phe-Lys-NH2; Ki(μ/δ) = 1.69/192000 nM]43 is
another example of μ-peptide without Pro2. And here the D-
Arg2 is considered as the special factor for the backbone to be
aligned at Region C, as the side chain of D-Arg2 including the
terminal guanidino group can be well aligned to Region D as
well as Region E (Figure 22B), so as to facilitate the backbones
aligned at Region C. In addition, the Lys4 side chain of this
ligand, similar to DAMGO’s Gly-ol, can also be bond-to-bond
aligned to Region D, so as to further stabilize the backbone
alignment at Region C. Likewise, 11 (H-Dmt- D -Aba-Gly-NH-
Bn), a μ-selective peptidomimetic [Ki(μ/δ) = 0.46/11.0

nM],46 has a special D-Aba2 to keep its Gly3-NH-Bn aligned
at Region C (Figure 22C).
In addition to μ-agonists, μ-antagonists can also be aligned

to contribute to the template refinement and validation. For
example, 12 (Alvimopan) is a peptidomimetic μ-antago-
nist,47,48 and its peptide-mimicking moiety at top of the
scaffold can be aligned to Region C, where an apparent one-
bond-short backbone mismatch is accountable for the μ-
antagonistic activity of this ligand (Figure 22D; see also Figure
14 in Part 1). Thus, the alignment of 12 as a μ-antagonist can
help for the refinement and validation, as well.

Region D (the Purple Zone). Region D is a relatively
complex zone, and a wide variety of μ-ligands were involved for
its construction. As shown in our modeling, many of the μ-
ligands align their μ-selectivity-related moieties there, indicat-
ing that Region D would be of rich μ-features.
Region D was mainly constructed based on a number of μ-

selective cyclic peptides that contained an exo-Tyr1 attached to
their macrocyclic rings.38,49,50 The Tyr1 moiety can be quickly
matched to Region A, so as to facilitate the alignment of the
rest of the molecules.
Most of the macrocyclic rings of the cyclic peptides are

formed with 3−5 residues by connecting the side chain of AA2
to another residue at the C-terminal of the sequences.
Therefore, the two opposite rims of the macrocycles are
structurally distinct, with one featuring the peptide backbone,
and the other featuring the side chains. Initially, it was difficult
to determine the orientations of the macrocyclic rings because
both Regions C and D were not formed at that point (refer to

Figure 22. Ligand alignment at Region C (the blue zone). Region C is one of the most important μ-features of the template, as the majority of μ-
peptides/peptidomimetics align their backbone moieties at this region to assume μ-selectivity, such as DAMGO (A) and DALDA (B) as the μ-
peptides, and 11 (C) as the μ-peptidomimetic; (D) a key moiety of 12 (Alvimopan) is aligned at Region C as a μ-antagonist.
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Figure 4 in Part 1). And hence, there seemed to be multiple
ways for the two rims of the macrocyclic rings to be arranged:
to the back region, to Region C, or to Region D.
Nevertheless, it was later found that the backbone rim would

be best aligned to Region C, which would be in accordance
with the μ-backbone orientation as roughly set with the
preliminary template (see Figure 4), so as to leave the back
region for the δ- and the κ-backbone alignment (refer to Figure
10 in Part 1). Meanwhile, the side-chain rim, often variable in
length and structure, appeared appropriate to be matched with
Region D. Region D was found to be an area with greater
structural variety according to the alignment patterns of many
μ-ligands. Thus, the backbone and the side-chain rims of the
cyclic peptides were aligned to Region C and Region D,
respectively, to help define the two regions.
The literature data indicated that both the μ-selectivity and

affinities of the cyclic peptides were affected by the ring sizes as
well as the nature of substituents,49,51 which information was
of help for the refinement of Region D. For example, shown in
Table 1 are four cyclic enkephalin analogs (13−16) along with
their related SAR data. As we can see, all four analogs have the
similar sequences (different only with AA2), featuring the
variable lengths of the side chains of AA2s, thus the resulting
macrocycles in different sizes. And also, all of the cyclic analogs
display lower binding affinities than their linear counterparts
(see Table 1; data for the linear peptides are shown in the
blanket), but their μ-selectivity is more or less enhanced,
especially with the 14-membered analog, which shows the
highest μ-selectivity among the others.51

