1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"s», NIH Public Access

(=
a2 & Author Manuscript

Published in final edited form as:
Biochemistry. 2009 October 27; 48(42): 10020-10029. doi:10.1021/bi901494n.

Exploring Molecular Mechanisms of Ligand Recognition by
Opioid Receptors with Metadynamics*

Davide Provasii, Andrea Bortolatojf', and Marta Filizola"
Department of Structural and Chemical Biology, Mount Sinai School of Medicine, New York, NY
10029, USA

Abstract

Opioid receptors are G protein-coupled receptors (GPCRs) of utmost significance in the development
of potent analgesic drugs for the treatment of severe pain. An accurate evaluation at the molecular
level of the ligand binding pathways into these receptors may play a key role in the design of new
molecules with more desirable properties and reduced side effects. The recent characterization of
high-resolution X-ray crystal structures of non-rhodopsin GPCRs for diffusible hormones and
neurotransmitters presents an unprecedented opportunity to build improved homology models of
opioid receptors, and to study in more detail their molecular mechanisms of ligand recognition. In
this study, possible entry pathways of the non-selective antagonist naloxone (NLX) from the water
environment into the well-accepted alkaloid binding pocket of a delta opioid receptor (DOR)
molecular model based on the p2-adrenergic receptor crystal structure are explored using
microsecond-scale well-tempered metadynamics simulations. Using as collective variables distances
that account for the position of NLX and of the receptor extracellular loop 2 in relation to the DOR
binding pocket, we were able to distinguish between the different states visited by the ligand (i.e.,
docked, undocked, and metastable bound intermediates), and to predict a free energy of binding close
to experimental values after correcting for possible drawbacks of the sampling approach. The strategy
employed herein holds promise for its application to the docking of diverse ligands to the opioid
receptors as well as to other GPCRs.

Opioid receptors (ORs) are four closely-related members of the seven-helix transmembrane
(TM) rhodopsin-like G protein-coupled receptor (GPCR) super-family widely distributed in
the central nervous system (1). Three types of these receptors, namely the mu (MOR), delta
(DOR), and kappa (KOR) opioid receptors, unequivocally mediate the analgesic effects of
opium-derived alkaloids, endogenous opioid peptides, and several synthetic compounds in
animal models (1). In contrast, the fourth member of the opioid receptor family, the distant
nociceptin (or orphanin FQ) ‘opioid receptor-like’ (ORL) member, does not bind the vast
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majority of opioids, nor does it seem to produce hyperalgesia or analgesia after administration
of ORL agonists (1).

Given the importance of DOR, MOR, and KOR in modulating opioid analgesia, it comes as
no surprise that they have been the subject of intense research for developing potent opioid
analgesics with fewer unwanted side effects. These side effects include sedation, euphoria,
changes in thermoregulation, inhibition of gastrointestinal motility, respiratory depression,
muscle rigidity, physical dependence, and abuse. Unfortunately, the lack of an experimental
three-dimensional (3D) structure of ORs at atomic resolution has strongly limited
understanding of the molecular determinants responsible for opioid receptor recognition and
activation. During the past decade, we and others have proposed several ligand-bound 3D
models of the ORs using different computational strategies (for a recent review, see (2)). These
models were either obtained ab initio based on the projection maps of the prototypic GPCR
bovine rhodopsin, or by homology modeling using the rhodopsin crystal structure as a template,
or by imposing distance constraints derived from the various mutation studies available in the
literature. Although these models could explain several mutational data, OR binding and
activation processes for the purposes of drug design are still not fully understood. For instance,
the opioid binding pathways from the water environment into the OR binding pocket, as well
as the opioid precise mode of binding, are still unresolved matters.

Here we propose an energetically favorable binding pathway of the non-selective antagonist
naloxone (NLX) from the water environment into the well-accepted alkaloid binding pocket
of DOR spanning key residues in TM3, TM5, TM6, and TM7 that are shown to affect alkaloid
binding (3-9). A 3D homology model of human DOR was built using the recent high-resolution
X-ray crystal structure of B2-adrenergic receptor (B2AR) (10) as a structural template for the
TM region, and a state-of-the-art ab initio loop prediction algorithm (11) for the intracellular
loop (IL) and extracellular loop (EL) regions. For the flexible docking of NLX to DOR into
an hydrated dipalmitoyl phosphatidyl choline (DPPC)-cholesterol lipid bilayer, we used a
recently validated flexible docking method based on metadynamics (12), an enhanced sampling
algorithm within the framework of classical molecular dynamics (MD) that enables efficient
exploration of the multidimensional free energy surfaces of biological systems by adding a
non-Markovian (history-dependent) bias to the interaction potential in the space defined by a
few collective variables (CVs). We obtained reasonable estimates of the relative free-energy
of the system relevant conformations from microsecond-scale well-tempered metadynamics
(13) simulations, which were further analyzed using a combination of metadynamics and the
nudged elastic band (NEB) approach (14). The latter simulations allowed us to identify the
lowest free-energy entry pathway of NLX into the DOR alkaloid binding pocket, and to
calculate a corresponding absolute binding free-energy very close to experimental results, after
correcting for possible drawbacks of the sampling approach.

