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ABSTRACT In the era of opioid abuse epidemics, there is an increased demand for understanding how opioid receptors can be
allosterically modulated to guide the development of more effective and safer opioid therapies. Among the modulators of the
m-opioid (MOP) receptor, which is the pharmacological target for the majority of clinically used opioid drugs, are monovalent
and divalent cations. Specifically, the monovalent sodium cation (Naþ) has been known for decades to affect MOP receptor
signaling by reducing agonist binding, whereas the divalent magnesium cation (Mg2þ) has been shown to have the opposite
effect, notwithstanding the presence of sodium chloride. Although ultra-high-resolution opioid receptor crystal structures have
revealed a specific Naþ binding site and molecular dynamics (MD) simulation studies have supported the idea that this mono-
valent ion reduces agonist binding by stabilizing the receptor inactive state, the putative binding site of Mg2þ on the MOP recep-
tor, as well as the molecular determinants responsible for its positive allosteric modulation of the receptor, are unknown. In this
work, we carried out tens of microseconds of all-atom MD simulations to investigate the simultaneous binding of Mg2þ and Naþ

cations to inactive and active crystal structures of the MOP receptor embedded in an explicit lipid-water environment and
confirmed adequate sampling of Mg2þ ion binding with a grand canonical Monte Carlo MD method. Analyses of these simula-
tions shed light on 1) the preferred binding sites of Mg2þ on the MOP receptor, 2) details of the competition between Mg2þ and
Naþ cations for specific sites, 3) estimates of binding affinities, and 4) testable hypotheses of the molecular mechanism under-
lying the positive allosteric modulation of the MOP receptor by the Mg2þ cation.
SIGNIFICANCE Overprescription of opioid drugs in the late 1990s, followed by abuse of both prescription and illicit opioid
drugs, has led to what is nowadays called the ‘‘opioid overdose crisis’’ or ‘‘opioid epidemic,’’ with more than 130 Americans
dying daily from opioid overdose at the time of writing. To reduce opioid doses, and thereby prevent or treat overdose and
opioid use disorders, attention has recently shifted to the use of coanalgesics. Understanding how opioid receptor targets
can be allosterically modulated by these elements, including cations, is key to the development of improved therapeutics.
Here, we provide an atomic-level understanding of the mechanism by which magnesium binds to the m-opioid receptor and
enhances opioid drug efficacy by stabilizing the receptor activated state.
INTRODUCTION

Opioid analgesics such as morphine remain the ‘‘gold stan-
dard’’ for the treatment of acute (e.g., postoperative) or
chronic (e.g., cancer) pain notwithstanding the multitude
of side effects they cause, including respiratory depression,
tolerance, addiction, dependence, constipation, nausea,
vomiting, dizziness, fatigue, and itching (1). Among all
side effects, respiratory depression is certainly the most
feared by physicians given the almost 400,000 casualties
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from overdosing on prescription or illicit opioids during
1999–2017 in the United States alone (2).

Almost all clinically used opioid drugs act through the
m-opioid (MOP) receptor (3), a member of the G protein-
coupled receptor (GPCR) superfamily. Like other GPCRs,
this receptor exists as an ensemble of multiple inactive,
active, and intermediate conformations, and this conforma-
tional plasticity forms the basis for the receptor signaling
diversity achieved through receptor interaction with
different intracellular proteins, such as G proteins (typi-
cally Gai/o subtypes) or arrestins (typically b-arrestin-2)
(4). Depending on the MOP receptor conformation stabi-
lized by the drug and the intracellular protein recruited
by the receptor, biological functions that are either clini-
cally desirable or detrimental can ensue. Indeed, although
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studies using MOP receptor knockout mice confirmed that
the MOP receptor is responsible for the antinociceptive ac-
tion of morphine (3), b-arrestin recruitment by the MOP re-
ceptor was shown to contribute to some of the side effects
of this classical opioid drug (5–7), supporting the hypoth-
esis that biasing the conformational equilibrium of MOP
receptor toward the G protein pathway may lead the way
to develop safer opioid therapies.

In principle, there are several ways one could
possibly bias the conformational equilibrium of the
MOP receptor toward a specific conformational state,
whether using a small molecule, a peptide, a protein, or
other allosteric modulators, including cations. Indeed, it
has been known for more than 40 years that the MOP re-
ceptor can be differentially modulated by cations (8).
Whereas the monovalent Naþ cation can decrease agonist
affinity at the MOP receptor (8), most likely through sta-
bilization of the inactive conformational state of the re-
ceptor (e.g., see (9,10)), the divalent Mg2þ cation has
the opposite effect (e.g., see (11)), suggesting it stabilizes
an active-like conformation of the receptor. Notably,
similar conclusions were drawn for other GPCRs based
on inferences from biochemical and pharmacological
studies (12–18).

Although various high-resolution x-ray crystal structures
of inactive forms of GPCRs have revealed the atomic de-
tails of Naþ binding (19–22) and several molecular dy-
namics (MD) simulation studies have supported the
stabilization of inactive conformations of the receptor by
this monovalent cation (e.g., see (9,10,23,24)), limited in-
formation exists to date about the preferred binding site(s)
of Mg2þ and the molecular mechanism underlying the pos-
itive allosteric effect of this divalent cation. A recent inter-
disciplinary study combining the results of 19F-NMR and
MD simulations on another prototypic GPCR, the adeno-
sine A2A receptor (18), provided further support to the
negative allosteric modulation of receptors by Naþ and
their positive allosteric modulation by Ca2þ and Mg2þ.
Not only did this work allow quantification of the effects
of these cations on the conformational ensemble of the
adenosine A2A receptor, but it also suggested important
molecular determinants involved in the allosteric activation
of this receptor in the presence of physiological cations.
Notable results of these studies were the unexpected
finding that Naþ also stabilized an intermediate state that
had previously been associated with partial agonism,
whereas Mg2þ cations drove G protein-binding cleft open-
ing, and consequent receptor activation, upon bridging spe-
cific acidic residues on the extracellular region of
transmembrane (TM) helices 5 and 6 (TM5 and TM6) of
the receptor (18).

