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Abstract

A model for the human & opioid receptor has been generated via sequence alignment, structure building
using the crystal structure of bovine rhodopsin as a template, and refinement by molecular dynamics
simulation. The model building suggested that, in addition to the previously postulated interaction between
D128 and Y308, an internal salt bridge also exists between residues D128 and R192, both of which are
conserved in all the opioid receptors. The model and salt bridge were then shown to be stable during a
20-nsec simulation in a lipid bilayer. It is therefore proposed that both of these interactions play a role in
stabilizing the inactive state of the receptor. The model is also used in an effort to rationalize many of the
mutational studies performed on & opioid receptors, and to suggest a plausible explanation for the differ-

ences between known & opioid agonists and antagonists.
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The opioid receptors are integral membrane proteins of the
central nervous system implicated in mediating the analge-
sic effects of opium derived alkaloids, endogenous ligands
such as the enkephalins, and their precursors (Akil et al.
1984; Kieffer et al. 1992; Chaturvedi et al. 2000; Smith and
Lee 2003). In addition to analgesia, the opioids generate a
multitude of effects, including euphoria, sedation, respira-
tory depression, muscle rigidity, and a potential for physical
dependence (Chaturvedi et al. 2000). Pharmacological stud-
ies have shown the existence of at least three different
classes of opioid receptors (w, o, and k), which differ in
their anatomical distributions and pharmacological profiles
(Simonds 1988; Kieffer et al. 1992). A large number of
synthetic peptides have been developed to bind to these
receptors, and it has been shown that selective recognition at
the receptor is facilitated by two aromatic rings and a posi-
tively charged N terminus (Feinberg et al. 1976; Smith and
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Griffin 1978; Chao et al. 1996; Shenderovich et al. 2000),
whereas nonspecific recognition requires a protonated
amine, two hydrophobic groups, and a centroid of aromatic
ring (Filizola et al. 2001). To gain further insight into the
differences among the various opioids receptors, and to un-
derstand the ligand-receptor interactions in detail, a knowl-
edge of the receptor structure at the atomic level is desir-
able. Unfortunately, because of their size and the inherent
obstacles in crystallizing complex membrane proteins, no
experimental three-dimensional structure of an opioid re-
ceptor is currently available.

The cloning studies of 8 (Evans et al. 1992; Kieffer et al.
1992), followed by w (Chen et al. 1993) and k (Meng et al.
1993), have demonstrated that these receptors belong to a G
protein—coupled receptor (GPCR) super family (Wess 1998;
Smith and Lee 2003) characterized by seven hydrophobic
transmembrane (TM) helices (TM1-7) connected by alter-
nating intracellular (ICL1-3) and extracellular loops
(ECL1-3; Chabre 1985; Baldwin 1993). The N terminus is
located on the extracellular side of the membrane, whereas
the C terminus is on the intracellular side (Baldwin 1993).
The GPCR acts as a link between the extracellular ligand
and the intracellular G protein (Gilman 1987; Ji et al. 1998;
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Gether 2000; Fabian 2001; Christopoulos and Kenakin
2002; Gether et al. 2002; Wong 2002; Bissantz 2003;
Karnik et al. 2003). Binding of an agonist to the inactive
receptor leads to a structural change in the receptor pri-
marily involving movement of helices III, VI, and VII
(Gether 2000; Bissantz 2003; Decaillot et al. 2003; Karnik
et al. 2003). The active state of the receptor can then couple
to a G protein via interactions with the intracellular loops
(and the C-terminal in some receptors), which then initiates
the subsequent intracellular signaling cascade (Strader et al.
1994; Wess 1998; Gether 2000; Horn et al. 2000; Chan et al.
2003; Breitwieser 2004). The opioid receptors are members
of family A GPCRs, which include rhodopsin-like receptors
(Gether 2000). Several highly conserved features are ob-
served in Family A receptors. These include the disulfide
bond linking TM3 and ECL2, the DRY motif in TM3, and
an NPxxY motif in TM7 (Baldwin et al. 1997; Gether 2000;
Karnik et al. 2003). It is therefore believed that these resi-
dues have a significant role in the structure and function of
the receptors.

Even though the molecular basis of binding and the ac-
tivation mechanism for opioid receptors are still unknown,
site-directed mutagenesis studies have provided insights
into the various residues and possible interactions important
for binding and activation (Gioannini et al. 1989; Kong et
al. 1993; Fukuda et al. 1995; Befort et al. 1996a,b, 1999;
Meng et al. 1996; Valiquette et al. 1996; Pepin et al. 1997;
Chaturvedi et al. 2000; Xu et al. 2000; Hosohata et al. 2001;
Decaillot et al. 2003). Here we will focus on the & opioid
receptor (DOR) as there is growing evidence that stimula-
tion of the DOR mediates analgesia but without the addic-
tive properties of morphine associated with p receptors
(Rapaka and Porreca 1991). Hence, the DOR is a prime
target for drug design. The sequence numbers refer to the
human DOR (hDOR).

