1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biochemistry. Author manuscript; available in PMC 2017 December 27.

-, HHS Public Access
«

Published in final edited form as:
Biochemistry. 2016 November 22; 55(46): 6456—6466. doi:10.1021/acs.biochem.6b00948.

How Oliceridine (TRV-130) Binds and Stabilizes a pu-Opioid
Receptor Conformational State That Selectively Triggers G
Protein Signaling Pathways

Sebastian Schneider, Davide Provasi, and Marta Filizola"
Department of Pharmacological Sciences, Icahn School of Medicine at Mount Sinai, New York,
New York 10029, United States

Abstract

Substantial attention has recently been devoted to G protein-biased agonism of the s~opioid
receptor (MOR) as an ideal new mechanism for the design of analgesics devoid of serious side
effects. However, designing opioids with appropriate efficacy and bias is challenging because it
requires an understanding of the ligand binding process and of the allosteric modulation of the
receptor. Here, we investigated these phenomena for TRV-130, a G protein-biased MOR small-
molecule agonist that has been shown to exert analgesia with less respiratory depression and
constipation than morphine and that is currently being evaluated in human clinical trials for acute
pain management. Specifically, we carried out multimicrosecond, all-atom molecular dynamics
(MD) simulations of the binding of this ligand to the activated MOR crystal structure. Analysis of
>50 /s of these MD simulations provides insights into the energetically preferred binding pathway
of TRV-130 and its stable pose at the orthosteric binding site of MOR. Information transfer from
the TRV-130 binding pocket to the intracellular region of the receptor was also analyzed, and was
compared to a similar analysis carried out on the receptor bound to the classical unbiased agonist
morphine. Taken together, these studies lead to a series of testable hypotheses of ligand-receptor
interactions that are expected to inform the structure-based design of improved opioid analgesics.
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Morphine and its derivatives are among the most effective analgesics in clinical use, but their
efficacy is accompanied by serious adverse effects, including respiratory depression,
constipation, nausea, vomiting, and dependence. Addiction to opioid analgesics, which is
often the first step toward heroin addiction, is one of the most severe forms of drug abuse
and represents a significant public health concern worldwide.2 These serious problems have
been the driving force behind continued efforts to develop effective therapeutic tools for pain
management.

The antinociceptive action of morphine is initiated by the activation of the g-opioid receptor
(MOR)-mediated G protein signaling pathway, as demonstrated by the suppression of the
drug’s analgesic efficacy in MOR knockout mice.2 On the other hand, B-arrestin recruitment
by the MOR appears to contribute to some of the unwanted effects of classical opioids. For
instance, studies in B-arrestin2 knockout mice have shown a significant reduction in the level
of the respiratory depression and constipation induced by morphine, while analgesia was
enhanced.*=® The ability of G protein-coupled receptor (GPCR) ligands to activate one
signaling pathway or another has been termed “functional selectivity”, “collateral efficacy”,
or “biased agonism”’~12 in the literature. The current, prevailing paradigm is that MOR
ligands that primarily activate the G protein pathway while exhibiting limited arrestin
recruitment (i.e., “G protein-biased” MOR agonists) may constitute more effective
therapeutics as they seem to provide effective analgesia with reduced adverse effects.13
Notably, the weaker desensitization of the receptor due to its reduced level of arrestin-
mediated internalization leads to a potentially limited tolerance liability for G protein-biased
MOR agonists.
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There are currently only a few published examples of G protein-biased MOR small-
molecule agonists with a demonstrated improved pharmacological profile /n vivo. For
instance, the MOR-selective ligand herkinorin from the atypical salvinorin A diterpenoid
scaffold, which is fully efficacious as a MOR agonist at the G protein pathway and does not
promote the recruitment of S-arrestin2 or induce receptor internalization,'* has been
reported to produce peripheral antinociception with decreased tolerance liability in rats.1®
More recently, structure-based optimization of a novel chemical scaffold identified by virtual
screening led to the discovery of PZM21, another selective, atypical MOR agonist that
preferentially activates the G; signaling pathway over S-arrestin2.16 In vivo studies
demonstrated that this compound is an efficacious analgesic that does not exhibit respiratory
depression or morphine-like reinforcing activity at equianalgesic doses in mice. Another G
protein-biased MOR small molecule that has been reported to provide potent analgesia with
less respiratory depression and constipation than morphinel?:18 is TRV-130 (also known as
oliceride), which also features an atypical chemical scaffold. In particular, this compound is
the only one that is currently being evaluated in human clinical trials for acute pain
management.19-21 Other opioid ligands with promising therapeutic advantages are those that
display dual characteristics of 1 agonism/é antagonism in vitro. One of these compounds is
UMB 425,22 which has recently been demonstrated to exhibit reduced tolerance liability in
vivo.

Although it is still unclear whether the potential therapeutic advantages of G protein-biased
MOR ligands are due to their lower overall efficacy when compared to that of morphine

(i.e., their partial agonism) or rather to an actual G protein bias,23 understanding how they
bind to the receptor and the conformational ensemble they stabilize is expected to contribute
critical information to the design of improved therapeutics. This is not a trivial undertaking
because the chemical scaffolds in question differ significantly from the canonical morphinan
structure for which structural information is available, and the approximate scoring functions
of automated docking strategies are often unable to discriminate between alternative
predicted binding poses in the only crystallographic structures that are currently available for
the MOR.2425

Here we report, for the first time, how TRV-130 binds and stabilizes an activated
conformational state of MOR using long-scale unbiased molecular dynamics simulations.
We also discuss the results of a rigorous analysis of the information transfer from the
TRV-130 binding pocket to the intracellular region of the receptor and compare it to a
similar analysis carried out on the classical unbiased agonist morphine bound to MOR.

