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Molecular Dynamics of L Opioid Receptor Complexes with Agonists and

Antagonists

M. Kolinski and S. Filipek
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Abstract: Opioid receptors like other G-protein-coupled receptors undergo specific rearrangements of structure upon ac-
tivation by agonists. Such processes proceed via several steps ruled by different molecular switches. In order to reveal the
first steps of receptor activation concurrent with ligand binding, we investigated L opioid receptor complexes with an-
tagonists - naltrexone and B-FNA, and two closely related agonists - morphine and N-methyl-morphine. The molecular
dynamics simulations revealed distinct binding modes of analyzed antagonists and agonists. They all interacted with
D3.32 on TM3 but while the antagonists formed a bond with Y3.33 (TM3) the agonists bound H6.52 (TM6). Furthermore,
it was possible to observe a break of a hydrogen bond D3.32-Y7.43 between TM3 and TM?7 (3-7 lock) during simulations
of agonist complexes but not those of antagonist. Interdependence between the 3-7 lock and the rotamer toggle switch of
W6.48 is proposed based on simulation of the naltrexone complex restrained to force an agonistic action.

INTRODUCTION

The large superfamily of G protein-coupled receptors
(GPCRs) are essential for signaling across plasma mem-
branes [1-3]. Each GPCR responds to a single or multiple
ligands by activating G proteins and thus giving rise to a
highly amplified signaling cascade. GPCRs mediate re-
sponses to environmental stimuli such as light, taste and
smell, but also to an enormous number of chemicals, hor-
mones, peptides, small proteins and other ligands. For these
reasons GPCRs are important targets for pharmacological
intervention [4] and a large fraction of currently used drugs
is directed toward them. GPCRs represent the largest and
most versatile family of membrane receptors, and each
member has a specific cellular life cycle and regulatory
mechanisms [5]. Although so different in action all these
receptors share the same topology — a bundle of seven
transmembrane o-helices — whereas the shapes and lengths
of the N- and C-termini as well as the cytoplasmic and ex-
tracellular loops are very different [1].

Opioid receptors belong to family A (rhodopsin-like) of
GPCRs (this is a Rhodopsin group in the GRAFS classifica-
tion system [6] based on phylogenetic studies - B,AR also
belongs to this group). They are located in the membrane of
neurons of the central nervous system and of some types of
smooth muscle cells. For the important role they play in the
human body in controlling pain and stress, modulating im-
mune responses and developing addiction the opioid recep-
tors were subject of numerous investigations (see reviews [7-
9]). There are four types of opioid receptors: |, 8, ¥ and also
the nociceptin/opioid receptor like-1. They bind different
sets of ligands but may share some of them. Drugs that inter-
act with opioid receptors cause multiple effects including:
analgesia, sedation, euphoria and physical dependence. Mor-
phine, a common cause of opiate addiction, is a selective
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agonist of pOR and this receptor primarily mediates antino-
ciceptive effects [10] but also participates in morphine medi-
ated immune functions [11, 12]. Therefore, knowledge of
precise mechanism of action of particular ligands will enable
designing more potent ligands with fewer unwanted side
effects.

There were many successful attempts of modeling ligand
binding to various GPCRs to mention only the recent ones:
Spijker et al. [13] using HierDock and Bhattacharya et al.
[14] using a new method called LITiCon for 3,AR, Li ef al.
[15] for the DP receptor, Heo ef al. [16] for the MrgC11 re-
ceptor, Peng et al. [17] for the M1 muscarinic receptor, and
Vaidehi ef al. for the CCR1 chemokine receptor [18]. The
theoretical methods may be used in an efficient way not only
to obtain reliable models of complexes of GPCRs with their
ligands but also for modeling activation processes (see re-
views [19-21]). It was found that GPCRs exist in multiple
conformational states that are in dynamic equilibrium. Tran-
sitions between these states are ruled by several conforma-
tional switches discovered first for the rhodopsin and B,AR,
the best structurally described GPCRs [22-25]. The most
important switches characterized to date involve E/DRY
motif on TM3 linking TM3 and TM6, the CWxPxF sequence
on TM6 forming the so called rotamer toggle switch, and the
connection between TM3 and TM7 (not associated with spe-
cific sequence motif).

Activated receptor undergoes conformational rearrange-
ments leading to transmitting the signal to cell interior. In
order to get some insight into molecular mechanisms in-
volved in these rearrangements the knowledge of the struc-
tures of GPCRs is required. The first GPCR structure deter-
mined was that of rhodopsin [26, 27], and recently, the struc-
ture of B, adrenergic receptor (B,AR) was obtained [28-30].
The latter structure proved to be very similar to rhodopsin
3D structure in the transmembrane region. Also the ligand in
the binding site was located nearly in the same position as
retinal in rhodopsin. Rhodopsin was a template for ho-
mological building of multiple GPCRs and some of these
models, including opioid receptors, were subjected to ligand
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docking and molecular dynamics of ligand-receptor com-
plexes.

The homology modeling was used by Zhang et al. [31] to
construct the N- and C-truncated p opioid receptor (WOR)
and 2 ns dynamics was conducted to optimize its structure.
The ligand (naltrexone) was manually docked to the receptor
binding pocket and 11 ps molecular dynamics (MD) simula-
tion was applied to the complex. Homology modeling in
combination with mutagenesis data was also used by Pogoz-
heva et al. [32] to dock agonists and antagonists to all three
types of opioid receptors but no simulations were conducted.
In both studies the ligands were docked in the same way
involving interactions with D3.32 on TM3 and H6.52 on
TM6 for both agonists and antagonists (numbers according
to the Ballesteros-Weinstein numbering scheme: every
amino acid identifier starts with the helix number, followed
by the position relative to a reference residue being the most
conserved amino acid in that helix which bears number 50

[33D.