Numerous studies have been performed to identify the
residues involved in the binding of ligands to the DOR
(Gioannini et al. 1989; Kong et al. 1993; Fukuda et al. 1995;
Metzer and Ferguson 1995; Befort et al. 1996a,b; Meng et
al. 1996; Valiquette et al. 1996; Pepin et al. 1997; Mosberg
1999; Chaturvedi et al. 2000; Xu et al. 2000). Even though
the opioids share a large repertoire of ligands, a positively
charged N atom is required for agonist binding (Feinberg et
al. 1976; Smith and Griffin 1978; Chao et al. 1996; Shen-
derovich et al. 2000). This has led to the idea that a nega-
tively charged amino acid side chain may be involved in a
direct interaction with the cationic ligand via a salt bridge.
Examination of the acidic residues in opioid receptors im-
plicated an aspartic acid in TM3 (D128) as being the most
likely anionic counterpart (Befort et al. 1996b). Interest-
ingly, mutation studies have shown that the D128A muta-
tion does not affect ligand binding, but does result in agonist
independent activation, which cannot be further enhanced
on agonist binding. In contrast, the corresponding D128N
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mutation results in reduced binding and an active receptor
that is further activated by 8 agonists. It is therefore believed
that cationic opioids bind in the region of D128 via forma-
tion of an ionic interaction and that, although the Asp side
chain is not essential for agonist binding in all opioid re-
ceptors, it is important for stabilization of the receptor in the
inactive conformation (Befort et al. 1996a,b, 1999; Chatur-
vedi et al. 2000; McFadyen et al. 2002; Decaillot et al.
2003). A number of other residues have also been impli-
cated in opioid binding (Gioannini et al. 1989; Kong et al.
1993; Fukuda et al. 1995; Metzer and Ferguson 1995; Be-
fort et al. 1996a,b; Meng et al. 1996; Valiquette et al. 1996;
Pepin et al. 1997; Mosberg 1999; Chaturvedi et al. 2000; Xu
et al. 2000). However, the precise position of the binding
pocket is still not clear.

The receptor undergoes a transition from inactive to ac-
tive state on binding of an agonist. It is therefore assumed
that the inactive state is stabilized by a series of interactions
that have to be broken during the activation process. Hence,
the determination of amino acid substitutions that lead to
mutant receptors with significant agonist independent con-
stitutive activity (CAM) is of particular interest. Site-di-
rected mutagenesis studies have revealed a number of
CAMs for the DOR (Befort et al. 1999; Decaillot et al.
2003). One of the proposed interactions considered to be
broken during activation of DORs involves residues D128
and Y308 (Befort et al. 1999; McFadyen et al. 2002; De-
caillot et al. 2003), based on the fact that disruption of a
corresponding interaction between TM3 and TM7 is the
primary trigger for the conformational change in opsins
(Robinson et al. 1992; Bissantz 2003). Molecular modeling
studies of DORs have also suggested a possible hydrogen
bond between D128 and Y308, leading to stabilization of
the inactive form of the receptor (Befort et al. 1999; Mos-
berg 1999; Decaillot et al. 2003). Mutations of D128 and
Y308 have been investigated and shown to be important for
signal transduction as well as ligand recognition at the DOR
(Befort et al. 1996a,b, 1999; Chaturvedi et al. 2000; Decail-
lot et al. 2003). The D128A/N and Y308F/H mutants result
in constitutive activation of the receptor (Befort et al. 1999;
Decaillot et al. 2003). However, although the D128A mu-
tant cannot be further activated by ligand, the Y308F mutant
is further activated on agonist binding. The difference in
behavior between the D128A and the Y308F mutants sug-
gests that the proposed hydrogen bond is not the only in-
teraction stabilizing the inactive state of the receptor, and
that the Asp and/or Tyr must therefore be involved in ad-
ditional interactions (Befort et al. 1999). The identification
of CAMs in other TM helices also indicates that several
additional residues are of importance for maintaining the
receptor in the inactive state (Decaillot et al. 2003). In ad-
dition, a conserved disulfide bridge (C121 to C198) has
been shown to be essential for ligand binding and maintaining
the structural integrity of the receptor (Gioannini et al. 1989).
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In the absence of a crystal structure of the DOR, several
tertiary structure models have been proposed. The models
are based on the rhodopsin projection maps or the bovine
rhodopsin crystal structure, as well as comparison with the
various mutation studies (Alkorta and Loew 1996; Strahs
and Weinstein 1997; Pogozheva et al. 1998; Brandt et al.
1999; Filizola et al. 1999a,b; Chaturvedi et al. 2000; Mc-
Fadyen et al. 2002; Bissantz et al. 2003; Decaillot et al.
2003). These models have been used in an effort to explain
the mutational data concerning ligand binding and receptor
activation. However, in doing so one must keep in mind that
it is generally difficult to explain all the mutations with any
particular model. This is due to the fact that mutational
studies pertaining to the structure—function of the receptor
are often based on a loss of function strategy. Unfortunately,
a loss of function could also be due to changes in the traf-
ficking efficiency of the receptor to the cell surface or re-
ceptor misfolding (Gether et al. 1997; Pepin et al. 1997).