In our work, we studied the free binding of Mg2þ to the
MOP receptor in the presence of physiological concentra-
tions of Naþ by all-atom standard MD simulations of the
receptor embedded in an explicit 1-palmitoyl-2-oleoyl-sn-
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glycero-3-phosphocholine (POPC)/cholesterol environ-
ment and supplemented them with a grand canonical
Monte Carlo MD (GCMC-MD) method (25–27) to
confirm thorough exploration of the Mg2þ bound states.
The goal of this study was not only to predict energeti-
cally favorable binding sites of Mg2þ at the MOP receptor
but also to provide atomic details of the molecular mech-
anism regulating the positive allosteric modulation of the
receptor induced by this divalent cation. This information
is important considering that magnesium is known to
enhance opioid-induced analgesia in different types of
surgical procedures without increasing opioid side effects
at therapeutic doses, thus suggesting that its use in combi-
nation with opioid analgesics may be useful in clinical
practice (28).
METHODS

MD simulations and system setup

Three different simulation setups were built for the ligand-free murine

MOP receptor (residues 65–347), using the CHARMM-GUI web server

(29). Whereas one of them was based on the x-ray crystal structure of the

inactive MOP receptor (Protein Data Bank (PDB): 4DKL (30)), the other

two system setups used the crystal structure of the active MOP receptor

(PDB: 5C1M (31)) and differed in the protonation state of the highly

conserved D1142.50 residue. The missing loop between TM5 and TM6 in

4DKL (residues M264–K269) was added using the Modeller software

(32). Both ligand-free inactive and active MOP receptor models were

embedded in a lipid bilayer with a POPC/cholesterol z 9:1 ratio and an

area of 7.5 � 7.5 nm2. A POPC/10% cholesterol lipid bilayer is a typical

membrane model used in MD simulations of GPCRs considering 1) the

abundance of phosphatidylcholine lipids in cell membranes (33), 2) a

10% sterol/lipids ratio representing a mean value across membranes of

different cell compartments, and 3) the suggested impact of cholesterol

on the receptor conformational dynamics (34).

The membrane and protein were then solvated with explicit TIP3P water

molecules and 0.15 M concentrations of both Naþ and Mg2þ cations and

neutralized with Cl� ions. All ions were placed randomly in the solvent vol-

ume, at least 10 Å away from the protein and membrane. Each full simula-

tion system contained �70,000 atoms and had an initial volume of 7.5 �
7.5 � 11.9 nm3. The CHARMM36 force field (35) was used to model pro-

tein, lipids, and ions, and all-atom MD simulations were carried out using

the GROMACS software package version 2018.1 (36). After a first energy

minimization step, six short equilibrations runs with gradually decreasing

harmonic constraints on lipid and protein heavy atoms were carried out,

following the CHARMM-GUI membrane builder equilibration protocol.

After these short equilibration runs, the three systems were further equili-

brated for 100 ns in the NPT ensemble without constraints using the

Nos�e-Hoover thermostat (37) at 310 K (coupling constant tt ¼ 1:0 ps)

and the Berendsen barostat (38) at 1 atm (coupling constant tp ¼ 5:0 ps).

A final equilibration run of 20 ns was carried out under the production simu-

lation conditions in which the Berendsen barostat was replaced by the Par-

rinello-Rahman barostat (39) (coupling constant of tp ¼ 5:0 ps at 1 atm).

Different production runs ranging between �0.7 and �2.4 ms, for a total

simulation time of over 20 ms, followed, beginning from equidistant frames

selected from the previous 20 ns equilibration (see Table S1 for details).

Long-range electrostatic interactions (for interparticle distances beyond

1.2 nm) were taken into account using the particle mesh Ewald algorithm

(40). The van der Waals interactions were switched off gradually between

1.0 and 1.2 nm. Periodic boundary conditions were applied to the simula-

tion boxes, and an integration time step of 2 fs was used for all simulations.
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GCMC-MD simulations

Despite extensive unbiased MD simulations, Mg2þ coordination complexes

with direct interactions to acidic residues were not observed, possibly

because of the large desolvation free energy for Mg2þ (41,42) and in agree-

ment with the results of MD simulations carried out on another prototypic

GPCR (18). To enable sampling of Mg2þ direct coordination complexes

and check whether other important coordination sites had been missed by

standard MD simulations, we applied a grand canonical Monte Carlo

method combined with MD (GCMC-MD) (25–27) that successfully repro-

duced Mg2þcoordination on RNA molecules (27). This method combines a

Monte Carlo insertion/deletion protocol using an oscillating chemical po-

tential with short MD trajectories to sample potential ion coordination com-

plexes. Specifically, we utilized this method to insert and delete water

molecules and Mg2þ ions into a defined GCMC region around the MOP re-

ceptor with a target concentration of water molecules and Mg2þ ions that

matched their respective simulation concentrations. We used the previously

described excess chemical potentials of �5.6 kcal/mol for water molecules

and �437.38 kcal/mol for Mg2þ ions (25,43). This GCMC region was

defined separately for different simulation systems as a cuboid with a vol-

ume of�52� 52� 94 Å3 centered on the geometrical center of each simu-

lation box. We applied this protocol on representative conformations of the

most populated Mg2þ macrosites extracted from our unbiased MD simula-

tions (see below). For each protein conformation, we performed two initial

iterations of GCMC to populate the GCMC simulation region with the

target water molecules and Mg2þ ions. These were followed by 100 itera-

tions of GCMC-MD sampling, each of which featured 200,000 steps of

GCMC, a brief 5000-step steepest descent minimization, a 100 ps constant

pressure equilibration, and finally a 1 ns constant volume run. TheMD steps

were performed with Gromacs version 2018.6. The MD trajectories of the

GCMC-MD protocol were then analyzed to identifyMg2þmicrosites and to

calculate their bound population as described below.
Identification of cation binding sites