MATERIALS AND METHODS

Residue Numbering

Residues are numbered both according to their positions in the human DOR sequence, and to
the two-number identifier by Ballesteros & Weinstein (15) reported as a superscript.
Specifically, the first number (from 1 to 7) of this two-number identifier refers to the TM helix
number, whereas the second number indicates the residue position in the helix relative to the
most conserved residue (assigned index of 50) in that helix, with numbers decreasing toward
the helix N-terminus and increasing toward its C-terminus.
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Molecular Modeling

The TM region of human DOR was built by homology modeling with Modeller 9v3 (16) using
the X-ray crystal structure of B2AR at 2.4 A resolution (PDB ID: 2RH1) as a structural template
(10), and the p2AR-DOR sequence alignment deposited in the GPCR database (17), which is
based on highly conserved functional residues in the TM segments. We preferred the f2AR
template over rhodopsin because of its ability to bind diffusible hormones and
neurotransmitters similar to opioid receptors. The DOR IL1-3 (6, 10, and 11 amino acid
residues, respectively) and EL1-3 (5, 24, and 10 amino acid residues, respectively) regions
were generated using the enhanced ab initio loop prediction approach implemented in the
Rosetta 2.2 code (11). Selection of this approach over other fairly reliable and fast ab initio
loop prediction algorithms (e.g., MODELLER 9v3 (16) with either MODLOOP (18) or DOPE
(19) energy functions, LOOPY 1.5 (20), and PLOP 1.7 (21)) was based on testing the ability
of the diverse methods to predict conformations of the long IL2 (13 amino acids) and 1L3 (23
amino acids) regions of bovine rhodopsin, as well as the IL2 regions of human f2AR (12 amino
acids), turkey B1 adrenergic receptor (B1AR; 12 amino acids), and human adenosine A2A
receptor (AA2AR; 13 amino acids) close to their corresponding crystal structures (PDB
identification codes 1GZM, 2RH1, 2V T4, and 3EML, respectively). Specifically, the
conformation of each of these loops was predicted in the absence of the others, using the
algorithms specified above with their default options. For the specific case of EL2, the
conserved disulfide bridge between C1213-25 and C198 was introduced according to
experimental data demonstrating the importance of this interaction in ligand binding and
structural stability of ORs (22). As shown in Supporting Information (SI) Table S1, the lowest-
energy conformations identified by Rosetta exhibited the lowest root mean square deviation
(RMSD) from the available crystallographic minima. Thus, we used the conformational
predictions of isolated loops from Rosetta to obtain a complete molecular model of DOR, and
refined these loops (first the three EL regions together, and then the three IL regions together)
in the context of the entire protein, while keeping the coordinates of the protein TM region
restrained to their initial position. The N-terminus (residues 1-44) and C-terminus (residues
335-362) regions were not included in this model of DOR. On the contrary, C333 was
palmitoylated and the crystallographic water molecules found in the interior of the f2AR
structural template (10) were added to the DOR model.

MD Simulations

A combined united-atom lipid and all-atom protein model implemented by Tieleman and
coworkers (23) in the molecular dynamics simulation software GROMACS (24) to reduce the
computational cost of membrane protein simulations was used to simulate the DOR-NLX
complex in a DPPC/cholesterol/water environment. Specifically, re-parameterized (23) Berger
united-atom lipid dihedral parameters were used for the DPPC molecules in combination with
the Optimized Potentials for Liquid Simulations-All Atom (OPLS-AA) force-field (25) for
DOR, NLX, and cholesterol, and the SPC/E model for the water molecules. First, an initial
pre-equilibrated hydrated 54 x 54 x 89 A patch of DPPC containing 20% cholesterol (26) was
equilibrated for 10 ns of unrestrained MD simulations using the adapted (23) Berger united-
atom force field for DPPC, and the OPLS-AA force field for the cholesterol molecules.
Subsequently, a larger hydrated DPPC/cholesterol tetragonal unit cell composed of 416 DPPC
and 104 cholesterol molecules was built by duplicating the original DPPC/cholesterol/water
patch 4 times, so as to accommodate the receptor. The initial complete ligand-free 3D model
of human DOR described in the previous section was placed in this large hydrated DPPC/
cholesterol bilayer by orienting the DOR hydrophobic belt, previously evaluated using the
APBS software (27), with respect to the bilayer normal. To allow for fast system equilibration,
DOR was inserted in this membrane using a method that first places the lipid and the protein
on a spaced grid, and then reduces the grid to achieve a compact packing of the lipid molecules
around the protein (28). Thus, a resulting 79 x 79 x 92 A system including 290 amino acid
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residues of the DOR protein, 185 DPPC molecules, 53 cholesterol molecules, 9,658 water
molecules and 14 chloride counterions, for a total of 46,890 atoms, was equilibrated by standard
MD keeping first the protein coordinates frozen for 5 ns, and then allowing all the atoms to
move for 10 ns. The same simulation protocol and parameters described in (23) were used to
equilibrate this system. Specifically, MD simulations were carried out in the NPT ensemble
(constant pressure and temperature) under periodic boundary conditions, using the Berendsen
coupling scheme (29) with a barostat time constant of 4.0 ps to maintain a constant pressure
of 1 bar, and with a time constant of 0.1 ps to maintain a constant temperature of 300 K. The
LINear Constraint Solver (LINCS) algorithm (30) was used to preserve the bond lengths of
DOR, NLX, DPPC, and cholesterol, while the SETTLE algorithm (31) was used to maintain
the geometry of the water molecules. Lennard-Jones interactions were treated with a twin-
range cutoff of 0.9/1.4 nm, an integration time step of 2 fs, and the neighbor list updated every
10 steps. Electrostatic contributions to the energies and forces were calculated using the
Particle-Mesh Ewald (PME) summation algorithm (32), with a cutoff of 0.9 nm for real-space
interactions, and a 0.12 nm grid with fourth-order B-spline interpolation for reciprocal-space
interactions.