Initial GPCR models used a structure of the light sensi-
tive bacteriorhodopsin as a template (Henderson et al. 1990;
Grigorieff et al. 1996; McFadyen et al. 2002). However,
although bacteriorhodopsin shares the seven-TM helix mo-
tif characteristic of GPCRs, it does not couple to G proteins,
and later comparison with rhodopsin revealed marked dif-
ferences in their three-dimensional structures (Henderson et
al. 1990; Schertler et al. 1993; Unger et al. 1997; McFadyen
et al. 2002). Subsequent efforts have used the rhodopsin
projection maps (Alkorta and Loew 1996; Strahs and Wein-
stein 1997; Pogozheva et al. 1998; Filizola et al. 1999a,b)
and, more recently, the crystal structure of rhodopsin to
construct DOR models to explain the mutational data (Mc-
Fadyen et al. 2002; Bissantz et al. 2003; Decaillot et al.
2003). Most of the recent models based on the rhodopsin
crystal structure contain a hydrogen bond between D128
and Y308.

Molecular dynamics simulations of various DOR models
with or without a ligand have also appeared in the literature.
Strahs and Weinstein (1997) used molecular modeling to
construct models for the helical regions of the three opioid
receptors based on the low-resolution projection map of
bovine rhodopsin. The models were stable for 2 nsec of
molecular dynamics simulation, and some correlation be-
tween the motions of different helices was observed. Fili-
zola et al. (1999b) investigated the details of the binding and
activation mechanism of DORs using molecular dynamics
simulations of the three opioid receptor models in the pres-
ence and absence of agonists. It was observed that the salt
bridge located in the DRY motif, which is considered to
play a central role in G-protein activation (Acharya and
Karnik 1996; Lu et al. 1997; Scheer et al. 1997, 2000;
Ballesteros et al. 1998; Rasmussen et al. 1999; Alewijnse et
al. 2000), was maintained in the absence of bound ligand
but was broken in models including a bound agonist (Fili-
zola et al. 1999b). More recently, a simulation of the k

opioid receptor in a phospholipid bilayer was described in
which different aspects of ligand binding were examined
(Iadanza et al. 2002).

Even though the wealth of information gained over the
past decade has improved our knowledge of the DOR, as
well as other GPCRs, the binding and activation processes
are still not fully understood. In particular, it is clear that the
receptor is held in the inactive state by more than just the
postulated D128-Y308 interaction. Hence, we have inves-
tigated the DOR for other possible interactions. A model of
the DOR was generated by using homology modeling. The
stability of the model was then established by molecular
dynamics simulations for 20 nsec in a lipid bilayer. A key
feature of the model is a proposed salt bridge between D128
of TM3 and R192 of ECL2, both of which are conserved
between opioid receptors and across different species. This
interaction is implicated as another possible stabilizing in-
teraction, in addition to D128-Y308, holding the receptor in
the inactive state. The final model is then used in an attempt
to explain many of the known amino acid mutation studies
for the DOR.

Results

The hDOR was aligned with the sequence of bovine rho-
dopsin by using the GAP alignment as shown in Figure 1.
Model helix fragments were built by using the hDOR se-
quence and then least squares fitted to the rhodopsin crystal
structure (Protein Data Bank [PDB] code 1L9H). Details of
the alignment and model building are presented in Materials
and Methods. A careful visualization of the area around
R192 in ECL2 indicated that the side chain C® atom was
pointing into the protein and toward D128. ECL2 is almost
completely buried in the protein and not exposed to the
solvent. With this initial orientation, the charged Arg side
chain could not reach the protein surface and be solvated. It
was also noticeable that there were no other & opioid con-
served charged residues or hydrogen bonding groups in the
vicinity of the Asp side chain. In addition, this region is
quite nonpolar, suggesting it would not contain a significant
number of water molecules. Therefore, as the distance be-
tween the main chain of the Asp and the Arg was reasonable
to accommodate what is a very favorable interaction when
both groups are desolvated, a salt bridge was introduced
between D128 and R192. The initial salt bridge arrange-
ment is displayed in Figure 2.

After model building and refinement, the receptor was
simulated in an explicit lipid environment for 20 nsec in an
effort to refine the structure and establish the stability of the
model in general and the salt bridge in particular. The initial
configuration of the system is shown in Figure 3. The root
mean square deviation (RMSD) from the initial model-built
structure is displayed in Figure 4 as a function of simulation
time. The overall deviation increased with time for the first
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TM1 bRho: 37 fsmlaaymfllimlgfpinfltlyvtvgh 65
hDOR: 49 aiait;lysavcavélngviv;;giié; 77
TM2 bRho: 70 tplnyillnlavadlfmviggftttlytslhg 101
hDOR: 82 Lat;iyiféi;i;éalatstlpfqéakyl;et 113
TM3 bRho: 106 gptgcnlegffatlggeialwslvvlaieryvvvce 140
hDOR: 117 éellékavlsiDyynmftéif£1tﬂ$é;é£;;aéé 151
T™M4 DbRho: 152 haimgvaftwvmalacaapplvg 174
hDOR: 164 k;kliniciéii;sgvgvgigim 186
ECLZ2 bRho: 176 sryipegmgcscgidyytphe 197
hDOR: 187 ;vtréRdgavvémiqépé;sw 207
TM5 bRho: 198 tnnesfviymfvvhfiipliviffcygqlv 227
hDOR: 208 ywatvtkic%éifaé;ééiiiltvé;;lml 237
TM6 bRho: 248 kevtrmviimviaflicwlpyagvafyifth 278
hDOR: 257 rrili*iiééiggéé;é$aéihifvithlv 287
TM7 bRho: 286 ifmtipaffaktsavynpviyimmnkg 312
hDOR: 298 aaihiciangansslnéii;éflééé . 324

Figure 1. Final sequence alignment for TM1-7 and ECL2 of bovine rhodopsin (bRho) and the hDOR used to build the receptor model.
Vertical lines correspond to an alignment of identical residues, and the dots indicate degrees of similarity between aligned residues.
Sequence similarities for the above fragments are 38% (TM1), 34% (TM2), 49% (TM3), 39% (TM4), 60% (TM5), 55% (TM6), 41%
(TM7), and 33% (ECL2). The most conserved residue between all GPCRs in each helix is underlined (Ballesteros and Weinstein 1995).
The highlighted residues (C121, D128, R192, C198, and Y308) are conserved among all the known opioid receptors and are of

particular interest to this study.