We used a two-step approach to identify the preferred binding sites for each

cation on each of the simulated MOP receptor systems. First, so-called

cation binding microsites were detected by the presence of either Naþ

or Mg2þ cations within the closest minimum distance ðrminÞ from heavy

atoms of protein residues. The value of rmin for the two cations was selected

after inspection of the radial distribution functions of the Naþ-protein
and Mg2þ-protein distances, respectively, calculated from combined MD

and GCMC-MD trajectories of all simulated active and inactive MOP re-

ceptor systems. Based on the radial distribution functions shown in

Fig. S1, values of rmin ¼ 2:9 Å or rmin ¼ 2:5 Å were chosen to indicate

direct Naþ or Mg2þ coordination to protein residues, respectively. How-

ever, unlike Naþ, the majority of Mg2þ coordination complexes were water

mediated and we therefore chose to select a second closest minimum dis-

tance for Mg2þ cations (r
ð2Þ
min ¼ 4:5 Å) to characterize microsites containing

these coordination states. Given the large number of microsites obtained us-

ing the aforementioned criteria, for each simulated MOP receptor system,

we aggregated microsites into macrosites of cation binding based on the

location of coordinating residues within said microsites. For instance, mi-

crosites involving cation contacts with D1473.32 were labeled as ‘‘orthos-

teric site,’’ whereas microsites involving coordination with D1142.50

or N1503.35 were labeled as ‘‘allosteric site.’’ Similarly, sites in the extracel-

lular loop (ECL) region were labeled ECL1, ECL2, or ECL3 if containing

G131–G136, A206–H223, or L305–T311 residues, respectively.
Calculation of cation binding affinity at
macrosites

The cation binding affinity Ki
d for the ith macrosite was estimated based on

its marginal occupancy probability pi, defined as the fraction of MD simu-
lation frames in which the macrosite is occupied. This analysis was per-

formed separately for frames sampled during the GCMC-MD protocol to

assess the affinity of Mg2þ to equivalent macrosites identified during said

protocol. Before running these calculations, we verified that the number

of cation binding events at each macrosite, estimated in terms of the number

of contacts formed by a cation at each macrosite across the multiple MD

simulation trajectories, was sufficient to obtain reliable estimates of occu-

pation probabilities from population counts. The results we obtained

from analysis of the MD simulation runs, ranging from�40 to�1000 bind-

ing events for Mg2þ and 20 to �500 binding events for Naþ (see Table S2),

confirmed that occupation probabilities could be calculated reliably.

Assuming that binding to the protein does not change the ion concentration,

the binding affinity Kd can be estimated via the relation as follows:

Kd ¼ C
ð1� piÞ

pi
;

where C is the molar concentration of each cation species present in the

simulation box.
Allosteric coupling between macrosites of cation
binding

We assessed the effect of each cation species on the binding of the other by

calculating cooperativity coefficients between pairs of binding macrosites

derived from standard MD simulations. Specifically, we considered the

joint probability distribution pðoxi ; oyj Þ of the cation species x occupying

the macrosite i and the cation species y occupying the microsite j, margin-

alizing the occupancy of all the other macrosites on the receptor. Indicating

with Kx
i the affinity of the cation species x at macrosite i when macrosite j is

not occupied, and correspondingly, with Ky
j the affinity of the cation species

y at macrosite j when macrosite i is not occupied, the presence of a cation at

macrosite j changes the affinity of the cation species x at macrosite i to

Kx
i =aij , whereas the closure of the thermodynamic cycle ensures that

when macrosite i is occupied, the cation binding affinity at macrosite j be-

comes Ky
j =aij . We report these cation binding affinity changes as log aij ,

with negative values implying negative modulation (i.e., a reduction in

the cation binding affinity at a given macrosite induced by the presence

of another cation species). We estimate the values of aij from the ratios

as follows:

log aij ¼ log
p
�
oxi ¼ 1; oyj ¼ 1

�

p
�
oxi ¼ 1; oyj ¼ 0

�

þ log
p
�
oxi ¼ 0; oyj ¼ 0

�

p
�
oxi ¼ 0; oyj ¼ 1

�:

Quantification of cation effect on extracellular
loop gating

To elucidate the effect of Mg2þ binding on the conformational plasticity of

the extracellular loop 2 and 3 (ECL2/3) region of the receptor, which has

often been linked to the allosteric modulation of ligand binding, we outlined

a simple activation model of the MOP receptor and used our MD simula-

tions to derive its thermodynamic properties. Frames sampled from

GCMC-MD simulations were not included in this analysis because of a

limited sampling of protein motions in this method. Specifically, our simple

model only considers agonist binding and defines the active state of the re-

ceptor (with either neutral or charged D2.50) as the ligand-bound state,

whereas the inactive receptor conformation is classified as a ligand-un-

bound state. We consider two different states of the ECL2/3 region of the

MOP receptor, which we labeled open (O) or closed (C), depending on
Biophysical Journal 118, 909–921, February 25, 2020 911
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whether the minimum distance ðdLoopÞbetween the heavy atoms of residue

pairs E310ECL3�R211ECL2 and Q212ECL2�D216ECL2 sampled during

simulation was larger or smaller than 10 Å, respectively. Indicating with

KO and KC the ligand binding affinity for the ECL2/3 region open and

closed states, respectively, and with HB and HU the equilibrium constants

for ECL2/3 region opening in the bound and unbound receptors, we have

that KC=KO ¼ HB=HU , and by applying the mass-action law, we can write

the ligand-bound fraction of the receptor at ligand concentration ½L� as
follows:

fB ¼ ½L�
½L� þ rKO

where

r ¼ 1þ H�1
U

1þ H�1
B

is a coefficient that measures the allosteric coupling between ligand binding

and loop dynamics.

If the dynamics of the ECL2/3 region do not depend on the presence of

the ligand, then HU ¼ HB and r ¼ 1. In this case, the ligand binding ther-

modynamics are not affected by ECL2/3 region gating, and the ligand bind-

ing affinity is L50 ¼ KO, that is, the same as to the open receptor. If,

however, the closed state of the ECL2/3 region is more stable in the

ligand-bound complex, HU � HB and r � 1. In this case, L50 � KO

(i.e., the affinity of the ligand) and the stability of the active state are

increased by ECL2/3 region closure. Accordingly, this model can capture

the basic mechanism by which ECL2/3 region closure increases the binding

affinity of a ligand.