In this paper we modeled the structure of LOR to investi-
gate changes in the receptor associated with binding with
structurally similar and mostly rigid nonpeptide antagonists
and agonists. All ligands were analogs of morphine i.e. built
on a tyramine (p-hydroxyphenethylamine) scaffold so the
two parts, the “message” (tyramine) and the “address” [34],
were well distinguished. Using simulated annealing proce-
dure we found that the antagonists preferentially bound to
Y3.33 whereas the agonists to H6.52. Moreover, during con-
ducted molecular dynamics simulations we observed a break
of a hydrogen bond D3.32-Y7.43 linking TM3 and TM7 in
complexes with morphine and N-methyl-morphine and also
in the complex with an antagonist, naltrexone, restrained to
bind H6.52. An action of another switch, the rotamer toggle
switch, was also observed and these both switches were
nearly concurrent.

METHODS

Modeling the membrane. A model of the cell mem-
brane composed of DPPC (dipalmitoyl-phosphatidylcholine)
lipid bilayer was built in Gromacs (v. 3.3) [35]. The lipid
bilayer was surrounded by water molecules in a periodic box
(6.4 nm x 6.4 nm x 9.5 nm). The system contained 128
phospholipids (64 in each layer) and over 7000 water mole-
cules. Optimization of the system was done at first by energy
minimization, and then molecular dynamics (MD) was ap-
plied. A standard ffgmx forcefield with additional parame-
ters for lipids [36] and water SPC [37] was used for more
accurate treatment of hydrogen bonds. The PME procedure
[38] was applied for treatment of the long-range electrostatic
interactions. In the first step of MD lasting 500 ps, restraints
were imposed on all phosphorus atoms in direction perpen-
dicular to the membrane and the box dimensions were frozen
to avoid breaking the premature membrane. In the second
step, lasting 20 ns, no restraints were applied and the mem-
brane became equilibrated. MD was performed at the tem-
perature of 310 K, pressure of 1013 hPa, and the simulation
time step was 1 fs.

Building of apoprotein. The p opioid receptor structure
modeling was done on the basis of the crystal structure of
inactive rhodopsin [26] with no gaps (Protein Data Bank
code 1U19) [27]. The Clustal W algorithm [39] was em-
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ployed for automatic alignment of multiple sequences. The
final alignment is shown in Fig. (1) of the supporting mate-
rial. The most conserved residues (numbered x.50) were
aligned in all transmembrane helices. These are N1.50,
D2.50, R3.50, W4.50 and proline residues of the remaining
transmembrane helices. There are no gaps in the transmem-
brane helices (TMs) with the exception of TM2 where one
glycine residue of rhodopsin was skipped in the correspond-
ing opioid receptor sequence. This is a site with one addi-
tional amino acid in the turn of the rhodopsin o-helix so the
removal of one residue restored the regular structure of TM2
in LOR. Relative to the B,AR structure cysteine residues
forming a disulfide bridge, C3.25 in TM3, were aligned
properly whereas cysteines from the loop linking TM4 and
TMS were set in a different position using automatic align-
ment (see Fig. (1) in the supporting material). There is also a
second pair of cysteine residues in B,AR forming a disulfide
bridge and supporting a short helix instead of a B-sheet in
rhodopsin. The microdomains important for activation of
GPCRs, E/DRY, CWxP and NpxxY (including phenyla-
lanine residue in the H8 helix supplementing the NPxxY
motif by interacting with Y7.53 [40]), were properly aligned.

Homology modeling of the transmembrane part of LOR
including all internal loops was done using Modeller [41,
42]. Differences in sequence and length of the N- and C-
termini make structural predictions of these regions difficult.
The N- and C- termini protect the hydrophobic interior of the
transmembrane domain bundle so it was necessary to model
the whole-length receptor. For modeling of the long termini
of LOR we used the most similar proteins (found by SeqFold
program based on sequence similarity). The o-bungarotoxin
structure (PDB code 2ABX) was chosen by the program for
modeling the N-terminus of POR and the swi5 zinc finger
protein structure (PDB code 1ZFD) for the C-terminus. Fit-
ting both termini to the rest of the receptor was done on the
basis of the best match of hydrophobic regions.

The palmitoyl chain was added to cysteine at the end of
the cytoplasmic helix H8 (position 353). Then, the receptor
model was inserted into the membrane. Excessive lipid
molecules were removed. Counterions were added to make
the system neutral (necessary for PME procedure). After
energy minimization the three step simulations were per-
formed. During the first step lasting 1 ns all backbone atoms
were restrained to their initial positions, hydrogen bonds
were also restrained with the LINCS algorithm [43] (other
parameters remained the same as before for membrane simu-
lation). In the second step (2 ns) restraints were removed
from both termini and all loops of the receptor. In the third
step (lasting also 2 ns) all restraints were released.

Quality of opioid receptor models. For checking the
quality of the obtained models the Procheck [44, 45] pro-
gram was used. The Ramachandran plots obtained for the
opioid receptor model and for the crystal structure of
rhodopsin (used for comparison) are shown in Fig. (2) of the
supporting material. To check the structure/sequence com-
patibility of the resulting receptor structures we used the
Verify-3D method [46, 47]. For WOR, the best self-
compatibility score for homology-modeled opioid receptor
structures was 110. This value should be compared to the
threshold value of the score for proteins of the same length,
which was 82. Therefore, the structure of LOR is character-
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ized by high compatibility score being well above the
threshold. For comparison, the self-compatibility score for
the crystal structure of rhodopsin (PDB code 1U19) is 120
with a threshold value of 73.

Insertion of ligands and simulations. The placement of
the 1 opioid receptor ligands was done for two antagonists:
NTX and B-FNA, and for two agonists - morphine and N-
methyl-morphine. The ligands were modeled in their proto-
nated-nitrogen forms. Geometry optimization and calcula-
tions of the electrostatic potential was conducted using the
Hartree-Fock procedure employing 6-31G* basis set in
Gaussian (v.03 rev. C.02 Gaussian Inc.). The atomic partial
charges were obtained by fitting to electrostatic potential
using RESP method [48]. The ligands were inserted in the
middle of the cavity formed by helices to preserve the inter-
action between D3.32 and the protonated amine nitrogen
atom present in all ligands. Phenolic OH groups of all ana-
lyzed agonists and antagonists were docked to form a hydro-
gen bond with H6.52 (similarly to the structures of com-
plexes of opioid receptors constructed by Pogozheva et al.

[32]).