10 nsec and then remained relatively constant, indicating
that the structure was not changing in a systematic manner.
The largest structural change occurred between 5 and 10
nsec and involved the rearrangement of ICL3. This was not
too surprising as the corresponding loop in the rhodopsin
crystal structure is poorly defined. The time history for the
RMSD of the C* atoms corresponding to the seven helices
and ECL2 reached a maximum deviation of 0.15 nm after
10 nsec. This is reasonable for a model-built structure and
suggested that the system had converged to a stable struc-
ture, or at least a stable local minimum, which was close to
the starting structure. More importantly, the rearrangement
of ICL3 indicated that unstable regions of the model would
have been expected to show large fluctuations over this time
period (Voordijk et al. 2000; Lei and Smith 2003).

The salt bridge distance time histories are displayed in
Figure 5. Both our postulated salt bridge and the known salt
bridge (D145-R146) located in the DRY motif of family A
receptors remained intact during the whole simulation.

2000 Protein Science, vol. 13

Figure 2. The D128-t0o-R192 salt bridge after model building and energy
minimization. The salt bridge connects residues in TM3 and ECL2, which
are also connected via a disulfide bridge (C121 to C198).
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Figure 3. The starting configuration for the simulation of the hDOR in a
lipid bilayer. The receptor is displayed as red ribbons, the POPC lipids are
in orange, water is in red/white, and the blue/gray spheres indicate sodium
or chloride ions.

Average C'—C¢ distances of 0.40 and 0.45 nm were ob-
tained for the D128-R192 and DRY salt bridges, respec-
tively. From the distances and fluctuations observed in Fig-
ure 5, it appeared that the D128-R192 salt bridge was more
stable than was the DRY salt bridge. This is expected based
on their relative proximity to solvent. Other residues ob-
served to interact strongly with D128 in the model were
Y129 and Y308 (which was aligned with the Schiff base
K296 in rhodopsin). The time histories corresponding to
distances between the hydroxyl and carboxylate groups are
also displayed in Figure 5. The interactions remained intact
for the whole trajectory. Hence, the model building and
simulation data indicated that D128 of TM3 interacted
strongly with ECL2 (via R192) and TM7 (via Y308). Figure
6 displays a snapshot from the dynamics trajectory illustrat-
ing the above interactions.

An analysis of the &/ values for each residue was per-
formed by using the PROCHECK program (Laskowski et
al. 1993). The results for bovine rhodopsin crystal structure
(chain A) and the final structure generated after the 20-nsec
simulation are displayed in Figure 7. No residues were ob-
served in the disallowed regions, and just seven amino acid
residues were observed in the generously allowed regions of
the Ramachandran plot. Analysis of structures generated
after each nanosecond of simulation indicated that the same
residue was never consistently observed in the generously
allowed regions, and that the percentage of residues in fa-
vorable regions remained constant at 80%, with 97% ob-

served in the favorable and additionally favorable regions.
Although this is slightly lower than expected for good mod-
els of small globular water soluble proteins (usually ~90%;
Morris et al. 1992), it is very reasonable in comparison with
the bovine rhodopsin crystal structure analysis (also 80% in
favorable regions), and a previous model of the k opioid
receptor, which displayed 95% in favorable and additionally
favorable regions (Iadanza et al. 2002). None of the residues
in TM3 and ECL2 were observed in unfavorable regions of
the Ramachandran plot.

Another approach to assess the stability of the model is to
quantify the atomic fluctuations in terms of B-factors (van
Gunsteren and Mark 1998; Voordijk et al. 2000). The B-
factors obtained from the simulation are presented in Figure
8 and compared with the corresponding values from the
bovine rhodopsin crystal structure (Palczewski et al. 2000).
The majority of the helical and ECL2 residues displayed
low (0.1 nm?) C* B-factors, indicating that these regions of
the receptor were very stable during the simulation. Only
residues located in loops or at the helix termini displayed
significant flexibility. Interestingly, the two lowest B-fac-
tors corresponded to the C* atoms of D128 and R192. Un-
fortunately, a direct comparison with rhodopsin is compli-
cated by the presence of high B-factors obtained from the
crystal refinement. The base line value of 0.4 nm? suggests
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Figure 4. RMSD time histories obtained from the molecular dynamics
simulation. (Z7op) The all atom RMSD (upper line) and C* atom RMSD
(lower line) of the receptor. (Bottom) The all atom RMSD (upper line) and
C* atom RMSD (lower line) for TM1-7 and ECL2 atoms.
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Figure 5. Time histories for selected distances obtained from the hDOR
simulation. Salt bridge distances were defined by atoms CY and C¥,
whereas Asp-to-Tyr distances were defined by atoms CY and O™.

a significant degree of static disorder in the crystal. How-
ever, it was clear that ICL2 and ICL3 displayed significant
motion during the simulation, in agreement with the rho-
dopsin B-factors. Furthermore, the B-factors determined
here are in good agreement with the values observed for
stable secondary structural elements in simulations of other
membrane and globular proteins performed with the same
force field (Stocker et al. 2000; Voordijk et al. 2000; Far-
aldo-Gomez et al. 2003; Lei and Smith 2003).