To quantify the effect of Naþ andMg2þ cations on ECL2/3 region gating,

we assessed the coupling between the ECL2/3 loop region conformational

dynamics and cation binding. For a givenMg2þ concentration [M], we char-

acterized the dynamics between the Mg2þ-bound state of the open ECL2/3

region ðOMÞ and the Mg2þ-free state of the open ECL2/3 region (O) as

OMðiÞ ¼ JOðiÞOðiÞ½M�;where JOðiÞ is the equilibrium constant reflecting

the affinity of Mg2þ for the open state, and i indicates the MOP receptor

state (unbound/inactive, bound/active). Similarly, for the closed state of

the ECL2/3 region, CMðiÞ ¼ JCðiÞCðiÞ½M�. Indicating with H�1
0 ðiÞ the equi-

librium constant between the open and closed states of the ECL2/3 region in

the absence of Mg2þ, at magnesium concentration ½M�, we have that the

equilibrium between the ECL2/3 region open and closed states is as

follows:

H�1
i ¼ H�1

0 ðiÞ JCðiÞ½M� þ 1

JOðiÞ½M� þ 1
:

Using this expression for H�1
U and H�1

B , we obtain the dependence of the

allosteric coefficient r on the Mg2þ concentration. Specifically, in the

absence of magnesium, r0 ¼ ð1 þ H�1
0 ðUÞÞ=ð1 þ H�1

0 ðBÞÞ, whereas for
high-magnesium concentrations ½M�[ J�1

s ðiÞ, the allosteric coefficient is
as follows:

rNz
1þ H�1

0 ðUÞJCðUÞ
�
JOðUÞ

1þ H�1
0 ðBÞJCðBÞ

�
JOðBÞ

:

The values of JCðUÞ and JOðUÞ (see Table S3) can be estimated from the

occupancy of the extracellular binding sites in the closed and open states of

the ECL2/3 region in the inactive MOP receptor trajectories, whereas the

value of H�1
0 ðUÞ was obtained from the probability of the ECL2/3 region

being in an open state in the same system. The values of JCðBÞ, JOðBÞ,
andH�1

0 ðBÞ (see Table S3) were estimated from the corresponding fractions
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in the inactive and active MOP receptor trajectories. Values of r0 and rNare

reported in Table S4.
Pocket surface area and mouth of the pocket area
estimations

To quantify the accessibility of the orthosteric binding site through open or

closed states of the ECL2/3 region in the three simulated MOP receptors, we

calculated two commonly used geometrical descriptors of binding sites, spe-

cifically their pocket surface area and mouth of the pocket area, using the

Computed Atlas of Surface Topography of proteins (CASTp) web server

(44). The server uses the atomic van der Waals radii of the atoms provided

in a molecular topology to detect concave surfaces in a structure, which are

labeled as pockets. The mouth of each pocket is described as the constriction

plane between the concave surface and the exterior convex surfaceof themole-

cule. The areas of both the mouth and concave pocket surfacewere calculated

here using the a-shape method (45) and a probe radius of 2.0 Å. Table S5 lists

these calculatedquantities for representative proteinconformations of the three

most populated macrosites for each of the three simulated MOP receptors.
Calculation of coinformation

To elucidate the molecular determinants of the positive allosteric modula-

tion of the MOP receptor induced by the Mg2þ cation binding, we calcu-

lated the coinformation between receptor residue pairs and Mg2þ

occupancy of macrosites identified in MD simulations within the ECL2/3

region of the MOP receptor. Results of GCMC-MD runs were not included

because of limited protein sampling in the protocol as implemented. Specif-

ically, we describe residue dynamics using the Cartesian coordinates of the

center of mass of the residue heavy atoms Ri, whereas Mg2þ binding was

described using a binary variable representing the occupancy state of any

of the Mg2þ macrosites in the ELC2/3 region, oMg
ECL. The mutual informa-

tion MIðRi;RjÞ is a common quantity used to describe the long-range allo-

steric coupling between the dynamics of different regions of the receptor. In

this work, we assessed the modulatory effect of Mg2þ binding by calcu-

lating the so-called coinformation quantity:

CI
�
Ri;Rj; o

Mg
ECL

� ¼ MI
�
Ri;Rj

��MI
�
Ri;Rj

�� oMg
ECL

�
;

where MIðRi;RjÞ is the mutual information between the two residues, and

MIðRi;Rj

�� oMg
ECLÞis the conditional mutual information between the residues,

conditioned uponMg2þ occupancy. This coinformation is the difference be-

tween the information shared by Ri and Rj for a given value of o
Mg
ECL and the

information shared by Ri and Rj irrespective of o
Mg
ECL and thus measures the

effect of oMg
ECL on the amount of information shared between Ri and Rj. We

note that negative values of the coinformation indicate that oMg
ECL explains

(some of) the observed correlation between Ri and Rj. Table S6 lists the

normalized coinformation values derived from the following:

CIi;j ¼
CI

�
Ri;Rj; o

Mg
ECL

�

MI
�
Ri;Rj

� :

To reduce calculation time, trajectories were analyzed with a time step of

0.2 ns, and the mutual information and conditional mutual information

values needed to calculate CIi;j were estimated using the MDEntropy py-

thon library (46) and the k-nearest neighbor algorithm with five bins per

Cartesian dimension.
RESULTS AND DISCUSSION

To elucidate the atomic details of the mechanism by
which Mg2þ binds and allosterically modulates the MOP



TABLE 1 Magnesium Binding to the MOP Receptor

Kd (MD) Kd (GCMC)

Inactive MOP Receptor

E310ECL3/D216ECL2 0.73 0.37

D216ECL2/G1312.67 4.85 7.35

D216/C217ECL2 0.73 1.00

Allosteric site – 0.10

Orthosteric site – 1.35

Active MOP Receptor with Charged D2.50

E310ECL3/D216ECL2 0.64 1.99

D216ECL2/S214ECL2 0.85 0.21

Orthosteric site 0.56 0.39

Allosteric site – 0.07

Active MOP Receptor with Neutral D2.50

E310ECL3/D216ECL2 4.85 1.35

D216ECL2/G1312.67 0.85 0.79

Q212ECL2/D216ECL2 0.92 1.21

Orthosteric site – 0.22

Allosteric site – 1.73

Estimates of Mg2þ binding affinity (in Molar units) to sites sampled by MD

and GCMD-MD.

Modulation of m-Opioid Receptor by Mg2þ
receptor in the presence of Naþ ions, we carried out MD
simulations of experimentally determined inactive and
active structures of the receptor embedded in a lipid-water
environment and in the presence of both cations. Unlike
the inactive MOP receptor state, in which the highly
conserved D2.50 residue is likely to be charged and
bound to a Naþ cation, from previous simulation studies
by us and others, we know that the D2.50 does not bind
Naþ in the receptor’s active state, and its protonation
state depends on its proximity to cations (23,47). Thus,
we carried out MD simulations of one ligand-free inactive
MOP receptor crystal structure corresponding to PDB:
4DKL (30) and two forms of the ligand-free active
MOP receptor crystal structure corresponding to PDB:
5C1M (31), differing only in the protonation state of
the D2.50 residue.