In order to sample different possibilities of binding in the
cavity of the receptor we subjected all created complexes to
the cyclic simulated annealing procedure in Yasara (v.7.8,
Yasara Biosciences) with Yamber2 forcefield [49] with tem-
perature diminishing from 500 K to 0 K whereas the length
of the cycle was variable. During this procedure the ligand
and its 0.9 nm protein vicinity were allowed to move. Initial
positions of ligands in a binding site were modified manually
while preserving the salt bridge between charged amine
group of a ligand and carboxyl group of D3.32. The opti-
mized complexes were inserted into the DPPC membrane
(taken from 5 ns simulations of empty opioid receptor) and
subjected to MD simulations. In the first 100 ps simulation
the restraints were imposed on the transmembrane (TM) part
of the backbone of each receptor. In the second step of MD,
lasting 2 ns for antagonists and 7.5 ns for agonists, all re-
straints were removed. Total time of all conducted MD simu-
lations was about 80 ns since most of them (excluding
equilibration of the membrane) were repeated several times.

The Modeller, Clustal W, SeqFold and Profile-3D (Ver-
ify-3D method) programs were used within the InsightIl
software platform (Accelrys Inc., v.2000.1). All figures
showing molecular structures were drawn using MolMol
[50] except Fig. (5) in the supporting material done in VMD
[51]. Movies (Movies 1-4 in the supporting material) were
created in VMD.

RESULTS

Molecular dynamics simulation of the apoprotein. To
study changes in the receptor and the early transitions upon
ligand binding in LOR we chose the crystal structure of inac-
tive thodopsin as a template for the homology modeling pro-
cedure. One additional residue in a helix turn in TM2, a fea-
ture present in the rhodopsin crystal structure, was removed
because of the alignment whereas the one in TMS was pre-
served. Such arrangements are in agreement with opioid re-
ceptor structures obtained by Fowler et al. [52] based on
engineered zinc-binding sites.

Kolinski and Filipek

extracellular side

Fig. (1). A model of the p opioid receptor structure. Transmem-
brane helices are colored: TM1 blue, TM2 blue-green, TM3 green,
TM4 yellow-green, TMS5 yellow, TM6 orange, TM7 light-red. Cy-
toplasmic helices H8 and H9 are colored in red.

The structure of the apo W opioid receptor after MD
simulation in the membrane is shown in Fig. (1). It consists
of a bundle of seven transmembrane helices and an addi-
tional amphiphilic helix H8 (present also in the crystal struc-
ture of B,AR). The extracellular loop connecting helices
TM4 and TMS is in a form of a B-sheet as it is in rhodopsin.
The N-terminus of the HOR model contains an additional -
sheet, similarly to rhodopsin, although it was modeled based
on a protein different from rhodopsin (o-bungarotoxin). This
B-sheet is larger than in rhodopsin and is composed of three
threads. The C-terminus of WOR additionally contains a
small 2-turn helix (H9). This part was modeled based on the
swi5 zinc finger protein structure. Both “caps” of LOR were
created for the completeness of the receptor structure but
turned out to be good for protein structure quality and stable
during MD simulations.

A second template that has become available recently is
B2AR. There is an astonishing similarity in the location of
transmembrane helices in the amino acid sequences (see Fig.
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(1) in supporting material) and in the 3D structures between
this receptor and rhodopsin. This is, however, not the case
for the rest of the structure. The N- and C- termini are not
visible in the B,AR crystal structure but the structure of a
loop between transmembrane helices TM4 and TMS is dis-
cernible and is significantly different in both receptors.
There is a small o-helix in B,AR instead of a B-sheet in
rhodopsin. The existence of a second disulfide bridge is
probably responsible for the preservation of this helix.
Alignment shows (Fig. 2) that B,AR is not a good template
for modeling pOR. Large rearrangements would be needed
to model the TM4-TM5 loop based on B,AR. Short TM5-
TM6 loop in LOR and presence of only one disulfide bridge
(two of them in B,AR stabilize the TM4-TMS5 loop in helical
conformation) makes the rhodopsin template more suitable
for homology modeling of | opioid receptor. The only dis-
tortion in the alignment of TM4-TMS5 loop using rhodopsin
template is a two amino acid shortening of the tip of a B-
hairpin formed by the ; and 4 threads.

a)
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liganded receptor are shown in Fig. (3) of the supporting
material. The values do not exceed 0.3 nm indicating that the
cytoplasmic and extracellular “caps”, composed of both ter-
mini and loops, were stable and compact during the whole
simulation. The RMSD of TMs is nearly the same as for the
intra- and extracellular caps and stabilizes at about 0.22 nm.
Both caps slightly change their structure (which is visible in
their RMSD) at the end of the 2 ns simulation. The structure
is very compact and stable in accordance with good quality
results from both the Ramachandran analysis and the Verify-
3D method. The obtained distribution profiles of water,
membrane and the receptor simulated in a periodic box are
shown in Fig. (4) of the supporting material. The distribution
profile of the membrane without protein, averaged for the 20
ns simulation, is shown in Fig. (4a) of the supporting mate-
rial. All the plots show even distribution of the lipids in each
leaflet of the bilayer. There is no water density in the hydro-
phobic part of the membrane indicating a stable and compact
membrane system well suitable for membrane protein simu-

Ba ™5

T™M4 Bs
Rho : PLV-GWSRYIPEGMQCSCGIDYYTPHEETNNES
HOR : VMFMATTKYRQGS--1ID

B,AR :

—

b) TM4 B3

CILTFSHP-TWYWENL
PIQMHWYRATHQEA-INCYANETCCDF-FTNQA

loop-helix

B4 TMS5

Rho : PLV-GWSRYIPEGM--—---- QCSCGIDYYTPHEETNNES

HOR : VMFMATTKYRQGS-------- IDCTLTFSHP-TWYWENL

B,AR : PIQMHWYRATHQEAINCYANETCCDF-—-—--——-- FTNQA
loop-helix

Fig. (2). Fragments of two alignments of rhodopsin, LHOR and B,AR containing a loop between TM4 and TMS5. (a) automatic alignment. (b)
corrected manual alignment. Additional disulfide bridge in B,AR is bracketed. Secondary structures in rhodopsin and P,AR are indicated.
Bolded red cysteine residues are part of a disulfide bridge (bonded to TM3).