Nine internal water molecules were included in the initial
model. Five had diffused into the solvent by the end of the
simulation. However, diffusion of the five waters into the
bulk solvent did not appear to result in any significant struc-
tural changes in the model. The waters initially placed in the
vicinity of the buried charged D95 residue remained in po-
sition for the whole simulation. In addition, the structural
stability of the receptor model was also investigated by
determining the fraction of helical residues, the orientation
of each helix with the bilayer and with each other, and the
solvent accessible surface area of the receptor, all as a func-
tion of simulation time (data not shown). None of these
properties displayed any significant increases or decreases
during the simulation. In summary, sequence alignment and
modeling leads to a predicted model for the hDOR. Analysis
of the model suggests the presence of a salt bridge between
D128 and R192. Simulation of the model demonstrated that
the overall structure, and the salt bridge in particular, were
stable for >20 nsec.

Discussion

Structure refinement using molecular dynamics

It is known that simulation of a homology model does not
necessarily improve the structure (Schonbrun et al. 2002).

2002 Protein Science, vol. 13

However, this is primarily based on the use of relatively
short molecular dynamics runs. When refining a model-
built structure, one would ideally prefer to perform multiple
short simulations of the same system by using slightly dif-
ferent initial starting structures. These short simulations
should still be long enough to allow for full relaxation of the
initial structures to a common final structure, otherwise one
will simply generate many different possible models with
no way to distinguish which is correct. A recent study has
shown that refinement of model-built protein structures in
an explicit solvent environment does produce good agree-
ment with experiment but often requires between 10 and
100 nsec of simulation time (Fan and Mark 2004). This is
supported by the RMSD data presented in Figure 4, which
indicates that the present model only converged to a stable
structure after 10 nsec. Clearly, it is computationally pro-
hibitive to perform multiple simulations of at least 10 nsec
for a system of this size (25,602 atoms). Hence, we have
chosen to perform a single, relatively long, simulation of the
hDOR in an explicit solvent environment in an effort to
validate the present model. We expect this approach to gen-
erate a very reasonable description of the seven helices and
ECL2 (see below), with more uncertainty in the exact po-
sition of the remaining extracellular and intracellular loops.

Rationale for salt bridge formation

The major new feature of our proposed model for the hDOR
is the presence of a salt bridge between D128 and R192.
Buried salt bridges have been observed in protein structures,
although the degree to which they contribute to protein sta-
bility is thought to be marginal (Waldburger et al. 1995).
Our justification for a salt bridge in the hDOR is several-

R192

Figure 6. The final arrangement of the side chains in direct contact with
the D128-t0-R192 salt bridged side chains.



Modeling of the human & opioid receptor

b :
¥
xu
g
Bl
i
‘B
(=} -
38
LYSE?S
-
b
135 180
g
ol
2
&
0 45

Phi {degrees)

Figure 7. Ramachandran plots obtained by using the PROCHECK pro-
gram. Results are displayed for chain A of bovine rhodopsin (fop) and the
final configuration obtained from the 20-nsec trajectory (bottom).

fold. First, the sequence alignment places both the Asp and
Arg side chains (aligned with the buried A117 and E181
residues of bovine rhodopsin) in the interior of the protein.
The alignment for both TM3 and ECL2 does not involve
any insertions or deletions, and the same results are gener-
ated from both the GAP and BLAST algorithms. Therefore,
the possibility of misalignment appears small. Second, in
most situations in which a charged Asp or Arg side chain is
buried in the interior of a protein, there is a significant
interaction with either backbone carbonyl groups or other
polar side chains (Borders et al. 1994; Giletto and Pace
1999; Winn et al. 2002). However, both the Asp and Arg

groups are in close vicinity to the retinal binding site of
rhodopsin. This is a nonpolar region, in both rhodopsin and
our hDOR model, which is not expected to be significantly
solvated. None of the previously proposed opioid receptor
models have suggested the presence of solvent molecules in
the vicinity of D128. Therefore, it seems improbable that
both the Asp and Arg side chains could interact with either
polar side-chain groups or backbone carbonyl groups
(which are all involved in intrahelical hydrogen bonding). It
seems more probable that the two charged side chains
would interact strongly with each other in such an environ-
ment. Third, both the Asp and Arg residues are conserved
between different opioid receptors and across different spe-
cies. R192 is also the only positively charged residue that is
close to D128 in the opioid receptor model and is conserved
in all opioid receptors. Finally, the molecular dynamics
simulation suggests that both the model, and the salt bridge
in particular, were stable. In fact, the D128 to R192 salt
bridge appeared to be more stable during the simulation
than the known D145 to R146 salt bridge in the DRY motif.