MATERIALS AND METHODS

System Setup and Simulations of Ligand Binding from the Bulk Solution

A pre-equilibrated system, containing the active, nanobody-bound MOR crystal structure
from Protein Data Bank (PDB) entry 5C1M,2° with the N-terminus truncated at residue S64,
and embedded in a hydrated 8.0 nm x 8.0 nm 1-palmitoyl-2-oleoyl-sr-glycero-3-
phosphocholine (POPC)/10% cholesterol bilayer, was used as a starting point for all ligand
binding simulations. The nanobody was kept in these simulations to prevent deactivation of
the receptor. Ten TRV-130 molecules (corresponding to an effective concentration of ~44
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mM) were placed in the extracellular bulk solution, at least 1.0 nm from the receptor. The
system was solvated with TIP3P water molecules, and ions were added to neutralize the
overall charge and reach a physiological NaCl concentration. Proteins and lipids were
described using the Charmma36 force field,26-28 while the ligand was parametrized using the
Charmm General Force Field (CGenFF) via the Paramchem Web site.2® Ligand parameters
were verified and, when necessary, optimized, following the published protocols.2? All
simulations were carried out either with Gromacs 5.0.630 or on the massively parallel
supercomputer Anton.3! First, the system was minimized and the solvent equilibrated with
restraints on the lipids, the proteins, and the ligands using Gromacs. Specifically, this step
consisted of running 1 ns in the NV T ensemble (at 300 K, with the V-rescale thermostat32),
followed by 1 ns in the NPT ensemble (1 atm, with the Parinello-Rahman barostat33).
Nonbonded interactions were cut off at 1.2 nm using the Verlet scheme and a force switch at
1.0 nm for the van der Waals modifier. Restraints were progressively released from the lipids
first and then from the proteins within a total of 3 ns, followed by a final 20 ns equilibration
without any restraint.

To generate different starting configurations, eight different simulations with randomly set
initial seeds for the V-rescale thermostat were run for an additional 40 ns each, starting from
the last frame of the equilibration run, and prior to submitting the production runs.

Anton simulations were run in the NPT ensemble, using the Nose—Hoover3# thermostat with
a reference temperature of 300 K and the MTTK barostat3® with a reference pressure of 1
bar. Integration was performed with the RESPA integrator with a 2 fs time step and a 6 fs
time step for the long-range electrostatics. Van der Waals and short-range electrostatics were
cut off at 1.25 nm, and the long-range electrostatics were calculated using the Gaussian split
Ewald method,38 using a 64 x 64 x 64 grid with o= 0.28 nm and o5 = 0.16 nm. The force
field used was the same as that described above, with the exception of the cholesterol, for
which the original Charmm36 model was used, a necessity to be able to run Charmm
efficiently on Anton. Eight production simulations were run with lengths between 1 and 8.4
16 each (see set 1 in Table S1 for details). Simulations in which all ligands were bound to the
membrane after 1 /s were not continued. Twenty-five additional simulations (set 2 in Table
S1) with a variable length of 150 ns to 1 /s were carried out using starting configurations
extracted from the eight initial simulations, using randomized velocities and after a 5 ns
equilibration (see Table S1 for details). Overall, ~44 s of simulations were harvested.

System Setup and Simulations of the Ligand—Receptor Complex

To analyze the effect of bound ligands at the orthosteric binding pocket on the dynamics of
the receptor, we carried out independent simulations of the ligand-free, morphine-bound
MOR, and TRV-130-bound MOR (see Table S1). Unlike the ligand binding simulations,
which were carried out in the presence of the nanobody, these simulations were run without
the nanobody. For the morphine-bound MOR simulations, a pre-equilibrated system of the
activated MOR structure was used as a starting point to dock morphine in the binding site
using the position and orientation of the morphinan ligand in the active crystal structure
(PDB entry 5C1M) as a template. The system was solvated and equilibrated following the
same protocol described above. For the MOR-TRV-130 complex simulations, the last frame
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of a simulation with TRV-130 in the binding site was used as the initial coordinates. With the
exception of the bound TRV-130, all other ligand molecules were removed, as well as the
nanobody. Water molecules and ions were added as in the other simulations reported herein,
and the same equilibration protocol was applied as described above. Additional simulations
of the ligand-free receptor without the nanobody were carried out using the same simulation
protocol. All simulations were run with Gromacs 5 in the APT ensemble using the
Charmma36 force field, the V-rescale temperature coupling, and the Parrinello-Rahman
barostat. The integration time step was increased to 4 fs using hydrogen mass repartitioning.
Van der Waals and Coulombic interactions were treated as in the simulations described
above. Three independent simulations were run for each system, i.e., TRV-130-bound,
morphine-bound, and ligand-free receptors, for a total of 3 1s for each system (see Table
S1).