The sequential similarity (percent of identity) between
UOR and rhodopsin is 19% for whole sequences and 24% for
TMs, and between HOR and B,AR 20% and 28%, respec-
tively. Both templates provide low similarity. Nevertheless,
low sequential similarity does not lead to low structural simi-
larity. The percent of identity between B,AR and rhodopsin
is only 22% for their TMs (18% for whole sequences), but
their structures are very similar: RMSD for TMs is only 0.21
nm. We chose rhodopsin as a template because of better
alignment of loops, however, after MD optimization, the
structure of WOR differs from rhodopsin (RMSD 0.18 nm)
nearly the same amount as from f,AR (RMSD 0.23 nm).

Simulations of the p opioid receptor model in the
membrane. All features of the secondary structure were
preserved during MD simulations of LOR in the membrane.
Root mean square displacement (RMSD) plots for the last
unrestrained 2 ns of MD simulation calculated for un-

lations. The general view of the receptor within the mem-
brane and of water in a periodic box is shown in Fig. (5) of
the supporting material.

Binding of ligands to the receptor. In order to investi-
gate similarities and differences in the binding of ligands we
docked the nonselective antagonist naltrexone (NTX) and the
selective one, B-funaltrexamine (B-FNA), to LOR. Both an-
tagonists are analogs of morphine with an identical structural
motif of tyramine (phenol and amine) (Chart 1) which is
present in most of the nonpeptide opioid ligands. We also
used morphine and N-methyl-morphine — HOR selective
agonists. All ligands were manually placed in the cavity of
the receptor close to the carboxyl group of D3.32 to set an
interaction with the protonated nitrogen atom (N;;) in the
tyramine structure. Phenolic OH groups of all analyzed ago-
nists and antagonists were initially placed to form a hydro-
gen bond with H6.52. Such binding of ligands established
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their positions between three transmembrane helices TM3,
TM6 and TM7 and also, partly, TMS. A general overview of
the location of the ligands in the receptor is shown in Fig.
(3). As it is explained in the Methods section, during the
preliminary simulated annealing procedure the phenolic OH
group (C;) of agonists stayed bound to H6.52 whereas the
same functional group in antagonists tended to bind to
Y3.33, so we decided to explore further this effect.

extracellular side

cytoplasmic side

Fig. (3). General location of the ligands (here the biggest ligand,
antagonist B-FNA, shown as a transparent yellow surface) in the
binding pocket of HOR.
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OH OH
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3 "OH OH
morphine N-methyl-
morphine

Chart (1). Structural formulas of ligands used in this study.
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Binding of agonists. Both analyzed agonists, morphine
and N-methyl-morphine, formed an ionic interaction be-
tween their protonated amine group and D3.32. In most of
the stable conformations the second connection to the recep-
tor was a hydrogen bond between a phenolic OH group of a
ligand and a nitrogen atom of H6.52 (Fig. 4). However, such
binding mode resulted in a break of the connection between
transmembrane helices TM3 and TM7 and, more precisely, a
break of a hydrogen bond between D3.32 and Y7.43. Such a
bond (D3.32-Y7.43) exists and is stable in an empty opioid
receptor. The plot of a distance D3.32-Y7.43 (Fig. 6 in the
supporting material) reveals a stable hydrogen bond between
these residues. There is a temporary (about 80 ps) break of
this hydrogen bond and a large increase in the distance be-
tween these residues. After inspection of the trajectory we

Fig. (4). Details of the binding of pOR and (a) morphine (b) N-
methyl-morphine. View from the extracellular side. Carbon atoms
of agonists are colored in orange and their phenolic rings are filled.
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found that Y7.43 was moved away of its usual location to-
wards TM1 and created a hydrogen bond with Y1.39. Y7.43
spontaneously came back to its position close to D3.32 and
restored a hydrogen bond with it.

Other, much less frequent, conformations found in our
study during simulated annealing procedure was the binding
mode typical to antagonists i.e. binding of the tyramine hy-
droxyl group to Y3.33. To check preferences in the binding
of agonists we performed a simulation with the phenolic OH
group of morphine and N-methyl-morphine initially posi-
tioned in the middle of the distance between Y3.33 and
H6.52. This group was initially interacting with both these
amino acids. The ligands moved to a position close to H6.52
shortly after the simulations started (data not shown). For
both agonists the connection D3.32-Y7.43 was broken dur-
ing the simulations (Fig. 5) (Movies 1 and 2 in the support-
ing material). In the case of morphine it happened in a single
fast event after about 1300 ps (Fig. 5a).

a) D3.32 - Y7.43
1.0

0.6
0.4
0.2
0.0

distance [nm]

morphine

0 1 2 3 4 5 6 7
time [ns]

=2
-

1.0

N-methyl-morphine
0.8 -

distance [nm]

0-0 T T T ‘4 T

time [ns]

Fig. (5). D3.32-Y7.43 distance (between carboxyl and hydroxyl
group) plots during MD simulation of pOR complexes with ago-
nists. (a) Morphine — HOR. (b) N-methyl-morphine — pOR.

During later stages of the simulation the distance be-
tween D3.32 and Y7.43 increased even more. The hydrogen
bond D3.32-Y7.43 was not restored even for a small period
of time. The methyl group in N-methyl-morphine did not
disturb location of this ligand in the binding site of the recep-
tor but resulted in a much longer time required for breaking
the D3.32-Y7.43 hydrogen bond (Fig. Sb). This process
lasted from 400 ps to 700 ps of MD simulation and the aver-
age distance between D3.32 and Y7.43 was gradually in-
creasing. The connection kept renewing for very short peri-
ods of time during the first 4.5 ns. The process of restoration
of this bond lasted from 4.5 ns to 5.2 ns. The second break-
ing of this connection started at 5.7 ns and lasted to 6.5 ns.
Then, at 6.7 ns the next process of restoration started. In the
case of morphine there were very fast changes of the dis-
tance D3.32-Y7.43 and longer periods of stability.
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Fig. (6). The location and interactions of B-FNA in a binding
pocket of HOR. View from the extracellular side. Carbon atoms of
the antagonist are colored in green and its phenolic ring is filled.
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Fig. (7). Plots of distances (a) between the phenolic OH group of
ligand and Y3.33, and (b) between D3.32 and Y7.43, from the
simulation of the B-FNA — HOR complex.