Extracellular loop 2

The presence of a possible D128—R192 salt bridge clearly
depends on a correct alignment of both residues. The align-
ment of rhodopsin and DOR TM3 is generally accepted
(Pogozheva et al. 1998; Chaturvedi et al. 2000; Bissantz et
al. 2003; Decaillot et al. 2003). At first sight, the alignment
and structure of ECL2 is more problematic due to a high
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Residue Number

Figure 8. B-factors for the C* atoms obtained from the simulation (thin
line) compared with the corresponding residues (TM1-7 and ECL2) for
bovine rhodopsin (thick lines). The residue numbering system corresponds
to that of the hDOR. The simulated data were determined after averaging
over the final 10 nsec of the simulation and has been offset by 0.4 nm? to
counter the large static disorder contribution contained in the rhodopsin
data.
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degree of expected flexibility. In fact, many previous mod-
els have not included ECL2, even though residues in this
region are known to be important for binding (Li et al. 1996;
Quock et al. 1999; Fabian 2001). However, on closer ex-
amination it is observed that ECL2 in rhodopsin is almost
totally buried by other protein residues (Bissantz et al.
2003). This is also supported by the crystal B-factors in this
region, which are more similar to the helical residues than
other loop residues. The alignment of ECL2 between the
receptor and rhodopsin was also very good, and no gaps
were predicted. The present alignment of ECL2 is exactly
the same as that proposed by a recent modeling study (Bis-
santz et al. 2003). These facts, and the low B-factors for
ECL2 observed during the simulation, provide a reasonable
degree of confidence in the position of R192.

Mechanism of DOR activation

The presence of a D128-R192 salt bridge, combined with
the existing experimental mutation studies (Befort et al.
1999; Chaturvedi et al. 2000; Decaillot et al. 2003), leads to
a plausible hypothesis for the first step in receptor activa-
tion. If it is considered that TM3 is mainly held in the
inactive state by the presence of the known disulfide bridge
(C121-C198), the assumed D128-to-Y308 interaction, and
the postulated salt bridge, then binding of an agonist places
the positively charged N-terminal amino group of the ligand
in the vicinity of the negatively charged side chain of D128.
It is possible that this is sufficient to break the D128—R192
and D128-Y308 interactions holding TM3 and TM7 in po-
sition. This would then allow TM3 and TM7 to move to-
ward the cytoplasm in an effort to further accommodate the
agonist (Decaillot et al. 2003; Karnik et al. 2003), with the
disulfide acting as a molecular hinge. The net result is to
expose the DRY motif and intracellular loops to the solvent
so they can bind the G protein (Gether 2000; Chan et al.
2003; Karnik et al. 2003). Although this is clearly a sim-
plified mechanism, we feel that it is a plausible one that
captures the initial steps of the overall process from binding
to activation in DORs. However, the exact motion of TM3
and TM7, and possibly additional helices, will involve
changes in interactions with other helical side-chain resi-
dues. It is unclear from the current model exactly what these
changes might be.

Comparison with mutational studies of DORs

There are several known constitutively active mutants of the
DOR family that can be rationalized by the above model.
The D128 A mutation leads to a constitutively active mutant
(Befort et al. 1999; Decaillot et al. 2003). From the pro-
posed mechanism, it is apparent that a DI128A mutation
would result in elimination of the salt bridge, causing TM3
and TM7 to move toward the intracellular region, thereby
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resulting in increased activation. Interestingly, the D128N
mutation produces basal activity intermediate between the
wild type and the D128 A mutant (Befort et al. 1999; De-
caillot et al. 2003). In this case, it is plausible that the
presence of Asn results in a weakened interaction with
R192, which shifts the equilibrium toward the active form
of the receptor. It has also been observed that mutation of
the Tyr residues Y129 in TM3 and Y308 in TM7 (Y 129F,
Y129A, Y308F, and Y308H) also lead to CAMs (Befort et
al. 1999; Decaillot et al. 2003). In our model, the side-chain
hydroxyl groups of both Y129 and Y308 interact directly
with the D128 side chain. These residues are probably in-
volved in maintaining TM3 and TM7 in the inactive ar-
rangement and possibly in weakening the salt bridge so that
agonist binding is sufficient to induce the required confor-
mational change. However, other studies have suggested
that Y129 interacts with residues on TM4 (Strahs and Wein-
stein 1997), TMS5 (Strahs and Weinstein 1997; Filizola et al.
1999b), or TM6 (Pogozheva et al. 1998; Befort et al. 1999).
We cannot rule out these possibilities as they provide a
more compelling argument for the CAM generated by the
Y 129F mutation. The Y308F mutation results in partial ac-
tivation of the receptor, which is increased by agonist bind-
ing (Befort et al. 1999). In terms of our model, the loss of
the D128-Y308 hydrogen bond interaction would shift the
equilibrium toward the active state, but an agonist is re-
quired to achieve full activation by breaking the salt bridge.
Interestingly, the Y308H mutation results in full activation
(Decaillot et al. 2003). A possible explanation for this mu-
tation would require a charged His (as it is buried and close
to D128), which effectively mimics the N terminus of an
agonist, leading to salt bridge rupture. Removal of the di-
sulfide bond connecting TM3 and ECL2 is also known to be
important for binding and structural stability (Gioannini et
al. 1989; Shahrestanifar et al. 1996; Chaturvedi et al. 2000).
As mentioned previously, not all CAMs can be explained by
any model. The most significant CAM that cannot be easily
explained is the C328R mutant (Decaillot et al. 2003). This
is located at the cytoplasmic end of TM7 and is far removed
from any of the suggested opioid binding sites.