These SAR data can be understood with the alignments of
the analogs. For example, the linear peptides display high
binding affinities but little binding selectivity, which is because
their backbones can be equally aligned either at the μ-specific
Region C or at the δ-specific area in the back region. For the

cyclic analogs, however, although their backbone rims of rings
are aligned to Region C, the side-chain rims are aligned at
Region D, which would help to stabilize the backbone
alignment at Region C, thus to enhance the μ-selectivity.
In addition, 14 (the 14-membered cyclic analog) can be

bond-to-bond aligned at Region D (see Figure 23A). Note that
the existing bond-to-bond match pattern may not be seen
clearly in the figure, while 13 and 15, the D-A2pr and the D-Orn
analogs, are aligned by one-bond shorter and one-bond longer,
respectively. Therefore, the difference in the aligning pattern of
the ligands can account for the higher μ-selectivity of 14. On
the other hand, the 16-membered analog can also be bond-to-
bond aligned, but via a different pattern (see Figure 23B), with
which, the altered activity profile of 16 can be interpreted (i.e.,
with the higher μ-affinity but reduced δ/μ-ratio). Coincidently,
the similar ring-size effects were reported also in a recent study,
in which the 14-/16-/17-membered derivatives were displaying
high μ-affinities, while the 15-membered showed only low μ-
binding. And also, the 14 membered was associated with the
highest μ-selectivity among all.52

However, it should be noted that the above ring-size-related
pattern may not be critical to some special cyclic peptides. For
instance, the β-Ala analog of cyclic peptide CJ-15 208 as
discussed in Part 1 does not appear to follow this pattern,
which having a 13-membered ring instead of the best-sized 14
membered was shown to be a potent μ-agonist.32 In addition,
also reported in the same article was a γ-Ala analog (14-
membered), which turned out to be a δ-agonist.32 The special
structural factors for those seemingly contradicted SARs of the
ligands will be discussed elsewhere.
Moreover, as compared to the linear peptides, the lower

affinities associated with the cyclic analogs (Table 1) can be
partly attributed to the distorted conformations of the side
chains of AA2 as well as the backbones of Leu5 due to their

Table 1. Ring-Size Effects on the μ-Binding Affinity and Selectivity of the Cyclic Peptidesa

IC50 (nM)

cyclic peptide ring size μ δ δ/μ

13 = Tyr-c[D-A2pr-Gly-Phe-Leu] 13 95.8 (3.97) 118 (5.51) 1.23 (1.13)
14 = Tyr-c[D-A2bu-Gly-Phe-Leu] 14 24.9 (10.1) 253 (8.94) 10.16 (0.72)
15 = Tyr-c[D-Orn-Gly-Phe-Leu] 15 56.6 (5.89) 221 (6.81) 3.90 (0.95)
16 = Tyr-c[D-Lys-Gly-Phe-Leu] 16 22.4 (4.08) 32.2 (9.57) 1.44 (1.92)

aAll of the cyclic analogs display lower binding affinities than their linear counterparts, but their μ-selectivity is more or less enhanced, especially
with the 14-membered analog (data in parentheses are for the linear counterparts).

Figure 23. Alignment and SAR interpretation of cyclic peptides with different ring sizes at Region D (the purple zone). Depending on their ring
sizes, μ-selective cyclic peptides can be aligned at Region D in different patterns, with which, their different binding profiles can be accounted for.
(A) The 14-membered cyclic analog can be bond-to-bond aligned at Region D to account for its higher μ-binding affinity and selectivity; (B) the
16-membered analog can also be bond-to-bond aligned but in a different pattern, which can account for the higher μ-affinity but reduced δ/μ-ratio
of this ligand; (C) the 18-membered analog can be aligned bond-to-bond around the edges of Region D, which can probably interpret the
extremely high μ-affinity and selectivity of this ligand.
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involvement in the ring formation. These two moieties would
be best aligned along the left and the right edges of Region D
to achieve high μ-affinities, a pattern that we have observed
from the alignment modeling on a number of μ-ligands.
(Below we can see such an example with 17, an 18-membered
macrocyclic peptide).
Another example of a cyclic peptide for the refinement is 17

(Tyr-c[D-Lys-Trp-Phe-Glu]-Gly-NH2), which showed ex-
tremely high μ-affinity and selectivity [Ki(μ/δ/κ) = 0.68/
127/5119 nM].53 As we can see, this ligand has an extra-large
macrocyclic ring (18 memberred) that can be bond-to-bond
aligned along the left and the right as well as the front edges of
Region D (Figure 23C) to account for its potent μ-affinity and
selectivity. In addition, its C-terminal residue (Gly-NH2)
appears to critically contribute to the high μ-selectivity, as one
of its analogs without the Gly residue showed high affinity but
reduced μ-selectivity.53