Simulation Analyses

The interactions of each TRV-130 molecule with the receptor, hanobody (because of
periodic boundary conditions), or the membrane were encoded in binary fingerprints. To
discriminate between the different ligand—receptor interactions, the chemical structure of
TRV-130 was divided into four fragments, i.e., the methoxy-thiophene moiety, the pyridine,
the 6-oxaspiro[4.5]decan-9-yl, and the amine moiety (see Figure 1a). Binary fingerprints
were defined on the basis of the minimal proximity (with a cutoff of 0.4 nm) to each residue
of the protein, or the nanobody, as well as the headgroups of the lipids. These fingerprints
were used to calculate pose distances based on the Tanimoto dissimilarity coefficient and
clustered on the basis of these distances using a density-based spatial clustering of
applications with noise (DBSCAN) algorithm.3” This clustering method has an advantage in
that, unlike k-means clustering, it does not require to specify the number of expected
clusters. Instead, two parameters must be chosen: the minimum number of points around a
putative core point and the distance cutoff (). Points in the proximity of core points are
clustered together, as well as additional points that may be reached from one of the core
points. Data points that could not be associated with any cluster are treated as noise.

Thirteen clusters of sampled ligand conformations were derived from this clustering on the
basis of ligand-receptor interaction fingerprints. The spatial distribution of the center of
mass of TRV-130 along its binding pathway is shown in Figure 1 alongside the most
frequently (more than five times) observed transitions among the 13 identified clusters.
Illustrations of the type of ligand—receptor interactions formed with high probability by
TRV-130 in the most populated clusters at each location with the largest spatial distribution
of the center of mass of TRV-130, i.e., clusters 2, 3, 5, and 10, are reported in Figures S1—
S4, respectively. Additional details of these interactions are reported in Table S2.

Markov State Model of TRV-130 Binding

To characterize the TRV-130 binding process, we calculated transition matrices for
microstates obtained with k-means clustering (A= 100) with a maximum likelihood
estimation using the pyEmma software,38 and a lag time of 50 ns.
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Allosteric Signaling Analysis

Analysis of the dynamic signatures of the receptor was performed on three sets of unbiased
simulations of ligand-free, TRV-130-bound, and morphine-bound receptors. The entropy of
each degree of freedom, x;,, where 7is the atom index and a a Cartesian direction, was
estimated starting from a multivariate distribution of the joint probability distribution with
covariance Cestimated from the simulations as

Cia,jp= (TiaTjg) — (Tia) (Tj8)

Following the N-body Information Theory (NbIT) protocol described in the literature,3? the
coordinates of the phenyl rings of phenylalanine and tyrosine side chains and of the a-
carboxylic acid group of deprotonated glutamic and aspartic acid residues were symmetrized
before calculating the correlation matrix. The covariance matrix for all the heavy atoms in
the system was calculated using the Carma software.*0 The configurational entropy of a set
of degrees of freedom X*! is given by the expression:

H(X)=[In(py) dp, =3In(2me|C])

where pyis the probability distribution of the coordinates in set X. In the following
equations, we will make use of the definition of the entropy of a set of degrees of freedom
conditional on another set as H(X]Y) = H(XU YY) — H(Y). To identify coupled dynamics
between clusters of residues { X}, we calculated the mutual information:

MI{X:H)=> H(X;) — H(U;X;)

MI(.X1,X2) measures the information shared by two sets of residues. To identify allosteric
transmission of information, the co-information between groups of residues was calculated
as follows: CI({X},. X)) = MI{X}) - MI{X3}|X), where the conditional mutual
information is defined as

MI{X}HX")=> H(X;|X') — H(U; X;|X')

For instance, for three groups of residues Xj, X5, and X3, the three-body co-information
MI(.X1,X5;X3) measures the influence of X3 on the amount of information shared by .X; and
X5. Thus, this measure can be used to derive a first estimate of information pathways
between the set of residues encompassing the ligand binding pocket (i.e., the “transmitter”)
and residues close to the intracellular region of the protein (i.e., the “receiver”). The
contribution of a specific residue to an information measure M can be obtained by
recalculating that measure after removing the contributing residue from the sets used in the
original calculation, and conditioning M on the residue degrees of freedom:
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_ M(X\z,Y\z,...|z)
M(X,Y,...)

where the backslash indicates a set difference. With this definition, the coinformation
CI(X Y;x) is equal to ymi(x v(X)-MI(X,Y), so that it reflects the contribution of residue xto
the mutual information between Xand Y.

Residues within the binding pocket might have specific roles in stabilizing the bound state
and transmitting the information to other regions of the protein. To single out the role of
each degree of freedom in the allosteric coupling, we calculated the contribution of each
residue to the (/~body) mutual information (“total correlation” in ref 39), defined as

TC(X={X1,Xo,.. .}):ZH(Xi) — H(X)

To define the set of “transmitting” residues, we used the common receptor residues found
within 5 A of each ligand in the initial conformations of the simulations of TRV-130-bound
and morphine-bound MOR. These residues were D1473-32, Y1483-33 M1513-36 \/236542,
W2936-48 12966-51 H2976-52 \/3006-55, W3187-35, 1322739 and Y326743. The ligand’s
atomic coordinates were also included in these sets. For the “receiver”, we considered the
residues that are within 5 A of the nanobody in the activelike MOR crystal structure.2>
These residues were K100(IC1), T101(IC1), R165390, A1683-53, \/1693-54, P172-(IC2),
V173(1C2), A175(IC2), L176(1C2), D177(1C2), R179-(1C2), T180(IC2), P181(IC2),
M255°61 R258564 | 250565 \/262568 R263(1C3), A264(IC3), M265(I1C3), S266(1C3),
E270625 K2716-26 N2746-29 | 2756-30 1278633 D3407-57 E341(H8), N342(H8), and
R345(H8).