Differences between DOR agonists and antagonists

The proposed model can also be used to help explain some
of the difference between DOR agonists and antagonists.
The generally accepted pharmacophores for agonist binding
are a charged N-terminal amino group and two aromatic
rings (Feinberg et al. 1976; Smith and Griffin 1978; Chao et
al. 1996; Shenderovich et al. 2000). In the endogenous en-
kephalins (YGGFX, X = L or M), these are thought to be
provided by the Tyr and Phe residues. Most antagonists fall
into two categories. They either have N-terminal substitu-
tion by alkyl or allyl groups (Feinberg et al. 1976; Portogh-
ese et al. 1990; Salvadori et al. 1997; Schiller et al. 2003),
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or no charged N terminus (Schiller et al. 2000, 2003). We
hypothesize that allyl or alkyl substitution results in a ligand
that can still bind to the receptor but is incapable of pro-
viding the interaction necessary to break the proposed salt
bridge. Clearly, the absence of any N-terminal charge would
have a similar effect. Hence, our initial mechanism assumes
that the aromatic groups contribute the most to the binding
process (Befort et al. 1996b), whereas the presence of a
correctly positioned charged primary amino group is re-
quired for activation via competition for D128 and salt
bridge disruption. A further class of 8 antagonists has been
designed around the Tyr-Tic sequence (Schiller et al. 1992).
Here it is observed that Tyr-L-Tic behave as & selective
antagonists but Tyr-D-Tic sequences are nonselective ago-
nists (Schiller et al. 1992). It is plausible that the difference
in chirality results in different placements of the charged N
terminus, with respect to the proposed salt bridge, leading to
the different receptor responses. Unfortunately, the model
does not provide any immediate clues as to the binding and
mechanism of inverse agonists.

Conclusions

A model for the DOR has been generated from sequence
alignment, model building, and molecular dynamics simu-
lation. It is proposed that a salt bridge structure exists be-
tween conserved residues in DORs, corresponding to resi-
dues D128 and R192 in the hDOR. The salt bridge is im-
plicated in helping to maintain the receptor in the inactive
conformation primarily by stabilizing the arrangement of
TM3. The model was observed to be stable in a membrane
environment for >20 nsec and suggests a reasonable expla-
nation for many of the available single amino acid mutation
data, as well as the difference between agonist and antago-
nist behavior of known ligands.

By using the approach outlined here, we have the most
confidence in the seven helices and ECL2, in particular
TM3, TMS, TM6, and ECL2, all of which displayed high
similarity to rhodopsin. Furthermore, TM3 and ECL2 have
no insertions or deletions and display low experimental and
simulated B-factors. Hence, we consider the final structure
to be a good model for DORs. Even so, the model and the
proposed initial step in mechanism still have to be verified
by experimental studies. The most obvious mutation site
would be R192. Mutations of R192 have not appeared in the
literature or the opioid receptor mutation database (Horn et
al. 2003). The effects of Lys and Ala substitution could
provide valuable information as to the role of R192. How-
ever, the R192A mutation might be problematic, with po-
tential for structural changes in the receptor. In principle,
one should be able to simulate a known activating mutant,
and/or a bound agonist, to determine if a conformational
change is observed that supports the proposed model. In

practice, it is not currently possible to reach the timescales
required (probably microseconds) for a system of this size.

Although the above model can be used to explain many
of the known features of DORs, and to make some predic-
tions, there are still many aspects of the receptor that are not
explained. The binding site interactions are not obvious
from the model. The mechanism of sodium activation is
unknown, although it is thought to involve D95 (Kong et al.
1993). The exact nature of the active conformation and the
movement of TM3 and the other helices still needs to be
elucidated. In addition, relatively little is known concerning
the interaction with G proteins (Arnis et al. 1994; Burstein
et al. 1998; Gether 2000). However, we believe the pro-
posed model represents a good starting point for many of
these studies.

Materials and methods

Human DOR

The model includes residues 18-333 of the human DOR sequence
as obtained from the National Center for Biotechnology Informa-
tion database (account no. 138532). For simplicity, the model did
not include glycosylation of residues 18 and 33, or palmitoylation
of residue 333. Furthermore, although it is known that the opioid
receptors exist as dimers (Cvejic and Devi 1997), we have re-
stricted the study to a monomer as follows: (1) The structure of the
dimer is unknown, (2) there is no compelling evidence for coop-
erative binding effects, and (3) it is computationally more efficient
to study the monomer for such a large system. All previous simu-
lations of opioid receptors have focused on receptor monomers
(Strahs and Weinstein 1997; Filizola et al. 1999b; ladanza et al.
2002). The hDOR sequence was aligned with bovine rhodopsin by
using the GAP algorithm (Genetics Computer Group 1991). The
initial alignment (25% identity, 51% similarity) was then modified
to remove any gaps within the seven helical segments of thodopsin
in an effort to optimize the hydrogen bonding within the helices
(Ballesteros and Weinstein 1995). This was achieved by shifting
residues on the left or the right of the most conserved residue in
each helix (Fig. 1), resulting in a small decrease in the quality of
the alignment (22% identity, 44% similarity). Hence, all gaps
(typically only one or two residues) were assumed to be in the loop
regions connecting each helix. Particular attention was paid to the
positioning of Pro residues in the helices, as they can lead to helix
kinking and potential problems in the tertiary structure. A careful
inspection of the helical Pro residues indicated that all except P103
were aligned with Pro residues in the bovine rhodopsin sequence.
P103 is located in TM2 and was closely aligned with G89 and G90
in thodopsin. The bovine rhodopsin crystal structure displays a
helical kink in the region of residues 89 and 90, and consequently,
the carbonyl group of G89 is not involved in intrahelical hydrogen
bonding (Stenkamp et al. 2002). Therefore, it seems reasonable to
assume that a similar kink in TM2 is induced by P103 in the
hDOR.