Besides the peptide ligands, the nonpeptide ligands also
contributed to the refinement of Region D. Many of the
nonpeptide μ-ligands with their μ-selectivity-related moieties
were aligned at this region, which helped further for the
refinement and validation. For example, 18 (fentanyl) is a well-
known opioid drug with potent μ-agonistic activity. This ligand
as well as many of its analogs has a relatively simple piperidine
scaffold,54 which can be aligned to Region A, where the N-
phenethyl group presumably plays a major role for the μ-
selectivity. Meanwhile, the N-phenyl and N-propionyl on the
other side of the scaffold are matched to Region D and the
back region, respectively (see Figure 24A). And the aligning
pattern suggests that both the moieties would also contribute
to the μ-selectivity of this ligand and is consistent with the
SARs as observed with many fentanyl analogs.54

19 (Etonitazene) is a well-documented μ-agonist displaying
high μ-binding affinity and selectivity.55,56 A previous align-
ment of 19 matched the main benzimidazole scaffold with
Region A.8 However, that alignment was questionable, because
some of the match patterns did not fit well. With the current
alignment, the p-ethoxybenzyl is matched to the aromatic zone
in the back region, and the diethylaminoethyl is aligned at
Region D, while the benzimidazole scaffold including the nitro

substituent is matched to the aromatic zones in both Region D
and Region E (Figure 24B) (region E is another important μ-
featured area to be discussed below). And all of the match
patterns seem to be smooth and meaningful, which would well
account for this ligand’s high μ-selectivity and affinity.
20 (JOM-5 Mm) is a peptidomimetic ligand with mixed μ-

agonist/δ-antagonist activity.20 This ligand’s THQ scaffold
along with the substituents can be aligned across three regions
of the template: Regions A, D, and E (see Figure 24C). The
alignment can account for the SAR data. For example, its DMT
moiety, just like the Tyr1 of the μ-cyclic peptides discussed
above, is aligned to Region A, which subsequently places the
THQ scaffold in Region D. The 6-benzyl shown to be
important for the μ-activity of this ligand57 is aligned to Region
E. The N1-benzoyl is positioned to overlap with the aromatic
zone in Region D to account for its μ-affinity enhancing effect.
21 (Em-Mm), designed as the β-turn mimetic of

endomorphin, was found to be a potent μ-agonist.17 Its
structure, featuring a rigid bicyclic scaffold with three large
substituents, is similar to that of 20. But the alignments of the
two scaffolds are quite different because of their distinct
substitution patterns. Although 20’s scaffold is aligned to
Region D, part of 21’s is aligned to the back region. And the
whole structure of 21 is aligned across three regions: Regions
A, D, and E (see Figure 24D). In this alignment, the Ni-p-OH-
phenethyloxyacyl, resembling the Tyr1 of a μ-peptide, is bond-
to-bond matched but along the inner edge of Region A, which
is different from the alignment of 20. In addition, the bicyclic
scaffold of 21 involving three amide bonds is a large
conjugated system, so that it can be better matched with the
aromatic zone in the back region.
As we can see, there appears no significant μ-feature

involved in the areas where both the scaffold and the N-p-OH-
phenethyloxyacyl of 21 are aligned. So, although these two
moieties seem to work merely as the message, the “μ-selectivity
address” for this ligand would be found with the other two
substituents. Indeed, the phenethyl substituent at “i + 2”
position is aligned to Region E and the benzyl at “i + 3” is
aligned to Region D, both in the μ-feature-rich zones. And the
SARs data also supports the alignment: the μ-affinity of the

Figure 24. Alignment of nonpeptide ligands at Region D (the purple zone). Many of the nonpeptide ligands align their μ-selectivity-related
moieties at Region D. (A) Fentanyl’s N-phenyl is aligned to Region D; (B) the diethylaminoethyl group as well as part of the benzimidazole moiety
of Etonitazene is matched to Region D; (C) although the DMT moiety of JOM-5 Mm is matched to Region A, its THQ scaffold is aligned to
Region D; (D) Em-Mm’s scaffold is aligned at Region D as well as the back region.
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ligand was significantly reduced when both the i + 2 and i + 3
substituents were replaced with Bn and nBu, respectively.17

Region D appears to be a special zone with rich μ-features
but it still is not fully defined at this time. As shown above,
several of the nonpeptide ligands align their μ-selectivity-
related moieties into this region, but there seems no clear
pattern seen to help further defining the regional μ-features.
Therefore, continued refinement of this region is warranted.
Region E (the red zone). Region E proves to be an

important μ-feature of the template. This region was not
initially recognized until the later stage of the template
construction, when Herkinorin’s 2O-benzoyl moiety was found
to be best aligned at this region to convey the ligand’s unique
μ-selectivity (see the related discussions in Part 1 of this
report).
It was found that some other μ-ligands were also best

aligned when their key moieties were matched to this region,
such as the above-discussed 19−21 as well as 25 and 26 (see
Figure 25).
25 (IQMF-4) with a fentanyl-related scaffold is a relatively

new μ-agonist.58 When aligned similarly to fentanyl, its
phenylpyrazol moiety is matched to Regions D and E, which
is in accordance with its μ-selectivity (Figure 25A).

