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The molecular docking of a series of endomorphin analog with the l opioid receptor was performed. The
successive molecular dynamics of several proposed ligand–receptor complexes inserted into the
phospholipid bilayer were carried out to optimize the complex and explore the conformational changes.
Meaningful differences of their binding modes were detected and the involvement of some essential res-
idues in ligand binding was also identified. Our proposed ligand–receptor model is in good agreement
with previous site-directed mutagenesis experiments.

� 2009 Elsevier Ltd. All rights reserved.
Table 1
Opioid receptor binding affinities and in vitro pharmacological activity of EMs and EM
analogsa

Peptides no. Sequence Ki (nM) Potency

EM1 Tyr-Pro-Trp-Phe-NH2 4.55 (±0.16) 0.26
EM2 Tyr-Pro-Phe-Phe-NH2 8.23 (±0.48) 0.37
1 Tyr-Pro-Trp-D-Val-Bn 2.32 (±0.15) 0.70
2 Tyr-Pro-Phe-D-Val-Bn 4.97 (±1.24) 0.56
3 Tyr-Pro-Trp-D-Ala-Bn 4.56 (±0.84) 0.15
4 Tyr-Pro-Phe-D-Ala-Bn 8.67 (±1.27) 0.81
The three opioid receptors (l, d and j) belong to the G-protein
coupled receptors (GPCRs), which are characterized structurally
with a core of seven helical transmembrane domains connected
by three extracellular and intracellular loops.1 These receptors
are extremely important clinical target in the treatment of pain
and additionally have profound effects on the neuroendocrine sys-
tem immune response.2 The l opioid receptor (MOR) is proven to
be the major target of analgesics,2 because of the particular phys-
iological characteristics of this receptor, development of the syn-
thetic MOR-specific ligand is of great importance.

The endogenous peptide ligands for MOR, endomorphin-1 (Tyr-
Pro-Trp-Phe-NH2, EM1), and endomorphin-2 (Tyr-Pro-Phe-Phe-
NH2, EM2) were discovered by Zadina et al. in 1997.3 These EMs
exhibited the highest affinity for MOR receptor and extraordinarily
high selectivity relative to delta-opioid and kappa-opioid receptor
systems of all known opioid substances. These tetrapeptides have a
strong antinociceptive effect on acute pain, similar to that of mor-
phine. They are also more effective than the majority of the opioid
peptides against neuropathic pain even at low doses, opening the
possibility of using the two peptides as drugs.4

According to the ‘message-address’ concept, it is possible to
consider that Tyr-Pro-Trp/Phe and Phe-NH2 correspond to the
message and address domains, respectively.5,6 These two domains
of EMs play an important role in ligand recognition and binding.
ll rights reserved.
Recently, we have reported the binding affinities and bioactivities
of a series of EM analogs with modifications related to the ‘address’
domain, and some of these analogs show good affinities and ago-
nist behaviour.7 Since EMs are regarded as important model pep-
tides to determine the structure–activity relationship against
their receptors, elucidating the binding mode for their action is
crucial for further improvements of their structures.

In the present work, a representative series of EM analogs we
have synthesized recently,7 Table 1 and Figure 1, are flexibly
docked to a model of the human MOR. Additionally, it seems to
be possible to obtain more accurate docked complex model using
molecular dynamics simulations in membrane environment. The
goal was to evaluate the binding orientations, and conformations
5 Tyr-Pro-Trp-Gly-Bn 56.23 (±7.0) 17.7
6 Tyr-Pro-Phe-Ala-Bn 122 (±17) 0.69

a Values are cited from our group’s previous report.7
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Figure 1. Schematic diagram of endomorphin analogs investigated in this study.

Figure 2. Simulation time versus RMSD of the Ca of the l opioid receptor.

5388 X. Liu et al. / Bioorg. Med. Chem. Lett. 19 (2009) 5387–5391
of EMs and its analogs, and to study the key ligand–receptor inter-
action involved in the molecular recognition process.