Binding of antagonists. The biggest of the analyzed
ligands was B-FNA. A stable position of f-FNA in the bind-
ing site was established between three transmembrane heli-
ces TM3, TMS, TM6 and TM7. A location of the ligand in
the receptor and details of binding are shown in Fig. (6). B-
FNA interacts with D3.32 and Y3.33 residues and these in-
teractions remained unbroken during the whole simulation
(see Fig. (7a) for a plot of a distance: ligand — Y3.33). We
followed the experimental data on the formation of a cova-
lent bond between B-FNA and K5.39. The covalently bound
ligand formed an additional hydrogen bond between the car-
bonyl oxygen atom in its peptide bond and Y3.33. Both the
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protonated amine group and the OH group (C;4) were bound
to the same oxygen atom of D3.32 whereas Y7.43 was
bound to the second oxygen atom. The connection between
transmembrane helices TM3 and TM7, a hydrogen bond
D3.32-Y7.43, remained stable during simulation (Fig. 7b).
This distance is undisturbed with a small amplitude, whereas
the ligand — Y3.33 distance is disturbed by rare random
spikes. It is because there is more room for the movement of
Y3.33 than for Y7.43 in HOR and hence more possibilities to
detach from the ligand.

Fig. (8). The structures of NTX — uOR complexes from unre-
strained (ligand in green) and restrained (ligand in orange) MD
simulations. During the restrained simulation the connection be-
tween the phenolic OH group of the ligand and H6.52 was fixed to
be 0.2 nm. (a) view from the extracellular side. (b) a side view of
the same structures.

The final position of the second analyzed antagonist,
NTX, in the receptor was between three transmembrane heli-
ces TM3, TM6 and TM7 (NTX is colored in green in Fig.
(8a,b). This location was also characterized by two main
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interactions: that of the protonated amine nitrogen atom with
D3.32 and of the phenolic OH group with Y3.33. During
MD simulation the second OH group (Cy4) of NTX formed a
hydrogen bond with the carboxyl group of D3.32. The plots
of the distance between the phenolic OH group of NTX and
the OH group of Y3.33 and also of the distance D3.32-Y7.43
are shown in Fig. (9a,b). All the plots indicate that the posi-
tion of the ligand is stable (see also Movie 3 in the support-
ing material).

“Forced binding” of NTX. To check whether the transi-
tion of a ligand from binding Y3.33 to binding H6.52 is
enough to break the hydrogen bond D3.32-Y7.43 we forced
the nonselective antagonist NTX to behave like an agonist
and to bind H6.52. In order to maintain such atypical loca-
tion of NTX during simulation of the complex we imposed a
weak harmonic restraint on the hydrogen bond between
H6.52 and the phenolic OH group of NTX (the distance was
0.2 nm - the same distance was found in the morphine —
UOR complex). The initial position of NTX was taken from
the final phase of the unrestrained simulation of this ligand
what means that NTX was initially bound to Y3.33. The
structure of the complex of NTX with a broken D3.32-Y7.43
connection can be seen in Fig. (8a,b) (ligand in orange).

During the simulation of NTX forced to bind H6.52 the
hydrogen bond D3.32-Y7.43 broke (Fig. 10a) (see also
Movie 4 in the supporting material). Breaking of this bond
occurred only after a certain time although the hydrogen
bond between NTX and H6.52 was created shortly after the
beginning of simulation (data not shown). The time required
to break D3.32-Y7.43 was about 400 ps. This break pushed
NTX to change its structure as can be seen in Fig. (10b)
showing a dihedral angle in NTX (rotation around a bond
involving Ny, and the first carbon atom from the hydropho-
bic tail holding the methyl-cyclopropane ring). This angle
changed from 175° to 155° on average. At about 1200 ps this
hydrophobic tail started to change its conformation, and the
angle changed to 75°. However, it did not influence a ro-
tamer of W6.48. Finally, at about 1750 ps the pressure of
NTX on W6.48 resulted in a rotamer change of the trypto-
phan residue (Movie 4 in the supporting material). The %,
angle of W6.48 changed from about -65° (vertical position)
to +85° (horizontal position — perpendicular to the axis of
TM6) (Fig. 10c). This rotamer swap is manifested not only
by a change of the Y, angle but also of the y; angle of W6.48
(from 65° to 135°) and of the out-of-plane dihedral angle
between the Cs-C, bond and the plane of the pyrrole ring (0°
- -15° > 25°) (Fig. 7a,b in the supporting material, respec-
tively). There is also a break of the hydrogen bond W6.48 —
S7.46 (Fig. (7¢) in the supporting material) associated with
W6.48 rotamer change.

DISCUSSION

Binding modes of ligands within LOR. To reveal bind-
ing modes of ligands based on a tyramine structure within
the | opioid receptor we analyzed ligand-receptor complexes
of two agonists, morphine and N-methyl-morphine, of a se-
lective antagonist B-FNA and a nonselective (not having the
“address” part) antagonist NTX. All of them were subjected
to simulated annealing and molecular dynamics simulations.
Simulation techniques helped us to investigate not only the
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Fig. (9). Plots of distances (a) between the phenolic OH group of
the ligand and Y3.33, and (b) between D3.32 and Y7.43, obtained
from the simulation of the NTX — HOR complex.

ligand binding modes but also reorganization of the receptor
structure upon ligand binding. Since we focused on the dy-
namical aspects of binding of agonists and antagonists we
were interested also in outlining the very first steps of recep-
tor activation. This is why we have chosen the inactive struc-
ture of rhodopsin as a template for building the p opioid re-
ceptor structure. The whole process of receptor reorganiza-
tion during activation is very complicated and still mostly
unknown. Here we concentrated on these events which are
concurrent with early steps of ligand binding in the binding
pocket of the receptor.