26 (DBN-2) is a highly μ-selective agonist, and it has a
unique diazabicyclo[3.3.1]nonane scaffold with two N-
substituents attached.59 In our previous modeling, many
different ways had been tried for the appropriate alignment
of this ligand, but none of them seemed optimal. For instance,
although the diazabicyclo-nonane scaffold could be matched to
Region A by its structural features, the substituent-related
SARs were hard to interpret. Now with the μ-featured Region
E revealed, the new alignment of this ligand turned out to be
rather meaningful to account for the related SARs. By the
current alignment, the rigid scaffold along with the propionyl
substituent is smoothly aligned in Region C (Figure 25B), in
which one significant heteroatom match exists: N3 of the
scaffold is matched to the backbone nitrogen at this region.
Meanwhile, the 9-arylpropenyl substituent, with the double
bond and the aryl in conjugation, is well aligned to Regions D
and E. All of the alignment patterns can account for the high μ-
selectivity and potency of this ligand. Particularly interesting to
note is that this alignment can also account for the SARs of the
phenyl derivative of 26. As shown in Figure 25C, the additional
phenyl group (blue circled) is matched into a conjugated area
between Region A and Region E, where a linker structure has
been identified (see the discussion below) to account for the

Figure 25. Ligand alignment in Region E (the red zone). Many μ-ligands are best aligned when their key moieties are matched to this region. (A)
The phenylpyrazol moiety of IQMF-4 is matched to Region E as well as Region D; (B) With the diazabicyclo-nonane scaffold matched to Region
C, the 9-arylpropenyl substituent of DBN-2 is well aligned at Regions E; (C) In the alignment similar to DBN-2’s, the phenyl derivative of DBN-2
matches the phenyl group to the new linker area (see Figure 26C).

Figure 26. Ligand alignment for the linker construction. (A) 8-CAC and the derivatives; (B) Alignment of 28 shows good structural as well as
conformational match to both Region A (the green zone) and Region E (the red zone); (C) A linker between Regions A and E, as well as an
additional p-OH-Ph moiety, is generated accordingly.
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enhanced μ-affinity of this derivative (Ki = 5 nM) as compared
to 26’s (Ki = 13 nM).59

Linker. The template refinement has been undertaken
throughout the study, and in the latest process, a linker was
added between Region A and Region E (see Figure 26C). This
construction was mainly based on the alignment of a series of
aryl-containing N-monosubstituted analogs of 8-carboxamido-
cyclazocine (8-CAC).60 Among them, N-BPE-8-CAC (27)
displayed partial μ-agonist activity but with very high μ-binding
affinities [Ki(μ/δ/κ) = 0.3/0.74/1.8 nM],61 while the 4′-OH
analog of N-BPE-8-CAC (28) showed even higher μ-affinity
and selectivity [Ki(μ/δ/κ) = 0.0056/0.81/0.49 nM]. SAR
studies indicated that an ethylene spacer between the aryl and
the amide nitrogen of the 8-N-arylethyl (Figure 26A) was the
best for high potency.60

The 8-CAC scaffold of the ligands can be well matched to
Region A, which, in turn, orients the N-BPE (N-bis-
phenylethyl) moiety toward Region E (Figure 26B). Because
of the close disposition of the two regions as well as their
apparent structural correlations with the ligands, we thought
that a linker construction between the two regions would be an
interesting idea to facilitate the ligand alignment, with which
the current linker structure was generated (Figure 26C).
As we can see, the linker formation between Region A and

Region E extends each of the regions for the ligand alignment.
Although it somewhat distorts the regional structures, overall
the linker construction is pretty smooth, well incorporating
both the structural and conformational features of the 8-CAC
derivatives.
The linker structure was supported by docking modeling

(Figure 27), where the whole template was docked at the
binding pocket of the μ-receptor (PDB ID: 5c1m), and the
morphinan core of the template was superimposed to that of
Bu72 (the bound ligand). On the pose, the extended Region E
of the template was found existing between the TM4 and TM5
of the receptor, with no significant steric constraints against the
boundary of the binding pocket (see Figure 27) [it should be
noted that for that docking, there was indeed a steric constraint
of the top portion of the template against a short sequence at
the N-terminal of the receptor (G1SHSLX6). However, this
constraint was not considered to be significant, as this short N-
terminal sequence located at the opening of the receptor’s
binding pocket is thought to be highly flexible and would,
therefore, undergo an induced conformational adaptation

readily upon the binding of differently structured ligands
(e.g., the template in this case) to avoid an unfavorable steric
constraint].
The linker construction is of significance not only because it

facilitates the alignments of both 27 and 28 as well as the
phenyl derivative of 26 as mentioned above but also because it
helps to reveal more inclusive ligand-binding space of the
receptor’s binding pocket, which is beneficial for our continued
efforts in construction of a universal μ-agonist template that
will cover all of the ligand-binding space at the pocket.