Using the homology modeling method, Mosberg and Fowler8

have reported a kind of MOR models based on the bovine rhodop-
sin structure, and we also constructed a homology MOR using the
same template.9 Comparing the two models, it was found that the
model built by Mosberg et al. was more suitable for docking pep-
tide agonists, because structural alterations are incorporated into
this model to obtain an active state receptor structure (Supplemen-
tary data S1). Based on these results, the Mosberg ‘active’ MOR
model was chosen as the working receptor model. The model
was then refined using a 15-ns molecular dynamics (MD) simula-
tions in the phospholipid bilayer. The receptor was inserted into
a pre-equilibrated 70 � 70 Å dipalmitoylphosphatidyl-choline
(DPPC) bilayer slab (moose.bio.ucalgary.ca), the protein membrane
system was embedded in a SPC water box (Supplementary data
S2). Counterions were added to the system in order to produce a
neutral charge on it. MD simulations were performed with the GRO-

MACS 3.3.3 package employing NPT and periodic boundary condi-
tions.10 A modification of GROMOS87 force field is applied for
protein and the lipid.11 A twin cutoff of 9 Å was used for the short
range interaction and a cutoff of 12 Å was used for the Lennard-
Jones interaction. Particle Mesh Ewald (PME) algorithm was used
for the calculation of electrostatic contributions to energies and
forces.12 Bond length was constrained using the LINCS algorithm.13

The systems were coupled to a temperature bath at 300 K, with a
coupling constant of 0.1 ps. Semiisotropic coupling with time con-
stant of 1 ps was applied to keep the pressure at 1.0 bar.14 The sys-
tem was first energy minimized using the steepest descent
integrator for 5000 steps. Then a progression of position restraint
was performed for 300 ps. Finally, a 15-ns simulation was per-
formed with a time step of 2 fs. The root mean square deviation
was calculated for the backbone atoms of MOR, the receptor be-
came stable after approximately 7.5 ns (Fig. 2). The average struc-
ture of the last 1 ns trajectory was considered as the typical
structure of the MD simulations.

The molecular dockings were performed with the AUTODOCK4.15

This program suite uses an automated docking approach that al-
lows ligand flexibility, and it employs Lamarckian Genetic algo-
rithm to treat the ligand–receptor interaction. For all analogs, the
NMR conformations were used as starting structures, and the
amide group of Tyr1 was protonated. Partial charges, necessary
for the docking protocol, were assigned according to the Gastei-
ger–Marsili scheme. The grid maps representing the opioid recep-
tors in the docking process were calculated with AutoGrid. The
docking process was performed in two steps.16,17 First, a box of
42 � 42 � 42 Å, centred on one of the oxygen atoms of the
Asp147, was used with a grid resolution of 0.55 Å. The initial posi-
tion of the ligand was random. The population size was 100, the
maximum number of generations was 27,000, and the maximum
number of energy evaluations was 2,500,000. The lowest docking
energy conformations or the lowest docking energy conformations
included in the largest cluster were considered to be the most sta-
ble orientations. In the second step, a box of 40 � 30 � 50 Å, cen-
tred on the best conformations obtained in the first step, was
used with a resolution of 0.3 Å. The number of energy evaluations
was changed to 25,000,000 and the population size was raised to
500. The resulting orientations were scored based on the docking
and binding energies and on the distance of Asp147 to the proton-
ated nitrogen of the ligand. The docked energies was calculated
using the modified scoring function as reported recently,18 the cor-
relation between the predicted binding energies and the experi-
mental values was R = 0.72 (Supplementary data S3). This value
appears to be reasonable considering the high flexibility of our
complexes. Experimental studies suggested that the protonated
nitrogen moiety interacts with the carboxyl group of Asp147 to
form a putative salt bridge and mutated this residue to Ala/Asn
or Glu leading to diminished binding affinities. This residue is be-
lieved to be the primary binding site.19

The obtained docking orientation of EM1 (Fig. 3a) shows that
the binding site is located in the central core of transmembrane he-
lix 3 (TM3), TM5 TM6 and extracellular loop2 (EC2), the Tyr1 lies at
the bottom of the binding site and its protonated nitrogen moiety
interacts with the carboxyl group of Asp147 (TM3) to form a salt
bridge (3.2 Å). The rest of the ligand is orientated towards the
extracellular surface. Two hydrogen bonds are formed between
the ligand and the receptor: one between the backbone oxygen
of Pro2 and the hydroxyl group of Thr218 in EC2, and one between
the amide group of the Phe4 and the carboxyl group of Glu229 in
EC2. EM1 is also stabilized by many stacking interactions with
the aromatic moieties of the receptor. The side chain of Tyr1 is
pointing towards a hydrophobic pocket composed mainly of the
aromatic residues Tyr148 (TM3), Phe152 (TM3), Phe237 (TM5)
and Trp293 (TM6). The aromatic groups of Trp3 and Phe4 are in-
volved in stacking interactions with the side chains of Phe221
(EC2), Tyr299 (TM6) and Trp318 (TM7). Site-directed mutagenesis
experiments have already determined the importance of Asp147,
Tyr148, Glu229 and Trp318,8,20–23 and our proposed model is in
good agreement with the available mutation studies. The binding
mode of EM2 (Fig. 3b) is generally the same as that of EM1, how-
ever, EM2 shows a lengthened salt bridge in its interaction with
Asp147 (3.3 Å).

