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Introduction 

The three opioid receptors (µ, δ, and κ) are important targets for pain management and have also shown 
promise as targets for treatment of addiction and mood disorders. In the past, research in the field 
commonly focused on analysis of structure-activity relationships (SAR) and ligands’ conformational 
preferences. Recently, advancements permitted determination of crystal structures for each of the 
opioid receptors in their antagonist-bound states [1-5]. These structures, combined with computational 
approaches, permit examination of how opioid ligands may bind to opioid receptors at the atomic level, 
knowledge that would facilitate the design and development of opioid receptor modulators with greater 
therapeutic potential. 

[D-Pen2,D-Pen5]enkephalin (DPDPE, 1) (Figure 1) is 
a selective cyclic peptide agonist at the δ opioid 
receptor. The SAR and conformational preferences 
of DPDPE and its analogs were the subject of prior 
investigation [6-9]. These studies showed that the 
stereochemistry of the third amino acid has a 
profound effect on the structure and δ opioid 
receptor affinity of compounds in the series. This 
SAR makes DPDPE and its analogs particularly 
amenable to docking studies, which may help 
elucidate the active conformation of compounds 
possessing this scaffold. 

The macrocyclic tetrapeptide CJ-15,208 (2) 
and its analogs also have a constrained cyclic structure and bind to opioid receptors [10-12] even 
though they lack the canonical opioid pharmacophore. While this unusual structure confers many 
desirable drug-like properties – including oral bioavailability and blood-brain barrier permeability 
[13-15] – it makes docking studies and rational design of CJ-15,208 analogs particularly challenging. 

Herein we utilize docking studies to explore likely binding modes of DPDPE and its analogs, 
information that can then be used to predict possible binding modes of other opioid ligands, including 
macrocyclic tetrapeptides such as CJ-15,208. 

Results and Discussion 

Docking studies with DPDPE and its analogs were performed in four steps. First, a pharmacophore 
was generated using the atomic coordinates of the phenol (Dmt1, where Dmt = (S)-2’,6’-
dimethyltyrosine), N-terminal amine, and phenyl (Phe3) moieties of DIPP-NH2 (Dmt-Tic-Phe-Phe-
NH2, where Tic = (S)-1,2,3,4-tetrahydro-3-isoquinolinecarboxylic acid) present in the published δ 
opioid receptor crystal structure [3]. Then, using the coordinates from their crystal structures [6,7], 
DPDPE, [L-Ala3]DPDPE, and [D-Ala3]DPDPE were subjected to a conformational search to generate 
a library of conformers for each compound. These conformer libraries underwent virtual screening for 
binding to a δ opioid receptor model, using the pharmacophore to place conformers into the pocket of 
the receptor. Finally, the top pose(s) were minimized to obtain final docked pose(s) and docking 
score(s) were measured. 

Using this methodology, only [L-Ala3]DPDPE was capable of aligning all of its essential elements 
– its phenol (Tyr1), N-terminal amine, and phenyl (Phe4) moieties – with those of DIPP-NH2. Although 
the phenol and amine moieties of DPDPE and [D-Ala3]DPDPE overlay with those of DIPP-NH2, their 
phenyl groups did not overlap with the important phenyl group of DIPP-NH2 (Figure 2a). Thus, we 
propose that the structure of [L-Ala3]DPDPE best resembles the likely bioactive conformation of 
DPDPE and its analogs, although it is the preferred conformation for only [L-Ala3]DPDPE, and not 
DPDPE or [D-Ala3]DPDPE, in aqueous solution. 

Fig. 1. Structures of DPDPE and CJ-15,208.  



 

Fig. 2. a) Overlay of DPDPE (light green), [D-Ala3]DPDPE (dark green), and [L-Ala3]DPDPE (cyan) 
with DIPP-NH2 (magenta) from the crystal structure of the δ opioid receptor. Only [L-Ala3]DPDPE 
was capable of overlapping all its pharmacophore elements with those in DIPP-NH2 (spheres) in the 
docking studies. b) Overlay of [L-Ala3]DPDPE (cyan), DIPP-NH2 (magenta), and CJ-15,208 (rose). 
In this pose, CJ-15,208 achieves overlap with the essential aromatic residue of DIPP-NH2 and the 
backbone of [L-Ala3]DPDPE. 
 
Next, docking studies were performed with CJ-15,208. Similar to before, a library of conformers was 
generated and then docked – using either the phenol or phenyl element from the prior pharmacophore 
to guide ligand placement – into a κ opioid receptor model. Unfortunately, this process yielded poses 
that had significant steric clashes between the peptide and the receptor. Therefore, CJ-15,208 was 
subsequently placed into the κ receptor model manually. 

Following manual placement, the essential Trp4 aromatic group of CJ-15,208 overlapped with the 
phenyl group of DIPP-NH2, and the cyclic backbone of CJ-15,208 achieved significant overlap with 
the cyclic portion of [L-Ala3]DPDPE in its proposed bioactive conformation at the δ opioid receptor 
(Figure 2b). While other poses are plausible, the degree of overlap with this pose is encouraging. We 
are currently using this information to design and synthesize novel CJ-15,208 analogs. 
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