For all analyzed ligands the protonated nitrogen atom
(Ny7) in the tyramine structure was bound to the carboxyl
group of D3.32. Such binding mode is in agreement with
many experimental studies and also with modeling research
such as that of Zhang et al. (the Portoghese group) [31] and
Pogozheva et al. (the Mosberg group) [32]. We found that
the second binding anchor was different for the analyzed
antagonists and agonists. Antagonists tended to bind to
Y3.33 whereas agonists to H6.52 with their phenolic (C;)OH
group. The distance between the phenolic OH group of an-
tagonists and H6.52 is big enough to prevent creating a hy-
drogen bond. Additionally, the directionality of C, to Cg
bonds in Y3.33 and H6.52 points the former residue up to-
ward the extracellular side of a receptor whereas the latter
one points down toward the cytoplasmic side. As can be seen
from Fig. (8a,b) the movement from Y3.33 (position found
for antagonists) to H6.52 (position found for agonists) is not
only horizontal (from TM3 to TM6) but also vertical and
agonists penetrate deeper into the receptor structure. This
deeper position of agonists (or “forced” antagonist) can in-
duce a series of transitions in the receptor. A scheme illus-
trating proposed binding modes of antagonists and agonists
as well as suggested first steps of agonist action is shown in
Fig. (11).

The Open Structural Biology Journal, 2008, Volume 2 15

a)
_ 07
E 0.6
9 0.5
§ 0.4
5 03 -
0.2 D3.32-Y7.43
0 500 1000 1500 2000
b) time [ps]
180
& 120
2
g 60
NTx(restr)
0
0 500 1000 1500 2000
time [ps]
c)
120
W6.48
= 60 X2
<]
> 0
c
T .60
-120 -
0 500 1000 1500 2000
time [ps]

Fig. (10). Plots from the simulation of the NTX — HOR complex
with a restrained connection between the phenolic OH group of
NTX and H6.52. (a) a distance between D3.32 and Y7.43. (b) a
dihedral angle in NTX (rotation around bond N;;-Cy;). (¢) the ¥,
angle (rotation around bond Cy-C,) of W6.48.

Dynamics of agonist binding. Based on differences be-
tween the behavior of agonists and antagonists found in our
simulations one can suggest the most probable way of ligand
binding and propose the first steps of receptor activation.
Both agonists and antagonists bind to Y3.33 but only ago-
nists are able to rotate and reach H6.52 which is located
deeper within the ligand pocket. The existence of such tran-
sition is consistent with experimental results [53] showing
that mutations Y3.33F and Y3.33A reduce binding affinities
of both agonists and antagonists. It means that also agonists
can transiently bind to Y3.33. During the movement of the
agonist both Y3.33 and H6.52 may form hydrogen bonds
with its phenolic OH group. As a result of the agonist
movement from Y3.33 to H6.52 the hydrogen bond D3.32-
Y7.43 gets broken. The agonist rotates around D3.32 (posi-
tion of this residue remains the same - see Fig. (8a) of unre-
strained and restrained NTX-pOR complexes) in the binding
site and at the same time goes deeper into the receptor struc-
ture (Fig. 8b). Only NTX was used to study the forced bind-
ing to the opioid receptor since it has no “address” part, as is
the case for selective antagonists, so its relocation is not
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connected to any other rearrangement in the receptor struc-
ture. Furthermore, NTX did not interact with the TM4-TM5
loop so eventual incorrect conformation of this loop in the
modeled pOR did not affect conducted simulations.

N
Y3.33 I)1,03-32
|
Y7.43

x
H6.52 ‘V 0“‘5 |

Fig. (11). A scheme of proposed binding modes of antagonists and
agonists in opioid receptors. Red arrows indicate the suggested
steps of agonist action. The agonist changes its location from Y3.33
to H6.52 going deeper into the receptor active site. As a result of
this movement the hydrogen bond between D3.32 and Y7.43 is
breaking.

Spivak et al. [54] found that mutation of the key residue
H6.52 to glutamine or asparagine converts antagonists and
inverse agonists (with structure based on the tyramine scaf-
fold) into agonists of LOR. According to our modeling study
the flexible side chains of glutamine or asparagine may
weaken the hydrogen bond between the phenolic OH of the
ligands and Y3.33 and induce a movement toward position
6.52. This finally leads to the break of the D3.32-Y7.43 bond
and possibly allows for subsequent activation steps.

Mechanism of GPCR activation. Role of switches. The
mechanism of full activation of a GPCR is a complex proc-
ess and possibly includes many switches [23, 24, 55]. The
switches recognized so far are the DRY lock (break of a
connection between TM3 and TM6) and the CWxP rotamer
toggle switch. Additional potential switches may involve the
NPxxY lock (break of a connection between TM7 and HS)
[40] and recently discovered group-conserved residues [56].
These switches are not necessarily interdependent and differ-
ent agonists and partial agonists may stabilize, fully or par-
tially, the active state. In unliganded receptor the inactive
state is stabilized by nonbonded interactions between trans-
membrane helices but also by specific conformations of side
chains in the rotamer toggle switch. Distinct ligands are able
to break or modify these stabilizing interactions leading to
differential activation of the receptor.

The connection between TM3 and TM6 in pOR is estab-
lished by R3.50 (the most conserved residue in the helix) and
T6.34. There is no glutamic acid residue in TM6 to form a
salt bridge with R3.50 as is the case in rhodopsin and ,AR
so another residue substitutes for it. The same residues,
R3.50 and T6.34, participated in this connection in the Mos-
berg models of HOR complexes with antagonists [32]. In our
simulations the TM3-TM6 link stayed unbroken (Fig. 12) for
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both agonists and antagonists. Stability of the TM3-TM6
connection confirms that our investigations were confined to
the initial steps of receptor activation simultaneous with
ligand binding. One of the events associated directly with
binding of agonists proved to be a change of a state of the
rotamer toggle switch. Both agonists changed the rotamer of
W6.48 to a horizontal position (perpendicular to TM6) al-
ready in the simulated annealing phase so the subsequent
MD simulations started with this switch in the ON state (Fig.
13). All antagonists maintained the initial vertical position of
W6.48 in simulated annealing as well as in MD simulations.
However, it was possible to observe an action of the rotamer
toggle switch when forcing NTX to bind to the receptor
binding pocket utilizing the agonist binding mode (a change
of binding from Y3.33 to H6.52).