Structure building

Model helix fragments were built by using the hDOR sequence
and then least squares fitted to the rhodopsin crystal structure
(PDB code 1L9H). Helix kinking was maintained by using helix
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segments corresponding to the sequences before and after the kink.
The intracellular and extracellular loops were then placed close to
the appropriate helix termini by manually fitting to the rhodopsin
structure using the alignment as a guide. In regions where gaps
appeared in the alignment, the two terminal loop residues were
placed as close to the corresponding terminal helix residues as
possible. The side chain of every residue was then examined in-
dividually and rotated to occupy the same region of space as the
corresponding side chain in rhodopsin. For residues aligned with
Gly in rhodopsin, the most commonly observed side-chain con-
formation was used (Nayeem and Scheraga 1994).

Initial structure refinement

The structure generated above was then refined by energy mini-
mization and simulation. All residues were assigned their standard
protonation states at pH 7, and histidines were kept neutral, result-
ing in a total charge of +11 on the receptor. None of the three
histidines (H152, H278, and H301) were located in regions that
would be expected to significantly alter their pKas. Nine resolved
internal water molecules are observed in the bovine rhodopsin
crystal structure (residues W964, W2000, W2004, W2015,
W2017, W2020, W2024, W2027, W2028 for chain A) and were
included in our model. In particular, two of the internal waters
(W2015 and W2017) help to stabilize the buried D95 (D83 in
bovine rhodopsin). Two additional internal waters were not in-
cluded in our model. The first was removed due to the presence of
the side chain of R192, which overlapped with W2014. The second
was removed due to the alignment of L102 in hDOR with G90 in
rhodopsin, which caused steric overlap of the Leu side chain with
W2021. Energy minimization and molecular dynamics simulation
were then performed by using the vacuum 43bl1 force field (used
to approximate the effect of solvent). During the minimization and
simulation stages, a series of conformational constraints were ap-
plied to help retain the overall arrangement of the helices while
refining the loops and side-chain conformations. The C* atoms of
all the residues displayed in Figure 1 (TM1-7 and ECL2) were
positionally restrained using a force constant of 25000 kJ/mole/
nm?. In addition, all peptide T bonds were constrained to remain
in the trans conformation by using a harmonic potential and a
force constant of 1.0 kJ/mole/deg®. By using these constraints,
1000 steps of steepest descent energy minimization were per-
formed followed by 1 nsec of simulation at 300 K. The final
structure was then used as a starting structure for the simulation in
a full lipid bilayer environment.

Receptor in a lipid bilayer

The lipid bilayer consisted of solvated 1-palmitoyl-2-oleoyl-phos-
phatidylcholine (POPC) molecules. The initial equilibrated bilayer
contained 8 x 8 x 2 POPC molecules. The hDOR was placed in the
center of the lipid bilayer in such a way that the extracellular and
intracellular loops were at the lipid water interface, and the long
axes of the helices (Z-axis) were perpendicular to the bilayer axis.
Any lipid molecules that were in steric contact with the receptor
were then removed (a total of 26 lipid molecules). The system was
then solvated with water, and random water molecules were re-
placed by sodium or chloride ions to achieve electroneutrality and
a physiological ionic strength of 0.15 M. The resultant system
consisted of 316 protein residues, 102 POPC molecules, 5716
water molecules, 15 sodium ions, and 26 chloride ions, for a total
of 25,602 atoms in a rectangular box of approximate dimensions
6.227 x 6.102 x 9.207 nm. The system was then energy minimized
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and simulated at 300 K for 1 nsec by using the 45a3 force field and
the positional and peptide T constraints described above. Finally,
all constraints were removed and the system simulated for a further
20 nsec.

Molecular dynamics protocol

All molecular dynamics simulations were performed by using the
GROMOS96 program (Scott et al. 1999) and the SPC water model
(Berendsen et al. 1981). The time step was 2 fsec, and SHAKE
(Ryckaert et al. 1977) was used to constrain all bond lengths with
a tolerance of 10~ nm. A twin range cutoff of 0.8 nm/1.4 nm was
used, and the nonbonded pair list was updated every 10 steps.
Long-range electrostatics were treated by using the Poisson-
Boltzmann reaction field approach (Tironi et al. 1995), with a
reaction field permittivity for SPC water of 54 (Smith and van
Gunsteren 1994). This treatment of electrostatic interactions has
been shown to be free from major cutoff artifacts and to provide
comparable results to the Ewald technique (Tironi et al. 1995). The
simulations were performed under conditions of constant tempera-
ture (300 K) and constant pressure (1 atm) using the weak coupling
approach (Berendsen et al. 1984). Configurations were saved ev-
ery 1 psec for analysis.
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