MD simulations were run at equal concentrations
(0.15 M) of Naþ and Mg2þ. Whereas the Naþ con-
centration is close to extracellular physiological condi-
tions, the Mg2þ concentration is significantly higher
than its normal value under the same conditions,
but this choice was necessary to observe binding events
of this divalent cation by standard MD simulations.
Notably, the positive allosteric modulation of ligand-
free receptors by Mg2þ cations can only be
observed experimentally at high Mg2þ concentrations
(0.1–0.5 M) as recently demonstrated for the adenosine
A2A receptor (18).

To assess whether the reported MD simulations had
missed important bound states of Mg2þ ions because of
their slow desolvation kinetics, we supplemented these
simulations with a GCMC-MD procedure that overcomes
desolvation barriers by sampling Mg2þ insertion around
the protein. As reported below, the Mg2þ coordination
complexes identified by GCMC-MD mostly matched
those identified by MD and exhibited similar affinities
(see Table 1), instilling confidence in the MD simulation
results. A notable difference is the observed binding of
Mg2þ to the allosteric and orthosteric binding sites of
the inactive MOP receptor in the GCMC-MD simulations,
but not in the MD simulations. Another difference con-
cerns Mg2þ binding to the orthosteric binding site of the
active MOP receptor with neutral D2.50 in the GCMC-
MD runs, an event that is also not seen in the MD simu-
lations. A possible reason for this lack of agreement is the
absence of Naþ ions in the GCMC-MD runs and their
preferred occupancy of the orthosteric and allosteric sites
in the MD simulations. However, one should not forget
that interactions between metal ions and protein residues
are notoriously hard to describe by MD simulations.
Despite intense efforts (see (48) for a recent review), the
reliability of these models is still under debate as evidence
emerges that polarizable models or quantum calculations
might be required to properly describe ion-binding
events (49).
Mg2D binds predominantly to the MOP receptor
extracellular region and exhibits higher binding
affinity for the active receptor conformation

To characterize likely binding sites of Mg2þ on the inactive
or active MOP receptor (so-called macrosites) at physiolog-
ical concentrations of Naþ, we first identified microsites of
single or multiple residues that were found to be forming
direct interactions with Naþ and direct or water-mediated
interactions with Mg2þ cations (see Methods for details).
Given the large number of microsites obtained by this
detailed classification, we grouped them into macrosites of
cation binding at different regions of the receptor. The anal-
ysis of the occupancy probability of these macrosites (see
Methods) revealed a small number of binding regions with
significant marginal occupancy probability (>3%).

Figs. 1, 2, and 3 report the molecular and energetic details
of all macrosites identified with cation binding affinity less
than 5 M in MD simulations of ligand-free inactive MOP re-
ceptor, ligand-free active MOP receptor with charged D2.50,
and ligand-free active MOP receptor with neutral D2.50,
respectively. Values of the Naþ and Mg2þ binding affinities
for these macrosites derived from occupancy probabilities in
the MD or GCMC-MD simulation trajectories (see Methods
for details) are listed in Tables 1 and 2 for Mg2þ and Naþ

ions, respectively.
As expected, in the ligand-free inactive MOP receptor

system (Fig. 1), the Naþ cation has the highest affinity for
the allosteric binding site (in particular, residues D1142.50,
N1503.35, S1543.39, N3287.45, and W2936.48) revealed by
high-resolution crystal structures of various GPCRs. We
calculate Kd ¼ 0.01 M for Naþ at this site (Fig. 1 f), which
agrees with our previously published calculations from
Biophysical Journal 118, 909–921, February 25, 2020 913



FIGURE 1 Molecular and energetic details of all macrosites identified with cation binding affinity less than 8M in simulations of ligand-free inactive MOP

receptor. (a)–(c) and (d)–(f )show predicted binding sites for Mg2þ and Naþ ions, respectively. Representative residues of each cation binding macrosite (i.e.,

residues that are most frequently involved in Naþ and Mg2þ binding in microsites) are indicated in orange and purple colors, respectively, on the surface

representations of the inactive MOP receptor. In the insets, the same residues are shown as sticks, whereas purple and orange spheres refer to Naþ and

Mg2þ cations, respectively. Macrosites in the extracellular region of the MOP receptor are labeled by the residues that most frequently bind Naþ and

Mg2þ cations in microsites. To see this figure in color, go online.
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simulations of the MOP receptor in the presence of Naþ

only and their experimental validation (9). In the absence
of ligands, sodium ions can also bind to the orthosteric bind-
914 Biophysical Journal 118, 909–921, February 25, 2020
ing site, establishing direct interactions with the conserved
D1473.32 residue (Fig. 1 e). In addition to these binding sites
within the transmembrane bundle, the Naþ cation was also



FIGURE 2 Molecular and energetic details of all macrosites identified with cation binding affinity less than 8 M in simulations of the ligand-free active

MOP receptor with a charged D2.50 residue. (a)–(c) and (d)–(f )show predicted binding sites for Mg2þ and Naþ ions, respectively. See the caption of Fig. 1 for

details. To see this figure in color, go online.
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found to bind at an extracellular site (specifically, residues
N1272.63, D216ECL2, C217ECL2, T218ECL2, and E310ECL3;
see Fig. 1 d) in the inactive MOP receptor system, albeit
with the significantly lower affinity of 0.5 M. Unlike
Naþ, Mg2þ ions bound primarily at three slightly different
sites on the extracellular region of the inactive MOP recep-
tor system, which all had the D216ECL2 residue coordinating
the cation (Fig. 1, a–c). The Mg2þ cation binding affinity for
these sites was equally low, ranging from 0.7 to �5.0 M. As
expected, in the presence of sodium ions, no binding
of Mg2þ to the orthosteric and allosteric sites was observed.
In GCMC simulations, which were carried out in the
absence of Naþ ions, binding of Mg2þ was also observed
to the orthosteric and allosteric binding sites of the inactive
MOP receptor, where the ion established direct chelation
with D1473.32 or D1142.50 residues. We note that in all
GCMC-MD trajectories, Mg2þ never formed direct binding
with residues in the extracellular region, except for a
Biophysical Journal 118, 909–921, February 25, 2020 915



FIGURE 3 Molecular and energetic details of all macrosites identified with cation binding affinity less than 8 M in simulations of the ligand-free active

MOP receptor with a neutral D2.50 residue. (a)–(c) and (d)–(f )show predicted binding sites for Mg2þ and Naþ ions, respectively. See the caption of Fig. 1 for

details. To see this figure in color, go online.
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marginal fraction (<2% of frames) in the inactive MOP re-
ceptor, where direct contacts were established with
E310ECL2. Not shown in Fig. 1 is a Mg2þ binding site
observed in the vicinity of helix 8, which is likely an artifact
of having run MD simulations with a zwitterionic C-
terminus.