Metadynamics Simulations

To focus the sampling on the physically relevant regions of the order parameter space, we
applied the well-tempered metadynamics approach (13), an enhanced sampling algorithm
within the framework of classical MD. We first obtained an overall free-energy profile of the
NLX binding event by carrying out well-tempered metadynamics simulations with the same
MD protocol described above, but a Parrinello-Rahman coupling scheme (33) with a barostat
time constant of 1.0 ps to maintain a constant pressure of 1 atm, and the Nosé-Hoover coupling
scheme (34) with a time constant of 1.0 ps to maintain a constant temperature of 300K. The
deposition rate of the Gaussian bias terms was set to 1.5 ps, and their initial height to 0.3 kJ/
mol (~0.07 kcal/mol), with a bias factor of 15. To efficiently exploit parallel machines, we
used the multiple walker approach (35), in which several simulations explore the same free-
energy surface and interact by contributing to the same history-dependent bias potential. The
choice of the starting conformation of the walkers was based on low energy states identified
by a first metadynamics simulation at a higher bias factor (T+AT=4500 K). To obtain an overall
free-energy profile of the flexible docking of NLX to DOR, we initially used two different
collective variables, termed here CVq and CV,. Specifically, CV4 consisted of the distance
between the center of mass (COM) of the heavy atoms of NLX and the COM of the heavy
atoms of the well-accepted alkaloid binding pocket of ORs. According to experimental data
from mutagenesis and competition binding assays, this alkaloid binding pocket is composed
of the following key OR-conserved residues in TM3, TM5, TM6, and TM7 of DOR:
D128332 (3-5), Y129333 (6), F218543 (6), F222547 (6), W274548 (6), H278%-52 (7-9), and
Y3087-43 (6,7). The other collective variable, CV5, accounted for the opening of the EL2 region
from C198 to W209, and was defined by the distance between the COM of the DOR alkaloid
binding pocket and the COM of the heavy atoms of the EL2 middle residues from C198 to
P205. For both CVs, the Gaussian width ¢ was set to 0.5 A. To contain the sampling of states
in which the ligand is completely solvated, a maximum distance of 35 A along the CV; was
enforced by means of a steep wall implemented as a repulsive polynomial potential. The system
was simulated for a total of 0.5 ps using 10 walkers whose bias potential was updated every
150 ps. These walkers were periodically checked to ensure sampling of different basins of the
free-energy surface during simulation.

After obtaining an overall free-energy profile of the NLX binding event (Figure 2) with the
protocol described above, two additional metadynamics simulations were carried out 1) to
calculate the free energy difference between the fully solvated state of NLX and its first bound
state on the DOR surface (B in Figure 2), and 2) to determine the minimum free-energy path
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between the NLX first bound state on the DOR surface (B in Figure 2) and its final docked
state into the receptor alkaloid binding pocket (Figure 3). Specifically, the free-energy
difference between the fully solvated state of NLX and its first bound state on the DOR surface
(Figures 4A,B) was assessed using the approach described in (36). To efficiently sample the
ligand in the bulk solvent region, we applied a steep repulsive potential that restrained NLX
sampling to a conical region (see Figure 1) centered at the binding pocket COM and defined
by ¢<5°, where ¢ is the angle between the COM of NLX, the COM of the binding pocket, and
residue L3007-3 at the extracellular end of TM7. The free-energy of this system was then
calculated as a function of the two collective variables CV, and CV using well-tempered
metadynamics, while the CV, variable describing the position of the flexible EL2 middle
region was integrated to obtain an estimate of the free-energy of the ligand in the presence of
the conical constraint. Except for the constraint on the ligand position, the parameters used for
these simulations were similar to those reported above in regard to the overall free-energy
profile of NLX binding. Since the position of the ligand with respect to the protein can be
described in spherical coordinates by the values of CVy, ¢, and a third angle o, the binding
constant Ke({1 describing the equilibrium between the bound state and a state in which the
ligand is at a reference position r’ far away in the bulk, is defined, according to (36,37), by:

—1_ W(r)/k, T -W(@)/k, T
Keq  =¢€ fSi dre

= [dCV, [1dpdw H,, (CV 1, 6, w) e WV 100k T i

Site

where W(r) is the free energy of the system when the ligand is at position r, kg is Boltzmann’s
constant, T the temperature, Hsje =1 when the ligand is in the bound state and 0 otherwise, J
is the Jacobian of the spherical coordinates, and AW(r)=W(r)-W(r’). The mono-dimensional
projection w(CV1) of the free energy along the first collective variable in the presence of the
angular restraint is given by:

e—w(CVI )/kBT:CfQJ d¢dw e—W(CV] -¢-w)/kBT

where C is a normalization factor and the integral is calculated over the solid angle Q defined
by the conical restraint. Letting Ry, k=35 A be a reference point in the bulk solvent, and
choosing W(Rpyik) = 0 we obtain the normalization constant as follows:

C—l :fQJ d¢d(,() e—W(Rhum.aﬁAw)/kBT ~ Q szulk e—W(RhmkAd).w)/kBT

Replacing this value of C in equation 2, we obtain:

. ’ -1 ; _ ;
e VOV T_(QR2, 1) eW(Rhulk.zﬁ.w)/kBTfQJ ddw e WCVi1s0)/kyT

:(Q szu]k)_lfg.] d¢dwe—AW(CV|.¢.w)/kBT

Finally, combining equation 4 with equation 1, and defining Hsj.(CV1, ¢, ©) = Hsjte(CV1)
Ha(, ), we calculate Keq‘1 according to the following equation:

Keqﬂ :fs. dCVlfQJ d¢d(l) e—AW(CV|.¢.w)/kBT
=(QR%pui) [ dCV; e VT
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Based on the overall free-energy profile of the NLX binding event (Figure 2), we choose
Hsite(CV1) = 1 for 17 A < CV4 <20 A to obtain a reasonable free-energy estimate for NLX
binding to the DOR surface.

To determine the minimum free-energy path between the first NLX bound state on the DOR
surface and its bound state into the well-accepted alkaloid binding pocket, we used a
combination of metadynamics and the nudged elastic band (NEB) approach (14). Specifically,
starting from a rough connection between the first binding region of NLX on the DOR surface
(state B4 in Figure 2, CV1~19 A and CV,~16 A) and the docked conformation into the well-
accepted alkaloid binding pocket (state A in Figure 2, CV1~2 A and CV,~12 A) and,
considering it as a set of N=50 beads connected by springs, we relaxed it on the free energy
surface of Figure 2 as ina NEB calculation (38), keeping the end points fixed. Thus, we obtained
a set of N=50 points in the collective variables’ space along a minimum free energy path going
from the first NLX bound state B4 on the surface of DOR to its docked state A into the alkaloid
binding pocket. We then optimized the NLX entry process using a path collective variable
approach (14). The metric we used was defined using a contact map, as follows. For all the
residues R; of the binding pocket and of EL2 considered in the definition of collective variables
CViand CVy, we letrj = || Rj = Rcom | I/ro where Rcowm is the position of the ligand COM
and rg is a parameter defining the scale of contact interaction. In the calculations reported here,
we used ro=8 A. The contact map is defined as Mj=(1-j1%)(1-r;*2)~1 and a distance between
two conformations is introduced by d(M®), M(z)) %j (Mj(D-M;@). Using this metric we
extracted k2=10 evenly spaced contact maps M(K) (W|th 1<k< kmax) along the path, and used
them to define collective variables CV3 and CV,4 which describe the position along and the
distance from the proposed entry path, respectively, taking the value of 0 outside the receptor
and of 1 within the alkaloid binding pocket. Specifically these CVs are described by the
following equations:

CV3=Z"' " (k= 1)/(Kinax — Dexp(~2d(M, M)

and
CVy= - A"'InZ, 7

where Z = 5y exp(—A d(M,M®))), and A =2.1 is chosen 50 as to have A~ ~d(M®), Mk+1)) well-
tempered metadynamics was then performed using CV3 and CV, as variables with 3=0.5 and
o4=1, respectively.

All simulations were performed using GROMACS 4.0.5 (24) with PLUMED (39).

To the best of our knowledge, this is the first time the results of a free-energy calculation, and
the suggestion of a preferred binding pathway, are presented for a ligand-OR complex in an
explicit lipid-water environment.

Environment

A large hydrated patch of 416 DPPC and 104 cholesterol molecules was generated by
duplicating a pre-equilibrated hydrated 54 x 54 x 89 A DPPC patch containing 20% cholesterol
(26) to simulate the membrane environment of the DOR-NLX complex. To equilibrate this
solvent system, a 10 ns unrestrained MD simulation was carried out using a combination
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(23) of an adapted Berger united-atom force field for the DPPC molecules and the OPLS-AA
force field (25) for the cholesterol molecules. Stability of the lipid environment during the last
5 ns of the 10 ns MD trajectory was ascribed to the convergence of the surface area per lipid
in the xy plane, and of the deuterium order parameter profile to their published values. As
shown in Sl Figure S1A, the area of the surface area per lipid in the xy plane fluctuated around
45 A2, which is close to previous results (26). The deuterium order parameter profile taken
over the last 5 ns of the trajectories (shown in SI Figure S1B) was also consistent with the
results of the Gromos96 calculations of the pre-equilibrated DPPC/cholesterol patch used to
build the larger membrane bilayer that would accommodate DOR (26).