Hydration Sites

Spatial locations of stable water molecules within the helical bundle (hereafter “hydration
sites”) were identified by calculating (with the volmap tool in VMD) the density of water
molecules on a three-dimensional grid with a mesh of 0.5 A, averaging it over 0.75 A, and
selecting points with a density at least twice the bulk water value. The point with the highest
density was identified as a hydration site. After the removal of all grid points within 2 A of
this site, the next maximal density value was identified, repeating the operation until the
whole set of high-density points was exhausted. Each hydration site was considered
occupied in frames in which a water molecule was found within 1.0 A of its center.

Interaction Networks

Interaction networks were generated from contact probabilities, averaged over all the
simulation trajectories for a given ligand—receptor complex. Specifically, interactions of
ligands or residues with hydration sites were taken into account when polar atoms of the
ligand or of the residue side chains were within 4 A of an occupied hydration site.
Interactions between hydration sites were considered to be formed when two close (within 4
A) hydration sites were simultaneously occupied by a water molecule. Nonpolar interactions
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were assumed to be formed when the centers of mass of the side chain atoms of two residues
were closer than a fixed cutoff, fixed to 4 A for pairs residues separated by fewer than four
sites along the protein chain, and to 6 A for all other pairs.

RESULTS
Binding Pathway of TRV-130 from the Bulk Solution to the MOR Orthosteric Binding Site

We aggregated and analyzed ~44 (s of simulations carried out in the presence of a high
concentration of TRV-130 (see the chemical structure in Figure 1a) placed in the bulk
solution (see Materials and Methods and Table S1).

A first set of simulations totaling ~39 /s showed ligand binding at different positions of the
MOR. Only one binding event displayed the ligand at the MOR orthosteric binding site
identified by crystallography, whereas at least one ligand was found interacting with the
receptor in each of the remaining trajectories at different positions of the extracellular region
of MOR, including what has been termed the “vestibule” region in the literature.*2 To
increase the degree of sampling of the conformational states along the binding pathway, we
respawned some of the trajectories with the ligand at positions other than the orthosteric site
and ran a second set of simulations (see Table S1) for a total of an additional ~5 /5. TRV-130
was ultimately found at the orthosteric site in eight of these simulations. Thus, we observed
a total of nine binding events at the orthosteric site of the receptor during these simulations,
although we cannot rule out the possibility that alternative binding modes may exist along
the pathway.

A 75% average fraction of ligand molecules was calculated to be in contact with the
membrane over the aggregated simulations. On the basis of a calculated average volume
(WKy) of 12700 x 0.029 nm?3 ~ 380 nm3 for the 12700 water molecules in the system setup
(each with a specific volume of 0.029 nm?3), and a calculated average volume of ~(137/2) x
0.60 x 3.5 nm?3 ~ 143 nm3 for the 137 POPC molecules in the two leaflets of the lipid
bilayer (where 0.60 nm? is the average area per lipid and 3.5 nm is the average membrane
thickness), the effective TRV-130 concentration in the solvent was 1-75% x 10/( iy /\p) =
6.5 mM. We note that the partition coefficient implied by these concentrations is log Ay =
log(116/6.5) ~ 1.8, where 116 mM is the effective ligand concentration in the membrane.
Using a simple Poisson model, a Ay ~ (6.5 nM x 39 £5)™1 ~ 0.3 x 108 (M min)~! rate can
be estimated from the simulations reported here. Notably, this calculated value is in general
agreement with the experimental value of 15 x 108 (M min)~1.17

Because only a small fraction of the TRV-130 molecules interacted with the receptor during
the total simulation time, we focused our analysis of the ligand binding pathway on the
ligand trajectories in which the fraction of time the agonist spent in contact with the protein
was >10%. Figure 1b shows the distribution of the center of mass of TRV-130 along the
binding pathway. The sampled ligand conformations were grouped into 13 clusters using
ligand—receptor interaction fingerprints based on the TRV-130 moieties indicated in Figure
la. These 13 clusters are shown in Figure 1b alongside an illustration of the most frequently
(more than five times) observed transitions between clusters. Specific ligand-receptor
interactions formed with high probability by TRV-130 in the most populated clusters at each
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location with the largest spatial distribution of the center of mass of TRV-130 (i.e., clusters
2, 3,5, and 10) are listed in Table S2. Panels a—d of Figure 2 show representative structures
of clusters 2, 3, 5, and 10, respectively. Specifically, Figure 2a shows that initial contacts
between TRV-130 and the receptor are formed at the extracellular side of TM1 and TM2,
with the ligand also being partially in contact with the membrane and mostly exposed to the
solvent. In the majority of poses in this cluster, the pyridine ring is enclosed in a small
pocket lined by the side chains of A681-32, Y1282:64 and L129265 (see Figure 2a).

As found in previous studies of ligand binding to class A GPCRs, TRV-130 does not proceed
directly to the orthosteric binding site after establishing the first contact with the receptor.
Instead, it spends some time in the so-called vestibule, a region between the crystallographic
orthosteric binding pocket and the extracellular side of the receptor (purple surface in Figure
1b), before it either unbinds or penetrates further inside the receptor (blue surface in Figure
1b), toward the orthosteric binding site (red surface in Figure 1b). While this multistep
process is not new to small-molecule binding opioid receptors,*2 we show, for the first time,
that the process is regulated by two different ligand binding states in the vicinity of TM2,
TM3, and TM7 that have different kinetic properties. Specifically, after its initial interactions
with the receptor (Figure 2a), the ligand is found in either a metastable state that is likely to
advance to the orthosteric binding site (blue surface and cluster 3 in Figure 1b) or another
state characterized by alternative binding poses that are trapped in their position for a
considerable amount of time and cannot proceed to the orthosteric site without unbinding
first (purple surface and clusters 4—-6 and 9 in Figure 1b).