Fig. (12). Interactions in the switch area located at cytoplasmic
ends of TM3 and TM6 in uOR. Unbroken link between these heli-
ces indicates inactive state of this switch. The switch involves DRY
motif from TM3.

Conformational response of the rotamer toggle switch
involves changes in the position of aromatic amino acids
surrounding the highly conserved proline P6.50 in TM6.
This rotameric change, known as the rotamer toggle switch,
has been proposed to be involved in the activation of amine
and opsin receptor families [57, 58]. It was proposed that
rotamer configurations of C6.47, W6.48 and F6.52, the resi-
dues that comprise the rotamer toggle switch in B,AR, are
coupled and modulate the bend angle of TM6 around the
kink at P6.50.

An additional switch involving breaking the connection
between TM3 and TM7 was proposed by the Khorana group
[55] based on mutagenesis experiments on rhodopsin. Ac-
cording to this research a salt bridge E113-K296 (E3.28-
K7.43) linking helices TM3 and TM7 in rhodopsin is a key
constraint maintaining the resting state of the receptor. The
paper also provides structural evidence that the disruption of
the salt bridge is the cause rather than a consequence of the
TM6 motion which occurs upon activation. The authors
demonstrated that the K296-E113 connection may be a
switch that, when broken through mutagenesis, results in a
movement of TM6 similar but not identical to that caused by
photoactivation of the WT receptor. Their data also indicate
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that the salt bridge is a primary constraint that determines the
position of the cytoplasmic region of TM6. However, by
itself, the salt bridge opening is insufficient to activate the
receptor, and additional structural changes of a ligand and
receptor are required for full activation. Such 3-7 lock (in the
form of D3.32-Y7.43 hydrogen bond in opioid receptors)
was postulated also by Befort ef al. [59] to be one of the sta-
bilizing factors of an inactive state of opioid receptors (muta-
tion of D3.32 or Y7.43 in the delta opioid receptor resulted
in constitutive activation of the receptor).

Fig. (13). Horizontal position of W6.48 interacting with morphine.
The ligand is bound to H6.52 and 3-7 lock is broken.

Vilardaga et al. [60] suggested, based on fluorescence
experiments on the opa-adrenergic receptor, that agonists
and inverse agonists use distinct molecular switches in the
receptor. However, in a recent crystal structure of §,AR [29]
the DRY lock (TM3-TM6) is broken upon binding of an
inverse agonist - carazolol. It means that inverse agonists
may use the same switches as agonists in combination with
their specific switches that are still unknown. Yao ef al. [61]
investigated differences in the binding of full and partial
agonists to B,AR. They found that both kinds of ligands dis-
rupted the ionic bridge between the cytoplasmic ends of
TM3 and TM6 but this was not enough for the full activation
of the receptor by partial agonists. It was also shown for the
B,-adrenergic and V, vasopressin receptors that inverse ago-
nists can also recruit B-arrestin (similarly to agonists) [62].
Moreover, inverse agonists of SOR in the cyclase pathway
induced agonist responses in the ERK cascade [63]. It means
that inverse agonist binding does not lead to full inactivation
of a receptor but rather to alternative activation states. These
data point to a multistate model of receptor activation in
which ligand-specific conformations are capable of differen-
tially activating distinct signaling partners.

Sequence of events. The action of two switches was ob-
served in our simulations: break of the 3-7 lock and rotamer
change of W6.48. The TM3-TM7 connection is formed in
LOR by D3.32 and Y7.43. This aspartic acid residue exists
also in B,AR where is a key residue binding the charged
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amine nitrogen atom from a ligand. However, in rhodopsin,
instead of D3.32, there is E3.28 which is located one turn of
helix farther from K7.43 (which covalently binds retinal).
K7.43 is in the same position in rhodopsin as Y7.43 in pOR
or B,AR (see alignment in Fig. (1) in the supporting mate-
rial) but due to a longer side chain of glutamic acid a salt
bridge between them is still possible. This glutamic acid
residue is a counterion for the charged Schiff base of retinal
so it has the same role as D3.32 for ligand binding in B,AR
and in opioid receptors. During retinal isomerization a break
of this salt bridge occurs because of a rotation of a part of
retinal containing the Schiff base. The TM3-TM7 connection
in the form D3.32-Y7.43 also exists in B,AR and is clearly
seen in a recent crystal structure of this receptor.

During conducted simulations both analyzed agonists
broke the D3.32-Y7.43 hydrogen bond. However, none of
the analyzed antagonists was able to break this hydrogen
bond in MD simulations. An additional MD simulation was
performed for the LOR — NTX complex with the NTX —
H6.52 hydrogen bond restrained to force an agonist-like
binding mode. During this simulation we observed a charac-
teristic sequence of events (Fig. 10a-c) linking disruption of
the 3-7 lock with the rotamer toggle switch.

A restrained bond of NTX (C3)OH — H6.52 was created
shortly after MD simulation started although the initial posi-
tion of NTX was close to Y3.33 (Fig. 14a). NTX rotated in
the binding site to reach H6.52 but this rotation did not result
in introducing any strain to its conformation as can be judged
by an unchanged conformation of its flexible tail (Fig. 10b).
No strain was also imposed on W6.48: its dihedral angles
remained unchanged (Fig. (10c) and Fig. (7a) in the support-
ing material) and an out-of-plane dihedral angle between the
C;p-C, bond and a plane of the pyrrole ring was still zero (Fig.
(7b) in the supporting material). A new position of the ligand
resulted in a break of the 3-7 lock at about 400 ps. Only this
event introduced strain on W6.48 (out-of-plane angle
changed to -15°) and also the conformation of the NTX
slightly changed (Fig. 10b). NTX tended to move toward the
empty space created between TM3 and TM7 but met an ob-
stacle in the form of a bulky side chain of the tryptophan
residue W6.48. This close encounter changed conformations
of both NTX and W6.48. The flexible chain of NTX tended
to change its conformation several times which indeed hap-
pened at about 1750 ps when a rotamer of W6.48 swapped
from a vertical to horizontal position (perpendicular to axis
of TM6) (Fig. 14b). During this swap the strain was not re-
leased from tryptophan residue but it even increased (out-of-
plane angle changed to +25°) (Fig. (7b) in the supporting
material). A similar out-of-plane angle of W6.48 was found
in the structures of pOR complexes with morphine (Fig. 13)
and N-methyl-morphine where this W6.48 rotamer was cre-
ated already during simulated annealing phase because of the
inclination of these ligands to bind to H6.52. Such strain in
W6.48 conformation is probably the reason for a change of
position of the whole TM6 either by rotation or a seesaw mo-
tion.