Initial 3D Model of Human DOR

Figure 1 shows a side view of the initial human DOR 3D model we built following the
procedure described in detail in Methods. Briefly, while the TM regions of the human DOR
molecular model were built by homology modeling using the recent crystal structure of f2AR
as a structural template (10), loop regions were generated ab initio due to their low sequence
identity with corresponding regions in GPCRs of known structure. The overall Co. RMSD of
the helical bundle region of the DOR model was 0.7 A with respect to the B2AR template. As
expected, the inter-helical hydrogen bonding network among conserved residues within the
helical bundle remained the same between the target and the template. Receptor residues proven
to be adjacent in space by mutagenesis were also found to be in close proximity in the DOR
model. For instance, a spatial proximity was observed between family A-conserved residues
D952:%0 and N3147-49, in agreement with previous experimental evidence (40). The
D145349 side chain interacted strongly with R1463-50 in the family A-conserved DRY motif,
also in agreement with previous computational studies supported by experiments (41). H-bonds
between conserved residues D1283-32 and Y3087-43 or between R1463-0 of the E/DRY motif
and TM6 were also present in the DOR model. Since in ORs the usual R3-50 partner, residue
E6-30 in both rhodopsin and B2AR, is replaced by a leucine (L2566-30), the main interaction
between TM3 and TM6 in DOR appeared to be replaced by a H-bond between R1463-°0 and
OR-conserved residue T2608-34, as previously suggested in the literature (42,43). The
accessibility pattern of several TM6 residues (e.g., F270%-44, 12776-51 \/2816-55 12826-56,
T285659, and L.2866-69) in the binding-site crevice of DOR was also consistent with previous
experimental data resulting from application of the substituted cysteine accessibility method
(44). The overall folding of the IL1 and IL2 regions of the initial 3D DOR model resembled
that of the corresponding loops in B1AR and AA2AR. IL3 conformation appeared to be bent
toward the center of the helical bundle with a helical motif of 5 residues (L245-S249) in the
middle. The EL1 folding was quite comparable to the EL1 conformations found in the crystal
structures of adrenergic receptors, while the predicted EL2 and EL3 conformations were more
similar to those of rhodopsin, with EL2 occluding the access to the well-accepted OR alkaloid
binding site.

The initial 3D model of DOR was embedded in the pre-equilibrated DPPC/cholesterol patch
described above according to an optimal matching of the DOR hydrophobic and hydrophilic
surfaces to the non-polar lipid tails and water molecules, using the procedure described in
Methods. The entire system was then equilibrated for a total of 15 ns using standard MD with
a constant temperature and pressure. In the first 5 ns, the receptor was restrained to allow
relaxation of the environment prior relaxation of the entire system during the following 10 ns.
During the unrestricted equilibration, the system maintained its overall fold, and the well-
accepted alkaloid binding pocket became solvated. The backbone RMSD did not exceed 2.5
A and averaged around 1.6 A in the TM region and 2.1 A in the loop regions (see SI Figure
S2). Visual inspection of the RMSD fluctuation of each individual residue (SI Figure S3)
confirmed that the main structural deviation originated from the flexible loops, especially from
EL2, IL3, and EL3.
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Entry Pathway of NLX into DOR Alkaloid Binding Pocket

The entry pathway of the non-selective antagonist NLX into the well-accepted alkaloid binding
pocket of the equilibrated ligand-free 3D molecular model of DOR was simulated using a
recently validated flexible docking procedure based on metadynamics (12). The two CVs
chosen to describe the relevant degrees of freedom in the NLX binding process were: 1)
CV1, the distance between the COM of NLX and the COM of the well-accepted alkaloid
binding pocket of ORs (see Methods section for definition), accounting for the position of NLX
with respect to the alkaloid binding pocket, and 2) CV5, the distance between the COM of the
EL2 middle region and the COM of the DOR binding pocket, describing the opening of the
EL2 region from C198 to W209.

The free-energy surface reconstructed from the first microsecond-scale well-tempered
metadynamics is reported in Figure 2 as a function of CV4 and CV,. The most stable bound
state (—35.2 kcal/mol) of NLX to DOR (state A in Figure 2) is identified in a region with
CV~2 A and CV,~12 A. The representative structure of this energy basin (Figure 3) shows
a bound NLX between TM3, TM5, TM6, and TM7. According to experimental data from
mutagenesis and competition binding assays (3-9), NLX is found to interact strongly with
D128332 via a salt bridge through its ammonium group, and a polar interaction with its alcohol
moiety. Additional interactions that strongly contribute to this NLX bound state are a stacking
interaction with the aromatic ring of H278%-52 and hydrophobic interactions between the
propyl region of NLX and the side chains of W2746-48 and Y3087-43. VVan der Waals
interactions between NLX and OR-conserved residues F218°43 and M1323-36 also stabilized
this specific orientation of NLX in the binding pocket.