In the representative structure of cluster 3 (Figure 2b and blue surface in Figure 1b), the 6-
oxaspiro[4.5]decan-9-yl moiety is oriented toward TM2 and is located among Q1242-60,
N1272:63 and Y128264, Polar interactions between the amine group of TRV-130 and
N1272:63 or Q124260 appear to stabilize the ligand at this position. As shown in Figure 2b,
the ligand’s methoxy-thiophen moiety is surrounded by hydrophobic residues located on
TM3 (V143328 and 11443-29) and a cysteine in extracellular loop 2 (C217) while residues on
TM7 (13227-39 and Y326743) are close to the ligand’s pyridine ring.

Unlike conformations of cluster 3, representative TRV-130 poses of the larger cluster 5
(Figure 2c) are never seen to proceed to the orthosteric binding pocket. These poses either
remain in the same position for the rest of the simulated time or unbind. Notably, at these
positions, the ligand interacts mostly with residues on TM7 (Q3127-31, T3157-32, and
W3187-35) and with residues on TM2 (N1272:63 and Y128264),

After visiting the state corresponding to cluster 3, TRV-130 proceeds toward the
crystallographic orthosteric binding pocket, acquiring conformations that partially overlap
with the cocrystallized ligand BU72 in the active MOR (Figure 2d and Figure S5). The 6-
oxaspiro[4.5]decan-9-yl moiety of TRV-130 is oriented toward TM5-TM6 in these
representative ligand poses of cluster 10, forming contact with M1513-36, \/300%-55, 1296551,
and H2976-52, In contrast to the cocrystallized ligand BU72, which establishes a direct
interaction with D1473-32, the interaction between TRV-130 and D1473-32 s water-mediated
via two water molecules and involves the charged amine moiety of TRV-130 as well as the
nitrogen of the pyridine ring (see Figure S5). As shown in Figure 2d, the pyridine ring of
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TRV-130 interacts with W3187-3% and 1322739 but is also partially exposed to the solvent.
The TRV-130 moiety that does not overlap with the cocrystallized ligand BU72 (see Figure
S5) is the methoxy-thiophen moiety. As shown in Figure 2d, in the majority of TRV-130
representative poses of cluster 10, this moiety is oriented toward the center of the helical
bundle, in the proximity of residues W293%-48 1296651 53297-46 and Y3267-43 (see Table
S2 for individual contact probabilities). However, a smaller population of ligand poses in
this cluster have this moiety oriented toward the extracellular side of the receptor, forming
interactions with residues Q124260 D1473-32, and 1322739 (see Figure S6). Notably, the
TRV-130 methoxy-thiophen moiety is also oriented toward the center of the helical bundle in
the recently published docking pose of the ligand.16

Effect of Desolvation on Ligand Binding

Desolvation plays a crucial role in the binding of small molecules to proteins,*3-4° including
GPCRs.#6 During the binding of TRV-130, several desolvation and resolvation events can be
observed (see Figure 3) alongside the initial contact of the ligand with the receptor, as well
as the binding to and unbinding from states along the binding pathway. In the vestibule, at
the position that is closest to the orthosteric binding site (blue point in Figure 3), TRV-130
can be found to be less solvated (solvation of ~20) than at the orthosteric site (red point with
a solvation of ~25 in Figure 3) or in the trapped states (purple point with a solvation of ~30
in Figure 3). Thus, transitions of the ligand to the orthosteric site or the extracellular side are
accompanied by an increase in the number of water molecules around the small molecule.

TRV-130 and Morphine Yield Different Signatures of Receptor Dynamics

To start elucidating how TRV-130 affects the conformational landscape and dynamic
behavior of the bound receptor, we analyzed position correlations from three unbiased,
microsecond-scale simulations of the TRV-130-bound MOR and compared them to those
from independent simulations of the same receptor bound to the prototypical unbiased
ligand morphine (see Table S1 for details of the simulations). Specifically, we defined a set
of residues in contact with the ligands as the “transmitter” region and a set of residues at the
intracellular end of MOR as the “receiver” region (see Materials and Methods for details)
and applied information theory analysis to the receptor dynamics to investigate the
communication between the two sets.39

The pairwise mutual information between these two sets of residues has positive values in
the presence of either ligand (see the bold numbers in Table 1), confirming that the dynamics
of the two regions is highly correlated. To investigate structural determinants of the allosteric
coupling between the ligand binding region and the intracellular G protein/arrestin binding
region of MOR, we first calculated the co-information among the transmitter region, the
receiver region, and any other residue in the protein. When normalized by the mutual
information (see Materials and Methods), co-information provides a measure of the impact
of each residue on the mutual information between the transmitter and the receiver regions.
Thus, residues with a large co-information value are either part of an allosteric channel or
share a high level of mutual information with the channel itself. The top residues of MOR
displaying the most significant contributions to co-information coupling in the presence of
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either TRV-130 or morphine are listed in Table 2 and illustrated as purple spheres in Figure
4,

To add more structural context, we also calculated the interaction network formed by polar
and nonpolar contacts among the receptor side chains, the ligand, and conserved hydration
sites (displayed in Figures 5 and 6 for TRV-130 and morphine, respectively).