The results of the molecular docking of the rest compounds
adopt very similar conformations and orientations in the binding
site. In both ligand 1 and 2 (Fig. 3c and d), the aromatic moieties



Figure 3. Docked ligand–receptor complexes. (a) EM1, (b) EM2, (c) ligand 1, (d) ligand 2, (e) ligand 3, (f) ligand 4, (g) ligand 5, (h) ligand 6. Hydrogen bonds are shown as
dotted black lines. The ligand, key residues and the receptor are represented as stick, line and cartoon, respectively. Figures are drawn by means of PyMol.25
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of Tyr1, Trp3 (Phe3 for ligand 2) and benzyl group (the third aro-
matic ring) are always inserted inside the aromatic clusters as de-
scribed for EM1 and EM2, and the backbone oxygen of Pro2 forms a
hydrogen bond with the hydroxyl group of the Thr218. However,
there is no hydrogen bond form between the two ligands and the
carboxyl group of Glu229. In ligand 3, the backbone oxygen of D-
Ala4 formed a hydrogen bond with His223 (EC2) (Fig. 3e). In ligand
4, a hydrogen bond between the backbone oxygen of Phe3 and
Thr218 is formed, and the carboxamide moiety of D-Ala4 is hydro-
gen-bonded to the carboxyl group of Glu229, however, the ligand
does not show obvious aromatic interaction with the Phe221
(Fig. 3f). Ligand 5 and 6 show the poorer binding affinities, a result
which may be related to an inadequate interaction within the
binding site (Fig. 3g and h), the distance between the carboxyl
group of Asp147 and the protonated moiety of Tyr1 is 4.6 Å and
4.8 Å, respectively. The aromatic groups of the two ligands are gen-
erally inserted in the previously described pockets, but their inter-
actions with Tyr299 are weakened. These structures are also
stabilized by hydrogen bonds between carboxyl group of Glu229
and carboxamide moiety of Gly4 for ligand 5 and between
His223 and the backbone oxygen of Ala4 for ligand 6. The residues
within 5 Å of each ligand are listed in the Supplementary data S4.

The results obtained from molecular docking of the subject EM
analogs allow us to propose a general binding mode of these li-
gands. The docking models suggest that the interaction between
Asp147 (TM3) and Tyr1 could be essential for the ligand binding.
In addition, several aromatic residues are involved in ligand bind-
ing and may play an important role in stabilizing the ligand
orientation.

In the next stage of the study, six molecular dynamics simula-
tions including all the docking models (except ligand 2 and 3, be-
cause of their structure similarities with ligand 1 and 4,
respectively) are performed by using the GROMACS program to get
a more reasonable ligand–receptor binding mode, where the flexi-
bility of the receptor was considered. Each ligand–receptor com-
plex was subjected to a 5 ns MD simulation in the previously
described membrane bilayer. The topologies of the ligands were
generated by PRODRG.24 The time evolutions of the RMSD of Ca
and total energy were analyzed to evaluate the stability of each
system. As shown in the Supplementary data S5–6, all systems be-
came stable after about 2 ns MD simulations.