Although Naþ had a much higher affinity than Mg2þ for
the inactive MOP receptor, this difference was reduced in
the simulations of the active MOP receptor systems (see
916 Biophysical Journal 118, 909–921, February 25, 2020
Figs. 2 and 3). For instance, the affinity of Naþ for the
crystallographic allosteric site decreased by two orders of
magnitude from �0.01 to 1.3 M in the ligand-free active
MOP receptor system with a charged D2.50 (Fig. 2 f).
This is consistent with the knowledge that this site is
partially collapsed in active GPCR structures and not suit-
able to the same type of cation binding (19). Interestingly,
the Naþ affinity for the extracellular region decreases,
albeit less dramatically, from 0.5 to 1.2 M (Fig. 2 c). On



TABLE 2 Sodium Binding to the MOP Receptor

Kd (MD)

Inactive

D216ECL2/C127ECL2 0.50

Orthosteric site 0.60

Allosteric site 0.01

Active Charged D2.50

G1312.67/D216ECL2 1.18

Orthosteric site 0.36

Allosteric site 1.29

Active Neutral D2.50

D216ECL2/N1272.63 0.62

E310ECL3 1.79

Orthosteric site 3.36

Estimates of Naþ binding affinities (in Molar units) to sites sampled byMD.

Modulation of m-Opioid Receptor by Mg2þ
the other hand, not only did the Mg2þ binding affinity for
the extracellular loop regions slightly increase in the
ligand-free active MOP receptor system with a charged
D2.50 compared to the simulated inactive receptor system
(from 0.7–5.0 M to 0.6–0.8 M; compare Fig. 1, a–c with
Fig. 2, a and c), but the Mg2þ cation was also found to
bind at the orthosteric ligand binding site defined by resi-
due D1473.32 with a Kd of 0.6 M, the highest affinity value
for a macrosite for any ion in this system (see Fig. 2 c).
Notably, although the orthosteric ligand binding site was
equally accessible in the ligand-free inactive MOP receptor
system (see Table S5), the Mg2þ cation did not bind at this
site during MD simulation of the ligand-free inactive MOP
receptor system. In contrast, GCMD-MD simulations car-
ried out in the absence of Naþ did reveal binding of
Mg2þ to both the orthosteric and the allosteric sites on
the receptor. Notably, the Monte Carlo sampling revealed
(data not shown) that the binding of Mg2þ to D1473.32 at
the orthosteric site is not via direct interaction, which
was the case for the inactive receptor, but through water-
mediated contacts, in agreement with the MD simulation
results.

Not surprisingly, the change of the D2.50 protonation state
to neutral in the simulated active MOP receptor system had
a significant impact on the binding affinity of both Naþ and
Mg2þ cations for the ligand-free MOP receptor (Fig. 3) at
macrosites within the TM bundle, therefore implying a rela-
tionship between cation binding and local electrostatics. In
this system, both the Naþ affinity for the allosteric binding
site defined by D2.50 and the Mg2þ affinity for the orthos-
teric ligand binding site defined by D1473.32 fell below the
cutoff value of 5 M chosen for significance. GCMC-MD
simulations of the active MOP receptor system with a
neutral D2.50 did not yield binding of Mg2þ to the allosteric
site, and the Mg2þ binding to the orthosteric site was
reduced with respect to that observed in the active receptor
with charged D2.50. Notably, the affinity values of Mg2þ for
the extracellular loop region (ranging from 0.8 to 5.0 M; see
Fig. 3, a–c) were closer to those recorded for the ligand-
free inactive MOP receptor system than for the active recep-
tor system with a charged D2.50, whereas Naþ binding
affinity for the extracellular region dropped to 1.8 M
(Fig. 3, d and e).
Mg2D binding to the extracellular region of the
MOP receptor promotes occlusion of the ligand-
binding pocket

A unique feature of Mg2þ binding to the MOP receptor
extracellular region, particularly negatively charged resi-
dues D216ECL2 and E310ECL3, is that it can produce a tran-
sient closure of the orthosteric ligand-binding pocket by
bringing ECL 2 and ECL 3 closer together. These two extra-
cellular loops effectively act as a ‘‘gate,’’ and when closer
together, they can hinder access of the ligand to the pocket
as well as its departure from it. This phenomenon appears to
be a unique feature of the divalent Mg2þ cation because it
was not observed when the monovalent Naþ cation was
bound at this site. The surface representations of the MOP
receptor systems in Figs. 1, 2, and 3 and the mouth and
pocket surface area quantifications reported in Table S5
clearly show the different degree of accessibility of the
MOP receptor orthosteric ligand-binding pocket when
Naþ or Mg2þ is bound at the extracellular region of the re-
ceptor. Notably, visual inspection of the trajectories, as well
as smaller values of the equilibrium constant HM (see Table
S3), reveal that the Mg2þ-induced ECL2/3 loop closure oc-
curs with higher frequency in the simulated active MOP re-
ceptor conformations than in the inactive receptor system,
suggesting a coupling between activation and ECL2/3
closure.