Striking differences in these interaction networks can be appreciated by comparing Figures 5
and 6. First, TM3 and TMB6 residues in the intracellular region of the receptor cluster into
two separate groups when TRV-130 is present at the orthosteric binding site (clusters with
cyan shadowing in Figure 5). Notably, only the group with TM3 residues contains strong
contributors to the co-information (specifically, Y106242, R1653-0, and D164349), while no
strong coupling is observed for residues at the end of TM6. In contrast, morphine in the
binding pocket allosterically regulates a substantial coupling to both the intracellular ends of
TM3 and TMS6. In the presence of morphine, intracellular residues interact through an
extended network of polar and nonpolar interactions and form a single, strongly connected
cluster, which is highlighted with a cyan background in Figure 6. As is evident from Figure
6, residues Y1062-42 and D164349 contribute to the co-information when morphine is at the
orthosteric binding site as they did when TRV-130 was present. However, when morphine is
bound to the receptor, these residues are connected to TM6 and TM7 residues R2776-32,
R273%-28 and Y3367-53, which also strongly contribute to the co-information between
transmitter and receiver regions.

The network of side chain interactions in the vicinity of the ligands is also strikingly
different, with TRV-130 presenting a set of connected residues smaller than that of
morphine. Residues Y106242, W133(EC1), Y3267-43, F343(H8), W293548, Y3367-53,
F135(EC1), D164349, and 1144329 are among those most strongly contributing to the
allosteric coupling in the presence of either TRV-130 or morphine bound to the receptor,
albeit with different strengths (see Table 2 for details). The observed role of residues such as
W2936-48 and Y326743 was expected given the number of previous reports drawing
attention to their importance in the allosteric process mediated by GPCRs (see, for instance,
ref 47 and references therein).

Our analysis also identifies W3187-3%, R1653-50, Y1493-34 F347(H8), and Y9115 as the
most important players in the transmission of information for the TRV-130-bound receptor,
while F108244, 1107243 N188446, and R2776-32 are among those contributing only to the
allosteric channel in the morphine-bound MOR (see Table 2). Notably, most of the residues
in direct or water-mediated contact with the ligands do not contribute significantly to the co-
information between the binding pocket and the intracellular region, including the highly
conserved D1473-32,

To confirm the different functional roles of residues in the allosteric process, we calculated
the contribution of individual residues in the binding pocket to the total correlation of the
binding pocket (see Table 3). As reported in Table 3, the top residues that contribute to the
total correlation are similar in the morphine-bound and TRV-130-bound receptors. In both
systems, the ligand itself is the degree of freedom that maximally contributes to the total
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correlation of the binding pocket, along with residues H2976-52, W2936-48 1296651 and
Y1483-33, Residues in the binding pocket that contribute to such a self-correlation act as
“stabilizers” of the dynamics of the binding pocket (Table 3). On the other hand, residues of
the binding pocket that maximally contribute to the coupling between the binding pocket
and the intracellular region of the receptor function as “communicators” (Table 2). Notably,
W2936-48 and 326743 function as both stabilizers and communicators in both systems
(compare Table 2 and Table 3). On the other hand, W3187-35, which is a stabilizer in the
presence of either ligand, contributes only as a communicator between transmitter and
receiver regions when TRV-130 is present.

Finally, the interaction network and co-information contribution from residues lining the
vestibule are also appreciably different in the receptor simulated with the biased ligand
TRV-130 or the unbiased agonist morphine bound at its orthosteric pocket. With TRV-130
bound to the receptor, a broad network of polar residues connects extracellular (EC) loops 2
and 3 to the extracellular ends of TM3 and TM5 (see the top left cluster in Figure 5). Among
these residues, E2295-35 strongly contributes to transmitter—receiver coupling. On the other
hand, when morphine is bound to the receptor, the interaction network between residues in
the vestibule is less extended and contains fewer interactions. In this case, the main
contributor to transmitter—receiver coupling is residue Y2996-54, at the extracellular end of
TMG6 (see Figure 6, top right cluster).

The Na* Binding Site Presents Different Co-informa tion Patterns in the Presence of
Morphine or TRV-130 at the Orthosteric Binding Site

Another interesting difference between the receptor dynamic signatures induced by the two
simulated ligands concerns the different role of the residues lining the sodium binding site.
Interestingly, these residues are part of separate clusters of the interaction networks derived
from the simulations of the TRV-130—-MOR or morphine— MOR complexes (gray
backgrounds in Figures 5 and 6, respectively). While none of the residues in the gray cluster
of Figure 5 contribute to the transmitter—receiver co-information derived from simulations of
the TRV-130-bound receptor, N86-50 and N3327-49 strongly contribute when morphine is
bound to the receptor (see Table 2). Notably, both N861-20 and N332749 are hydrogen-
bonded through conserved hydration sites to D1142-°0, which coordinates (together with
N1503-35 and $1543-39) sodium in the ultra-high-resolution &-opioid receptor crystal
structure.*® The role of N3327-49 and Y3367-23, two residues of the conserved NPXXY motif
of TM7, has also been extensively described in the literature in reference to the allosteric
transmission of the signal from the exterior of the cell to its interior. Interestingly, mutation
of N1503-3% to apolar side chains has been shown to enhance the constitutive activity in the
P-arrestin pathway.*8

To further clarify the role of the different residues in the sodium binding pocket in the
modulation of allosteric coupling, we calculated the contribution of the residues that directly
coordinate the sodium ion (i.e., D1142-50, N1503-35 and S1543-39) to the total correlation of
the transmitter (i.e., ligand binding pocket) or receiver (i.e., intracellular side) regions on the
receptor. The results reported in Table 4 show that the contribution of D11420 to the total
correlation of the transmitter or receiver regions of MOR is slightly larger when morphine is
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bound to the receptor than when TRV-130 is bound. Notably, none of the three residues that
coordinate directly the sodium ion contribute significantly to the co-information between the
binding pocket and the intracellular side of the receptor (see Tables 2), notwithstanding their
role in establishing correlations within the ligand binding pocket or the intracellular region
of MOR.