Before entering the well-accepted OR binding pocket, NLX binds to a cleft formed by EL2
and EL3 regions on the DOR surface (states B; and B5 in Figure 2). In the absence of the
ligand, this cleft is stabilized by a salt bridge between the R292 side chain of EL3 and the Q201
backbone of EL2. The side chain of EL2 Q201 also forms a hydrogen bond with the oxygen
of Y1092:64 at the extracellular end of TM2. NLX binding to this EL2/EL3 cleft destabilizes
these polar interactions, and leads to two different metastable states, termed B and B, (—22.5
and —29.2 kcal/mol, respectively, in the free-energy profile of Figure 2). Representative
structures of these energy basins (Figure 4, panels A—D) show that a different opening of the
EL2 region from C198 to W209 with respect to the alkaloid binding pocket constitutes the
main difference between states B4 and B,. Specifically, in the B state (CV41=19 A and
CV2~16 A in Figure 2), EL2 is in a “closed” configuration, making contacts with EL3, and
blocking the entry of NLX into the alkaloid binding pocket (see Figure 4, panels A and B). In
this conformation, NLX is found to interact with the EL2/EL3 cleft through 1) a salt bridge
with D290, 2) van der Waals contacts with W284%-58, 2) hydrophobic interactions with
LL3007-35, P205, and F202, and 3) a water-mediated interaction with Y208%-33, In contrast, the
B, state is characterized by higher values of CV5 (CV,~20 A in Figure 2), thus showing an
“open” conformation of the EL2 region C198-W209 (Figure 4, panels C and D). Unlike state
B4, NLX destabilization of the EL2/EL3 cleft in this configuration led to the formation of a
new polar contact between EL2 residue Q201 and EL1 residue T113. This more open
conformation of the EL2 region C198-W209 allows the ligand to move further down in the
helix bundle, sliding down the gorge formed by the hydrophobic internal sides of the TM
helices, and forming favorable interactions with L3007-35, \/2977-32 and L1102:55 (Figure 4,
panels C and D). From this location, NLX moves through different alternative pockets within
the helix bundle before accessing the alkaloid binding pocket (state A). As suggested by the
reconstructed free-energy of Figure 2, the most stable of these states is metastable state C (—28.2
kcal/mol). As found in its representative structure (Figure 4, panels E and F), in this
configuration NLX maintains its interactions with L3007-3% and L110%%5 and is further
stabilized by interactions with 13047-3% and 125329,
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To identify a minimum free-energy entry path (solid red line in Figure 2) between the first
metastable bound state of NLX on the DOR surface (state B1) and its most stable bound state
in the well-accepted OR binding pocket (state A), we used the NEB approach as described in
detail in Methods. To study the details of the interactions of NLX with the protein along this
path, and to accurately estimate the free energy profile of the entry of the ligand towards the
binding pocket, we used a more accurate metadynamics simulation using the path collective
variable approach (see Methods for details). The contact map between the ligand COM and
the residues of EL2 and of the alkaloid binding pocket originally used to define CV4 and
CV, was defined to derive two collective variables (CV3 and CVy; see details in Methods) that
described the progression of the system from state B to state A along the path indicated in
Figure 2, and its distance from it. This method has been shown to optimize transition paths in
avariety of systems (14). Here, we obtained the free-energy profile depicted in Figure 5, which
confirms that the states already sampled and used to describe the NLX entry path above,
represent the optimal route of NLX from the DOR surface to the alkaloid binding pocket.

Equilibrium Binding Constant of NLX

To calculate the equilibrium binding constant of NLX at the alkaloid binding pocket of DOR
(state A), we proceeded as follows. Classically, the equilibrium binding constant Keq‘l fora
specific ligand (L)-protein (P) interaction (L + P «> LP) is defined as Keq = [LP][L] *[P] %,
where [L], [P], and [LP] are the equilibrium concentrations of the unbound ligand, unbound
protein, and bound complex, respectively. For NLX, we identified two stable bound states: a
first one at the E2/EL3 cleft of the DOR surface (state B1), and a second more stable one (state
A) within the well accepted alkaloid binding pocket of DOR. Thus, depending on which
binding state we are considering, the above Keq‘1 equation can be expressed as Keq‘1 (A)=
[L] pa/Pulk O Keq * (B)=[L]1* pa/pauik Where pa, pg, and pgyk are the fractions of DOR
with the ligand bound in state A, state B, or ligand-free, respectively. Observing that pa =
pg e (AGABVKBT we can express the equilibrium binding constant for state A as a function of
the equilibrium of the first binding of NLX to the E2/E3 recognition cleft, thus obtaining the
following equation:

Keq ' (A)=[L1""p, /p,,, e A T=K 7! (B)e ACa)/ksT

To obtain a more accurate estimate for Ke({1 (B), which depends on an improved sampling of
NLX in the bulk solvent compared to the metadynamics sampling obtained by using as a CV
a simple distance between the NLX COM and the COM of the binding pocket, we applied the
approach described in (36), and allowed NLX to only move in a conical region (see Figure 1)
centered at the COM of the binding pocket, and containing the E2/E3 cleft. We used
metadynamics with collective variables CV1 and CV5, to obtain a restrained free-energy profile,
following the protocol and equations described in Methods. The Kgq (B) value resulting from
these calculations was 0.77 mM. The free-energy difference AGaog=Ga—Gg = —5.5 kcal/mol
between the bound states A and B was obtained from the integration of the reconstructed free-
energy surface of Figure 2, reported in Figure 6. Inspection of the convergence rate of the free
energy difference between states A and B, suggested an error estimate on the free energy of
~0.2 kcal/mol. Replacement of the aforementioned Kgq (B) and AGapg values in the Keq*1 (A)
equation reported above yielded a Keq (A) value of 80 + 13 nM.