To quantify the effect of Mg2þ-induced ECL2/3 closure
on ligand binding and receptor activation, we calculated a
coupling coefficient, as normally done to measure the allo-
steric modulation between different receptor degrees of
freedom. Specifically, we considered a first approximation
in which the agonist binding affinity is expressed as L50 ¼
rKO, where KOis the agonist binding affinity to the receptor
when the ECL2/3 gate is ‘‘open,’’ and r is an ‘‘allosteric co-
efficient’’ that takes into account the Mg2þoccupancy of the
extracellular binding sites in the closed and open states of
the ECL2/3 region, thus capturing the effect of cation bind-
ing on ECL2/3 closure. The same coefficient r was used to
express the constitutive activity ratio between active and
inactive MOP receptors as R/r, where R is the active/inac-
tive receptor ratio in the absence of ECL2/3 gating. Values
of the r coefficient calculated for different Mg2þ concentra-
tions are shown in Table S4 (see Table S3 for values of its
components and Methods for equations). In the absence of
allosteric modulation by the cation, r is expected to be equal
to 1. On the other hand, if r < 1, the agonist binding affinity
is predicted to increase, as is the active fraction of the recep-
tor. Comparison between the inactive MOP receptor system
Biophysical Journal 118, 909–921, February 25, 2020 917
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and the active MOP receptor with neutral D2.50 yields
rðhigh Mg2þÞ=rðno Mg2þÞz0:25, which suggests a 4-fold
increase in agonist binding affinity in the presence of mag-
nesium as well as a fourfold increase of the constitutively
active fraction of the receptor (see Table S3). Similarly,
comparing the inactive MOP receptor and the active MOP
receptor with charged D2.50 yields a value of
rðhigh Mg2þÞ=rðno Mg2þÞz0:20, corresponding to a five-
fold change (see Table S4).
NaD and Mg2D compete for binding at ECL2 sites

To address possible binding competition between Naþ and
Mg2þ cations for specific sites on the MOP receptor, we
calculated the allosteric modulation coefficient
log aðiNa; jMgÞ for the cation binding affinity for each of
the three simulated MOP receptor systems. Negative
values of this coefficient in the plots of Fig. 4 (red color)
indicate a negative cooperativity, namely, that the binding
of Naþ at site iNa decreases the affinity of Mg2þ at site jMg

(and vice versa), whereas positive values (Fig. 4, blue)
would suggest that binding of one ion increases the affin-
ity of the other. As expected, most of the coupling coeffi-
cients in the plots of Fig. 4 are negative, suggesting that
there is active competition for the available binding
sites in all simulated MOP receptor systems. Specifically,
in the inactive MOP receptor system (Fig. 4 a), Mg2þ

competes (negative values of log a) with Naþ for any of
the extracellular binding sites. Notably, the coupling be-
tween the Naþ allosteric binding site and the Mg2þ

E310ELC3/D216ECL2 site is also negative, albeit not very
pronounced ðlog az � 0:3Þ, suggesting a reduction of
the Naþ affinity for its allosteric binding site in the pres-
ence of Mg2þ at the E310ELC3/D216ECL2 site in the inac-
tive MOP receptor. Conversely, this analysis reveals a
strong positive cooperativity (up to log az3) between
the presence of Naþ at the orthosteric site and magnesium
binding in the loop region.
FIGURE 4 Allosteric coefficients for cooperative binding at Naþ and Mg2þ bi

active with charged D2.50, and active with neutral D2.50 MOP receptor, respective

responding to negative cooperativity and positive values (blue) corresponding t

color, go online.
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In the active MOP receptor (Fig. 4, b and c), a negative
coupling is also observed between all pairs of binding sites
in the extracellular region of the receptor. As expected
from simple electrostatic considerations and from the prox-
imity of the orthosteric and allosteric sites, we observe a
strong negative modulation ðlog az�7:0Þ of the binding
of Mg2þ to the orthosteric ligand-binding pocket induced
by Naþ binding at the D2.50 allosteric binding site in the
active receptor with a charged D2.50 (Fig. 4 b). This high
negative cooperativity appears to be the reason for the
lack of Mg2þ binding at the orthosteric ligand binding
site when an Naþ cation is present at its allosteric binding
site and vice versa.
Cation binding modulates the information flow
across the receptor

To further elucidate the molecular mechanism underlying
Mg2þ positive allosteric modulation of the MOP receptor,
we analyzed the impact of Mg2þ binding on the information
flow across the receptor. Reasoning that receptor allosteric
modulation can be captured by the mutual information be-
tween residues, we characterized the residues mediating
the modulatory effect of the cation by calculating the
normalized coinformation between pairs of receptor resi-
dues (i, j) and Mg2þ occupancy of macrosites within the
ECL2/3 region of the MOP receptor (see Methods).

The receptor residue pairs whose correlation is maxi-
mally affected by Mg2þ binding (i.e., the top 20 pairs
with the highest coinformation values) are listed in Table
S6, and their location is shown in Fig. 5 for the three simu-
lated MOP receptor systems. Accordingly, in the inactive
MOP receptor system (Fig. 5 a), Mg2þ binding to the
ECL2/3 region most dramatically affects the mutual infor-
mation between specific residues in ECL2 (i.e., Y210,
R211, I215, and S222), ECL3 (i.e., P309), TM2 (i.e.,
A1022.38, N1092.45, A1132.49), TM3 (D1473.32, Y1493.34,
N1503.35, M1513.36, and T1533.38), intracellular loop (ICL)
nding sites in the simulated MOP receptor systems. (a)–(c) refer to inactive,

ly. The coefficients are reported as log a, with negative values (in red) cor-

o positive cooperativity of the cation binding affinity. To see this figure in



FIGURE 5 Location of the MOP receptor residues pairs whose correlation is maximally affected by Mg2þ binding in the three simulated receptor systems.

(a)–(c) refer to inactive, active with charged D2.50, and active with neutral D2.50 MOP receptor, respectively. Lines between residues are colored according to

their coinformation value, with the most negative values shown in red. To see this figure in color, go online.
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2 (i.e., L176), TM5 (i.e., C2355.41), TM6 (i.e., V2886.43 and
C2926.47), the intracellular end of TM7, flanking the NPxxY
motif (L3247.41, C3307.47, L3317.48, L3397.56), ICL4 (i.e.,
E341), and H8 (i.e., N342 and K344).