DISCUSSION

We investigated the binding of TRV-130 to the activated crystal structure of MOR with long-
scale, unbiased molecular dynamics simulations and analyzed the ligand’s induced allosteric
communication between the accepted orthosteric binding pocket and the intracellular region
of the receptor.

Our simulations offer unprecedented detail about the binding pathway of this G protein-
biased agonist under current clinical evaluation for acute pain management, contributing
testable hypotheses about its mechanism of molecular recognition, its mode of binding, and
the role of different intermediate states within the so-called vestibule region of the receptor
in modulating ligand binding Kkinetics. In particular, along with some metastable bound
states along the binding pathway, we identified several bound states that trap the ligand into
the vestibule region and that are not part of the ligand’s reactive binding pathway to the
orthosteric pose. These states are hypothesized to modulate ligand binding kinetics, which
was recently shown to play an important role in the profile of biased agonists.#® Notably,
one of the residues that stabilize one of these intermediate states along the ligand’s reactive
binding pathway, specifically the residue at position 2.63, is different among all opioid
receptor subtypes. This residue is an asparagine in the MOR, a valine in the KOR, and a
lysine in the DOR. Because the valine in the KOR is expected not to form the polar
interaction that is seen between TRV-130 and N1272:63 in the MOR, whereas the lysine in
the DOR would interfere with the ligand position in the pocket, it is tempting to speculate
that N1272-63 may play an important role in determining the relative selectivity of TRV-130
for the MOR.1/

After visiting the vestibule region, TRV-130 binds to the accepted orthosteric site of the
MOR. At this site, the ligand adopts an energetically favorable pose that partially overlaps
with the binding pose of the crystal ligand BU72, establishing direct and water-mediated
interactions with conserved residues within the pocket. Interestingly, rigorous analysis of the
receptor dynamics in the presence of the ligand shows that these direct and water-mediated
ligand—receptor interactions are not those that contribute most significantly to information
transfer (i.e., allosteric communication) between the binding pocket and the intracellular
region of the receptor. Furthermore, by comparing simulations of the MOR bound to
TRV-130 or the unbiased ligand morphine, we discovered that the interaction networks
involved in allosteric communication are strikingly different depending on which ligand
occupies the binding pocket. While a clear communication is seen between the TRV-130-
bound binding pocket and the intracellular end of TM3, no strong coupling is observed with
residues at the end of TM6. In contrast, in the presence of the unbiased morphine at the
MOR orthosteric site, substantial coupling is observed between the binding pocket and the
intracellular ends of both TM3 and TM6.
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Differences in the dynamic signatures of the MOR in the presence of TRV-130 or morphine
at the orthosteric binding site are seen not only at the level of residues in direct interaction
with the ligand or the G protein but also at the accepted ion binding pocket and at the
extracellular region of the receptor. For instance, in the TRV-130-bound MOR, residues in
the EC2 and EC3 loops form a network of polar interactions that extend to the extracellular
ends of TM3 and TM5, where some of the main contributors to the allosteric coupling
between the binding pocket and intracellular region of the receptor reside. In contrast, a
much less extended and connected interaction network involving extracellular residues is
formed when morphine is bound to the receptor, with main contributors to the allosteric
coupling found in this case at the extracellular end of TM6.

Altogether, information about the different interaction networks formed at the orthosteric
binding pocket and different contributions to coupling between the ligand binding pocket
and the intracellular side of the receptor provide new insights into the functional role of the
residues involved that may be used in the rational design of drugs with tailored
pharmacologic profiles. While some residues (see details in Results) strongly contribute to
the stability of the intracellular region in the presence of either simulated ligand, others (e.g.,
W3187-35) act as communicators between the ligand binding pocket and intracellular regions
only when TRV-130 is bound to the receptor. Among those residues most strongly
contributing to the allosteric coupling in the presence of either TRV-130 or morphine bound
to the receptor are Y106242, W133(EC1), Y3267-43, F343(H8), W293548 Y3367-53,
F135(EC1), D164349, and 1144329, While F108244, 1107243, N188446, and R277%-32 are
among the residues contributing to the allosteric channel in the morphine-bound MOR, our
analysis suggests that W3187-35, R1653-50, Y1493-34 F347(H8), and Y9115 are among the
most important players in the transmission of information for the TRV-130-bound receptor.
Experimental validation of these observations may suggest ways to fine-tune MOR signaling
toward the desired therapeutic pathways and away from those mediating side effects.
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DBSCAN density-based spatial clustering of applications with noise