■ SUMMARY AND CONCLUDING REMARKS
The template-based alignment modeling developed in our
recent studies is an innovative approach for SAR studies of
opioid ligands. As we previously reported, this approach
showed promise but also with the limitation, which was mainly
attributed to the small size of morphine as a template. To
overcome the limitation, we set out to construct an alternative
μ-agonist template with this study. The newly constructed
template contained a largely extended scaffold, along with a
few special μ-features relevant to the μ-selectivity of opioid
ligands. As demonstrated in this paper, the new template
showed significantly improved efficacy in facilitating the
alignment modeling of a wide variety of opioid ligands, in
terms of understanding the structural correlations as well as
interpreting the related SARs.
As illustrated in Part 2, refinement is a very important

process for the template construction, which has greatly
contributed to the validation and improvement of the
template. And the refinement process is still ongoing currently.
Besides the further validation and improvement, another

major goal for the template refinement is to reveal additional
μ-features on the scaffold so as to better construe the SARs of
various μ-ligands. As demonstrated in Part 2, although Regions
C and E appear to be the major μ-featured areas of this
template, μ-features can also exist anywhere around the
template. And apparently, there are still unsolved SAR
problems around Regions A and D as well as at the back
region. So we will continue to look into these areas for the
additional μ-featured structures or patterns.
How to understand the structural diversity and specificity of

GPCR ligands is a major topic in the studies of ligand−
receptor interactions. As we know well, the single binding
pocket of a GPCR receptor can accommodate a wide variety of

Figure 27. Docking the template at the binding site of the μ-receptor. The extended p-OH-Ph moiety of the template is found between the TM4
and TM5 of the receptor without any steric constraint (note: α-helices colored in red, β-sheets in blue).

ACS Omega Article

DOI: 10.1021/acsomega.9b02244
ACS Omega 2019, 4, 17457−17476

17473

http://dx.doi.org/10.1021/acsomega.9b02244


structurally diverse ligands, while on the other hand, each of
the individual ligands appears to be bound very specifically. As
we can understand better now, this scenario is simply because
all of the structures of ligands are highly correlated so that they
can be superimposed and merged to form a large artificial
template to represent the ligand-binding space of the receptor.
And according to the template-based alignment modeling, for a
ligand to bind effectively at the receptor’s binding pocket, high
structural specificity has to be met, namely, the major scaffold
as well as the key moieties of the ligand has to be adequately
aligned with the template.
With this vision in mind, we are able to interpret many of

the well-known SARs associated with the GPCR ligands, such
as the structural diversity and mutual correlations, the binding
specificity and selectivity, and agonism vs antagonism, etc.
Hopefully, by continued exploration with the innovative
template-based alignment modeling, we will be able to learn
further the deep nature of GPCR−ligand interactions.

■ MODELING METHOD AND GENERAL PROCESS
Information about the ligands and the related SARs was
collected from the literature. The structure drawings and
aligning were carried out with Accelrys DS Visualizer, a
molecular modeling software available from the Accelrys
Software Inc.62 However, the modeling study was essentially
based on the visual examination of the 3D structures of various
opioid ligands along with the analysis of their SAR data, a
typical means in conventional medicinal chemistry research,
rather than by any computational process.
Template Docking. Preparation of the Protein Chains of

an Agonist-Bound μ-Receptor. The file of 5c1m in pdb
format was downloaded from PDB (http://www.rcsb.org/). At
the interface of Accelrys DS Visualizer, by unchecking “Side
chain” at “Protein Groups”, all of the side chains of the
receptor’s protein chains were hidden from view with only the
backbone shown, so as to increase the visibility of the bound
ligand and to facilitate the subsequent docking process.
Docking the Template. With the bound ligand (Bu72) as a

position reference, the template was manually docked into the
binding pocket of the receptor, where the template and the
bound ligand were superimposed at their common morphinan
core (note: the superimposition was carried out in such a way
that the orientation of the template was able to be adjusted
slightly to avoid any steric constraints against the receptor).
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