DISCUSSION

In this work, we investigated possible entry pathways of NLX from the bulk into the well-
accepted alkaloid binding pocket of DOR. Our initial molecular model of DOR based on the
recent f2-adrenergic receptor crystal structure represents a structural improvement over
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previous homology models of opioid receptors, and an unprecedented opportunity to obtain
more accurate results from studies of the molecular mechanisms of the OR ligand recognition
process. Thus, we embedded our improved DOR model into a hydrated DPPC-cholesterol lipid
bilayer, and carried out microsecond-scale well-tempered metadynamics simulations using as
CVs distances describing the position of NLX and of EL2 with respect to the alkaloid binding
pocket. Membrane cholesterol was included in the solvent representation because of its
modulatory role in the function and structure of a number of GPCRs (e.g., see (45)). Since
recently reported crystal structures of GPCRs have shown structural evidence for specific
interactions between cholesterol molecules and the receptor (46), we chose to use an all-atom
representation of the cholesterol molecules combined with a united-atom representation of the
DPPC molecules. Our results confirmed the stability of the lipid environment during
simulations, consistent with the results of previous calculations (26).

The metadynamics approach described in this paper suggests a preferential entry pathway of
the non-selective antagonist NLX into the TM region of DOR, starting at a molecular
recognition site on the DOR surface, and ending in a preferred orientation into the receptor
alkaloid binding pocket. Specific ligand exit and entry pathways have recently been proposed
for B2AR, based on random acceleration MD simulations of the ligand-bound and ligand-free
receptor, respectively (47). Analysis of 100 egress simulation trajectories obtained by applying
randomly oriented forces to the COM of carazolol suggested that the ligand main exit route
from the binding pocket was through the extracellular surface, and caused the breakage of a
hydrogen bond between residues within EL2 and EL3/top TM7 (47). The same type of
simulations performed on a putative ligand-free conformation of p2AR from nanosecond-scale
standard MD simulations suggested that the ligand main entry route to the binding pocket was
through a cleft at the receptor extracellular side formed by TM2, TM3, TM7, and a hydrophobic
patch bridging EL2 and EL3/top TM7. Although not directly comparable, the results of our
simulations also suggest a preferential binding pathway of NLX to DOR from the extracellular
region of the receptor. Although the selected CVs might have confined the exploration of
binding pathways to the receptor extracellular region, our metadynamics simulations provide
an enhanced sampling of the entry/exit pathways of NLX by accounting for the receptor EL2
flexibility during the binding process.

Our reconstructed free-energy surface of the NLX binding event suggests that the ligand first
interaction with the extracellular region of DOR occurs at a cleft formed by EL2 and EL3. A
strong electrostatic interaction between the quaternary nitrogen of the ligand and the charged
human DOR-specific residue D290 within the EL2/EL3 cleft appears to provide the main
stabilizing force for this first bound state of NLX. A D290A mutation, however, does not have
a strong effect on ligand binding to human DOR, as shown by competition binding assays
(48). Thus, additional residues within or close to the EL2/EL3 cleft must help stabilizing the
first NLX recognition site on the DOR surface. Specifically, these residues are: 1) OR-
conserved residues L110%65 EL2 F202, and 13047-39; 2) DOR and MOR-conserved residues
EL2 P205 (D in KOR), and Y208°33 (W in KOR); and 3) DOR-specific residues 125329 (I
in both MOR and KOR), W284%-58 (K in MOR, and E in KOR), V2977-32 (T in MOR, and L
in KOR), and L3007-3% (W in MOR and Y in KOR). Among them, alanine mutations of DOR-
specific residues \W2846-58 (48) and VV2977-32 (48) have been reported in the literature to
significantly decrease the binding of delta-selective ligands. In contrast, the 13047-39T mutation
did not reduce the binding affinity of a set of opioid alkaloids tested, but rather altered the
functional characteristics of the receptor (49). It would be interesting to measure by single-
point or combined mutations whether the other residues listed above have a significant effect
on the NLX binding affinity, or are rather part of a transient binding state, as predicted by our
simulations.
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Our study shows that the EL2 region C198-W209 is in dynamic equilibrium between a close
and an open conformation. Prior to ligand binding, EL2 is stabilized in a close conformation
occluding the access of NLX to the well-accepted alkaloid binding pocket of DOR through
contacts between EL2 residue Q201 (conserved in KOR, but T in MOR) and EL3 residue R292
(E in MOR and H in KOR), and between Q201 and the OR-conserved TM2 residue

Y 109264, In the EL2 alternative conformation, EL2 Q201 interacts with EL1 T113 (conserved
in MOR, but S in KOR), allowing sufficient loop opening for a continuous ligand entry path
to the binding pocket. It would be interesting to see whether a Q201A mutation of human DOR
would facilitate an open conformation of the EL2 region C198-W209, thus playing a role on
the Kinetics of ligand binding to DOR.