DOR &-opioid receptor
EC extracellular
KOR x-opioid receptor

GPCR G protein-coupled receptor

MD molecular dynamics
MOR H-opioid receptor
PDB Protein Data Bank

POPC 1-palmitoyl-2-oleoyl- sn-glycero-3-phosphocholine
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Figure 1.
Chemical structure of TRV-130 and spatial distribution of its center of mass along the

binding pathway. (a) Selection of the moieties used to define the interaction fingerprints
employed in the analysis. The methoxy-thiophene, the pyridine, the spiro-fused
tetrahydopyran-cyclopentane (6-oxaspiro[4.5]decan-9-yl moiety), and the amine moieties
are delineated by dashed, dotted—dashed, solid, and dotted lines, respectively. (b) Clusters of
the spatial distribution of the center of mass of TRV-130 along the binding pathway are
represented by circles with areas proportional to their populations and grouped on the basis
of their structural similarity. Specifically, the region in which the ligand is in contact with the
membrane is shown as an orange surface, and the vestibule region is colored purple.
Metastable states further inside the receptor are colored blue and green, and the orthosteric
binding site is colored red. The arrows indicate transitions between clusters that were
observed with higher probability during the binding simulations.
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Figure 2.
Representative structures of the clusters with the largest spatial distribution of the center of

mass of TRV-130 at each MOR location. Specifically, panels a-d show ligand—-receptor
interactions of representative structures of clusters 2, 3, 5, and 10, respectively.
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distance (nm)
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Figure 3.
Ligand solvation upon binding. The mean values of the distance of the ligand from the

center of mass of the receptor bundle as a function of ligand solvation are shown as green,
blue, purple, and red points for clusters 2, 3, 5, and 10, respectively. Error bars indicate the
15 and 85% quantiles.
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Most highly contributing residues to the allosteric coupling between the ligand binding
pocket and the intracellular region. Specifically, residues involved in the allosteric coupling
induced by TRV-130 are shown as purple spheres in panel a, whereas panel b shows residues

involved in the allosteric coupling induced by morphine.
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Interaction network connecting the side chains of residues in the TRV-130-bound MOR.
Polar and nonpolar contacts are indicated by solid and dashed gray lines, respectively, with a
thickness proportional to the interaction probability (>40%). Conserved hydration sites are
denoted with gray circles, with the area being proportional to their occupancy. Residues
defining the “transmitter” and the “receiver” sets are labeled in red and blue, respectively.
The ligand is indicated by a red circle, while the other residues are colored according to their
contribution to the co-information (increasing from light blue to purple). Only clusters of

residues with five or more residues are displayed.
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Figure®6.

Interaction network connecting the side chains of residues in the morphine-bound MOR. See

the legend of Figure 5 for details.

Biochemistry. Author manuscript; available in PMC 2017 December 27.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Schneider et al. Page 24

Table 1

Total Entropies (regular font) and Pairwise Mutual Information (bold font) between Residues within the
Ligand Binding Pocket, the Receptor Intracellular Region, and the Sodium Binding Pocket As Derived from
Analysis of the Simulations

ligand binding pocket  receptor intracellular (IC) region  Na* binding pocket

ligand-free MOR

ligand binding pocket —188 + 66 171+16 123+1.0

receptor IC region - 19.1+12 943+0.4

Na* binding pocket - - -12.22 +6.45
morphine-bound MOR

ligand binding pocket -275+5 165+1.2 12.7+1.3

receptor IC region - -148+24 94+0.8

Na* binding pocket - - -126+19
TRV-130-bound MOR

ligand binding pocket —259 +7 17.3+23 12.4+0.7

receptor IC region - -7.23+351 11.0+21

Na* binding pocket - - -6.3+14
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Residues Contributing Most to the Mutual Information between the Ligand Binding Pocket and the

Intracellular Region of the MOR?

Table 2

TRV-130-bound MOR

morphine-bound MOR

residue/ligand  contribution residue/ligand  contribution
TRV-130 0.56 D164349 0.75
Y 106242 0.44 F108244 0.65
W133(EC1) 0.42 Y 106242 0.56
Y149334 0.4 1107243 0.55
Y 326743 0.37 F343(H8) 0.54
F343(H8) 0.36 N188446 0.54
F347(H8) 0.35 F135(EC1) 0.53
R165%50 0.35 R2776:32 0.52
W293648 0.34 F156%41 0.50
W318735 0.34 W133(EC1) 0.50
Y9115 0.34 N8gL-50 0.49
Y 336753 0.33 1144329 0.48
F178(1C2) 0.33 Y 96160 0.48
E229535 0.33 N109245 0.48
F135(EC1) 0.33 C140325 0.47
D164349 0.32 N332749 0.46
1144329 0.31 P134(EC1) 0.46
T160345 0.29 morphine 0.45
Y252558 0.29 Y2995:54 0.45
W293648 0.45
Y 326743 0.45
Y336753 0.44
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aResidues completely exposed to the lipid bilayer are not included in the table. Common residues in the two systems are highlighted in bold.
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Contribution of Individual Residues in the Ligand Binding Pocket to the Total Correlation of the Ligand

Binding Pocket

TRV-130-bound MOR

mor phine-bound MOR

resdue  contribution residue contribution
TRV-130 0.68 morphine 0.73
H297652 053 W2936-48 0.66
W2936-48 052 H297652 059
129651 05 Y148333 0.56
Y1483%38 0.48 1296651 0.54
M1513-36 0.47 W3187-35 0.51
W318735 047 D147332 05
/300055 0.46 Y326743 0.49
D147332 0.44 V300655 0.48
1322739 043 V236542 0.46
V236542 043 M151336 0.46
Y3267:43 0.43 13227-39 0.46
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Table 4

Contributions of Residues in the Na* Binding Pocket to the Total Correlation of the Ligand Binding Pocket

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

and the IC Region of the Receptor

TRV-130 MOR

ligand binding pocket

D114250 0.33+0.01 0.38+0.03

N1503-35 0.39+0.01 0.42+0.03

$154339 0.35+0.02 0.35+0.01
IC region

D114250 0.23+0.02 0.26 +0.002

N150335 0.24+£0.01 0.26+0.01

$1543-39 0.26+0.02 0.26 +0.01
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