The binding modes of the EM1 and EM2 established after MD
simulations are nearly the same as that obtained after the molecu-
lar docking. However, some additional interactions are formed be-
tween the ligands and the receptor: in EM1, the protonated
nitrogen moiety of Tyr1 is involved in a cation–p interaction with
Tyr326 (TM7), which was found to be the key residue for agonist
binding by mutagenesis studies.22 The backbone oxygen of Trp3
loses its contact with Thr218 but forms a hydrogen bond with
the side chain of Lys233 (EC2), and a new hydrogen bond is formed
between the backbone oxygen of Pro2 and the hydroxyl group of
Tyr148 (Fig. 4a). In EM2, Tyr148 seems to be involved in p–p inter-
actions with Tyr1 and both the side chain of Tyr148 and Thr218
form a hydrogen bond with the backbone oxygen of Pro2, respec-
tively (Fig. 4b). The differences of the hydrogen bonding modes be-
tween EM1 and EM2 are possibly due to the conformational
flexibility of the two endomorphins. The results of the MD simula-
tions obtained for ligand 1 and 4 suggest that the two D-amino acid
substituted ligands experienced similar structural variation during
the simulations, the obtained average structures of the two ligands
are nearly the same, therefore we mainly take ligand3 into discus-
sion. The most significant variation in ligand3 involves the Trp3
(Phe3 for ligand 4), which reorients its indole side chain to the bot-
tom of the binding pocket and, as a result, the side chain of Tyr1
moves towards the Trp326 of TM7. The side chains of Tyr1 and
Trp3 are then inserted in the same aromatic pocket composed of
Tyr148, Phe152, Phe237, Phe241, Trp293 and Trp326. Because of
the movement of Trp3, the hydroxyl group of Thr218 is then inter-
acting with the backbone oxygen of D-Val4 through a hydrogen
bond (D-Ala4 for ligand 4). During the MD simulations, two addi-
tional hydrogen bonds are formed between the carboxamide of
D-Val4 and carboxyl group of Glu229 and between the backbone
oxygen of Pro2 and hydroxyl group of Tyr148, respectively, these
two kinds of hydrogen bonds are also observed in EM1, EM2 and
ligand 4. Phe221 and Trp318 remain almost unaffected by the
binding with the benzyl group, whereas the side chain of Tyr299



Figure 4. Binding modes of the six ligands obtained after MD simulations. (a) EM1, (b) EM2, (c) ligand 1, (d) ligand 4, (e) ligand 5, (f) ligand 6.
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loses its contact with the ligand. The analysis of the binding modes
of ligand 5 and 6 obtained after MD simulations suggest that the
two ligands adopt more ‘stretched’ geometry with respect to the
starting conformation, however, because the two ligands have
weak interactions with the receptors in the initial structures, they
become ‘unstable’ during the simulation time, and their interac-
tions with the essential residue Asp147 are still very weak (dis-
tance beyond 4.6 Å). For ligand 5, the hydrogen bond formed
between Glu229 and the ligand has broken, however, the hydroxyl
group of Thr218 forms a hydrogen bond with the backbone oxygen
of Pro2 and the NH3 group of Lys233 moves towards the ligand and
forms a hydrogen with the backbone oxygen of Gly4, and for ligand
6, His223 moves far away from the binding pocket and loses its
contact with the ligand, as a results, there is no hydrogen bond
found between this ligand and the receptor. The main interactions
between the ligands and the receptor obtained from the MD simu-
lations are summarized in the Supplementary data S7.

The analysis of the results of molecular docking and molecular
dynamics simulations of the ligand–receptor systems suggests a
good agreement between our study and the site-directed mutagen-
esis data. It is found that Glu229 on EC2 could be essential for the
binding of the ligand. It probably ‘anchors’ the address domain of
the ligand at the right position inside the binding pocket, so that
the ligand could have close interactions with the receptor. Another
important finding is that in the D-amino acid substituted ligands,
both the side chains of Trp3 and Tyr1 insert into the aromatic pock-
et which is composed of the residues located in TM3, 5, 6 and 7,
and this different binding mode probably explains the better bind-
ing affinities of these ligands. Additionally, Thr218 is predicted to
be involved in the hydrophilic interactions with the ligand, and
some aromatic residues, in particular Phe152, Phe221, Phe237,
Trp293 and Tyr299, could be essential for ligand recognition
through p–p interaction.

In summary, the molecular docking procedure was applied to
determine the possible positions and orientations for our ligands
in the receptor. The MD simulations performed in phospholipid bi-
layer were then used to optimize the reasonable binding poses of
ligand–receptor complex. Some essential amino acids participating
in ligand binding were also identified. The elucidation of ligand–
receptor interaction would be helpful for the discovery of new ac-
tive analogs of endomorphin.
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