While in the absence of ligands the closed conformation of EL2 is probably favored, the
presence of NLX on the EL2/EL3 cleft partially disfavors the interaction of EL2 with EL3,
leading to a more stable open state of the EL2 region from €198 to W209. Following its binding
on the DOR surface, NLX moves deeper into the TM bundle, finally reaching a preferred
orientation within the well-accepted alkaloid binding pocket. Thus, according to experimental
data from mutagenesis and competition binding assays (3-9), NLX anchors itself via a salt
bridge and a polar interaction to D1283-32, forming additional strong interactions with the
aromatic ring of H2786-2, and the side chains of M1323-36, F218543 \W274648 and
308743,

The results of our metadynamics simulations, corrected to improve ligand sampling in the bulk
region, provide equilibrium constant values for the final bound state of NLX very close to
experimental results. Different experimental values have been reported for the binding affinity
of NLX to DOR using competition binding assays. Using DOR from human CHO cells and
different radiolabeled ligands (3H-Diprenorphine (50), 3H-DPDPE (51) and 3H-naltrindole
(52)]), the following Kj values were reported in the literature in support of NLX binding to
human DOR: 37 £ 5 nM (n=10 experiments), 67.5£40 nM, and 488+107 nM (n=4
experiments), respectively. A fourth study using DOR from human HEK293 cells and 3H-
Diprenorphine as a hot ligand (53) reported K; = 66.2+0.71 nM. Our calculated Keq value of
80 + 13 nM is remarkably close to the majority of reported experimental values, making the
free-energy calculations employed herein extremely valuable for possible applications to other
opioid receptors and other GPCRs.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Side view of the initial 3D model of human DOR built according to the procedure described
in Methods. TM1, TM2, TM3, TM4, TM5, TM6, and TM7 are colored in purple, blue, light
blue, light green, green, yellow, orange and red, respectively. The 5-degree conical restraint
that was applied to circumscribe NLX sampling is indicated by the black lines defining the
angle between the COM of the binding pocket, the COM of the ligand, and the COM of residue
1.3007-35 (black dot in the figure).
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Figure 2.

Free-energy surface of the NLX-DOR system reconstructed by well-tempered metadynamics
as a function of the distance of the NLX COM (CV1) and of the distance of EL2 COM (CV>)
from the binding pocket COM. Relevant states are labeled A (NLX bound into the well-
accepted OR alkaloid binding pocket), B (NLX bound at the EL2/EL 3 recognition cleft), and
C (NLX at a metastable state in the helix bundle). Each contour represents a free-energy
difference of 2 kcal/mol. The red solid line refers to the entry path obtained by NEB that was
used to generate the entry path collective variables. Also represented are images of A, By,
B,, and C metastable states of DOR cut along their TM4 face and the position of NLX (black
spheres) in the corresponding states.

Biochemistry. Author manuscript; available in PMC 2010 October 27.



1duasnuely Joyiny Vd-HIN 1duosnuey JoyIny vd-HIN

1duasnuely Joyiny vd-HIN

Provasi et al. Page 18

F21854
F2225-4
/

M|132336
D|28332

Figure 3.

Representative conformation extracted from the basin A of the free-energy surface showing
NLX bound to the DOR well-accepted alkaloid binding pocket. Parts of TM2 and TM4 have
been removed for clarity.
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Figure 4.
Representative conformations extracted from basins By, B, and C of the free-energy surface.
Top (as seen from the extracellular side) and side views of NLX bound (A, B) to the EL2/EL3
cleft on the DOR surface in the conformation extracted from the B4 basin, (C, D) to the EL2/
EL3 cleft on the DOR surface in the conformation extracted from the B, basin, and (E, F)
within the helix bundle, in the conformation extracted from the C basin.
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Figure 5.

The free-energy surface reconstructed using well-tempered metadynamics as a function of the
position along (CV3) and the distance from (CV,) the suggested NLX entry path. Each contour
represents a free-energy difference of 2 kcal/mol. Relevant states are labeled according to
Figure 2, and are: A (NLX bound to the DOR well-accepted alkaloid binding pocket, see Figure
3), B1 (NLX bound to the most external location on the EL2/EL3 cleft, see Figures 4A,B),
B, (NLX bound to a more stable position on the EL2/EL 3 cleft, see Figures 4C,D) and C (NLX
at a metastable state within the helix bundle).
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Figure 6.

Integration of the free-energy profile of Figure 2 over the CV5, variable (distance of the EL2
C198-W209 region from the receptor alkaloid binding pocket) reported as a function of the
CV1 variable (distance of NLX from the receptor alkaloid binding pocket) in the 0<CV1<20
region. The free-energy profile was shifted so that the reference state corresponds to the most
stable one.
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