The difference of about 1 ns between a break of the
TM3-TM7 connection and the rotamer swap in W6.48 is
very small compared to millisecond timescale of protein re-
arrangements. Therefore it is plausible to regard these two
transitions as part of a single, larger switch. In our simulation
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a break of the 3-7 lock preceded the change of the rotamer
but it may not be the same with other ligands so subsequent
simulations are required to establish the correct timeline of
these transitions. Certainly, in the case of pOR, the first
event is imposed by an agonist and we propose that this is a
change of a binding mode of a ligand from Y3.33 to H6.52.
It is followed by subsequent changes of the receptor struc-
ture: a break of a 3-7 lock and a rotamer swap of W6.48. It is
to determine whether these two switches are interdependent
also for other ligands.

Fig. (14). Conformations of W6.48 in restrained NTX-UOR simula-
tion. (a) initial (vertical) position. NTX is bound to Y3.33 and hy-
drogen bonds linking TM7 with TM3 (D3.32-Y7.43) and TM7 with
TM6 (W6.48 — S7.46) are unbroken. (b) final (horizontal) position.
NTX is bound to H6.52 and both hydrogen bonds of TM7 are bro-
ken.

During the aforementioned changes we observed also a
break of a hydrogen bond linking TM6 and TM7: W6.48 —
S7.46. Such a link exists also in B,AR [29] but it is mediated
by one water molecule. However, it does not exist in rhodop-
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sin. Therefore, it seems that this event is not general to
GPCRs and plays an auxiliary role during activation of
opioid receptors (S7.46 is conserved in all opioid receptors).

Influence of the agonist structure on the process of
breaking of the 3-7 lock. The smallest of the analyzed
ligands, morphine, broke the D3.32-Y7.43 hydrogen bond in
one fast event. In the case of N-methyl-morphine the process
of breaking of the 3-7 lock lasted 300 ps (from 400 to 700
ps) (Fig. 5) and then this bond was restored several times in
a slow manner. Although the N-moiety of N-methyl-
morphine was bulkier than morphine and located very close
to both interacting residues D3.32 and Y7.43, it did not fa-
cilitate the break of the TM3-TM?7 connection. Thus, a small
difference in the structure of the analyzed agonists resulted
in a very different behavior exemplified by a difference in
the time needed to break the 3-7 lock. Explanation of such
behavior and clarification of trends will be possible after
analysis of simulations of higher number of different com-
plexes of pOR.

Implications for other GPCRs. The key residues D3.32,
Y7.43, Y3.33 and H6.52, participating in formation of the 3-
7 lock and also in the proposed binding modes for pOR, ex-
ist in all opioid receptors so the binding of antagonists to
Y3.33 and agonists to H6.52 may be also possible in SOR
and KOR. An influence of agonist binding on the break of
the 3-7 lock and the subsequent rotamer toggle switch needs
to be investigated further for all opioid receptors.

The structures of activated intermediates of rhodopsin,
lumirhodopsin, obtained by Nakamichi et al. [64] and of a
deprotonated intermediate by Salom et al. [65] shed some
light on how the structure of a GPCR is changing upon acti-
vation although both the ionic lock (DRY switch) and the
rotamer toggle switch remain in resting states, in spite of the
fact that retinal is in activated (all-frans) conformation. In-
terestingly, the 3-7 lock is broken in the lumirhodopsin struc-
ture. On the other hand in a recently published structure of
B2AR the DRY switch is in the ON state (a connection be-
tween TM3 and TM6 is broken) and this is due to binding of
an inverse agonist. The hydrogen bond D3.32-Y7.43 exists
also in B,AR and is unbroken when an inverse agonist is
bound [29]. There is an additional residue on TM7 in 3,AR,
N7.39 (not present in opioid receptors), which binds to the
protonated amine of a ligand and connects it via interactions
with D3.32 to TM3. In unliganded receptor N7.39 probably
binds directly to D3.32. So Y7.43 is not critical in B,AR and
mutations of this residue alone do not lead to constitutive
activation of the receptor.

CONCLUSIONS

Using homology modeling, simulated annealing and mo-
lecular dynamics of the | opioid receptor complexes we pro-
posed distinct binding modes of opioids carrying the same
structural motif — tyramine. Although they bind to the same
binding pocket and the protonated amine interacts with
D3.32, the antagonist’s phenolic OH group tends to bind
Y3.33 whereas agonist’s H6.52. All studied agonists broke
the 3-7 lock (the hydrogen bond D3.32-Y7.43 in pOR).
Moreover, an antagonist NTX, when restrained to bind
H6.52, was also able to break this connection and to induce a
rotamer toggle switch. Because of small temporal difference
between these events both switches may be interdependent
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or even constitute a larger multicomponent switch. Nanosec-
ond timescale used in conducted simulations is small com-
pared to full activation time of the receptor. However, we
investigated only the specific action of switches and the
ligands were located in the binding site already so usage of
this timescale is justified.

Subsequent simulations and experiments are needed to
verify the proposed timeline of observed transitions as well
as for checking the interdependence (or independence) of
activation switches. Such simulations would involve other
ligands and also other opioid receptors. Analysis of opioid
receptor mutants, especially involving key residues Y3.33
and H6.52 (important for the proposed binding modes of
antagonists and agonists) as well as D3.32 and Y7.43 (con-
stituting the 3-7 lock) is needed to investigate these binding
modes and transitions in detail. Combination of simulations
and experimental data will also help to explain further acti-
vation steps and to find possible new switches occurring
during agonist action and probably also during the action of
partial and inverse agonists.
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RMSD plots, density distribution plots, a view of the recep-
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ies showing the most important fragments of molecular dy-
namics simulations of all analyzed complexes of HOR.
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