Notably, coinformation values are much more negative in
the simulated active MOP receptor systems and especially
in the system with a neutral D2.50 (see Fig. 5 c; Table S6),
reflecting a tighter coupling between magnesium occupancy
of macrosites within the ECL2/3 loop region and the recep-
tor dynamics in the active conformational state. In the active
MOP receptor with a charged D2.50 residue, the most
affected regions of the receptor by Mg2þ binding share
many similarities with those of the inactive MOP receptor
(compare Fig. 5, a and b), involving specific residues within
ECL2 (Y210ECL2 and R211ECL2), TM2 (N1092.45), TM3
(N1503.35, M1513.36, and T1533.38), TM6 (C2926.47), and
TM7 (L3247.41 and L3317.48). On the other hand, the coin-
formation observed in the active receptor with neutral
D2.50 is strikingly different from that of the MOP receptor
with charged D2.50 (compare Fig. 5, b and c). Notably,
among the most affected receptor regions by cation binding
in this system are ECL2/3 residue pairs, specifically
P309ECL3 with K209ECL2, R211ECL2, Q212ECL2, or
S222ECL2 as well as the intra-ECL2 pair R211ECL2-
S222ECL2. As expected by a positive allosteric modulator,
magnesium binding also modulates the information transfer
from ECL2/3 residues (i.e., R211ECL2, S222ECL2, and
P309ECL3) to the intracellular G protein-binding region of
the MOP receptor, including the intracellular ends of TM1
(I931.57 and V941.58), TM3 (C1703.55), TM4 (P1814.39),
TM5 (L2575.63 and K2605.66), and TM6 (D2726.27 and
R2736.28) as well as ICL1 (M99), ICL2 (V173), and ICL4
(D340).

Taken together, these results support a mechanism by
which Mg2þ binding to the MOP receptor active state
with neutral D2.50 (i.e., the expected most probable proton-
ation state for an active receptor) has a direct effect on the
dynamics of the ECL2/3 region, which in turn is strongly
coupled with the dynamics of the intracellular region of
the receptor, whereas this coupling is less effective in the
inactive receptor. Notably, a similar mechanism was
recently proposed for a different GPCR subtype (18), sug-
gesting a possible molecular paradigm of GPCR allosteric
modulation by cations.
CONCLUSIONS

Our simulations provide atomic details of the molecular
mechanism by which magnesium cations preferentially
bind to the extracellular region of the MOP receptor in the
presence of sodium and allosterically modulate the G pro-
tein-binding region of the receptor. Specifically, the results
reported here support a mechanism by which Mg2þ cations,
unlike Naþ cations, promote states of the active MOP recep-
tor with ECL2 and ECL3 folding back over the extracellular
opening of the receptor TM bundle, thus impairing agonist
unbinding and possibly enhancing agonist binding affinity.
Mutations of residues involved in Mg2þ binding to the
ECL2/3 region (e.g., the acidic residues E310ELC3 and
D216ECL2) as well as mutations of residues identified as me-
diators of the cation allosteric effect (e.g., R211ECL2,
Q212ECL2, and P309ECL3) are predicted to affect its positive
allosteric modulation of the MOP receptor.

Although Naþ and Mg2þ cations actively compete for
binding to extracellular sites of the MOP receptor, a larger
number of binding sites are available to Mg2þ in this region.
Thus, despite the low (Molar) range of affinities for these
sites, we would predict that Mg2þ cations bind to the extra-
cellular region of the MOP receptor even at lower concen-
trations. Notably, in the presence of sodium, Mg2þ was
Biophysical Journal 118, 909–921, February 25, 2020 919
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never observed to bind to the Naþ allosteric site, most likely
because of its double positive charge and an unfavorable
balance between desolvation and binding. Mg2þ could,
however, bind at the orthosteric ligand binding site with a
significantly higher affinity than sodium. Furthermore, we
observed a strong negative cooperativity between Mg2þ

binding at the orthosteric site and Naþ binding at the allo-
steric site, suggesting that Mg2þ binding could reduce the
fraction of bound Naþ, thus reducing its inhibitory effect.
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Table S1. Simulation lengths of all independent MD runs carried out on the MOP receptor. 

MD Simulation system Length (ns) 
Ligand-free inactive MOP receptor   

Run 1 
Run 2 
Run 3 
Run 4 
Run 5 
Run 6 
Total 

1450.1 
1500.7 
1658.2 
980.1 
798.7 
664.5 
7052.3 

Ligand-free active MOP receptor, charged D2.50  
Run 1 
Run 2 
Run 3 
Run 4 
Total 

1453.8 
1518.0 
1603.4 
1470.4 
6045.6 

Ligand-free active MOP receptor, neutral D2.50  
Run 1 
Run 2 
Run 3 
Run 4 
Total 

2243.9 
2397.3 
1591.1 
1531.7 
7764.0 
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Table S2. Average number of cation binding events observed during MD and GCMC 

simulations. 

  

Active MOP 
receptor with 

Charged D2.50

Active MOP 
receptor with 

Neutral D2.50

Inactive MOP 
receptor with 

Charged D2.50 

Mg2+ binding (MD)  

Orthosteric Site 586 - - 
ECL1/ECL2 923 159 110 
ECL2 1028 637 
ECL2/ECL3 614 1196 446 
ECL1/ECL2/ECL3 - 70 - 
ECL1/ECL3 - 43 - 

Mg2+ binding (GCMC) 
Allosteric Site 1970 1018 2913 
Orthosteric Site 1442 714 808 
ECL1/ECL2 168 173 187 
ECL2 1049 943 614 
ECL2/ECL3 263 428 479 
ECL1/ECL2/ECL3 92 390 224 
ECL1/ECL3 37 86 55 

Na+ binding  
Orthosteric Site 116 20 30 
Allosteric Site 122 - 350 
ECL2 344 484 345 
ECL3 145 203 128 
ECL1/ECL2 49 72 53 
 

 

  



4 
 

Table S3. Thermodynamics of ECL2/3 gating. Ratios of the open-bound and open-unbound 
states (ܬை), closed-bound and closed-unbound states (ܬ஼), and the equilibrium constant between 
the open and the closed states of the ECL2/3 region in the absence and in the presence of 
magnesium (ܪ଴ and ܪெ, respectively) for the three simulated MOP receptor systems. 
Confidence intervals are the obtained from 10 bootstrap samples. 
 

 ࡹࡴ ૙ࡴ ࡯ࡶ ࡻࡶ 

Inactive MOP receptor 2.54 (2.43, 

2.63) 

1.29 (1.27, 

1.31) 

0.087 (0.086,0.088) 0.169 (0.166,0.176) 

Active MOP receptor with charged D2.50 0.57 (0.52, 

0.60) 

1.56 (1.54, 

1.58) 

0.053 (0.052,0.055) 0.019 (0.017,0.021) 

Active MOP receptor with neutral D2.50 0.70 (0.65, 

0.71) 

1.64 (1.60, 

1.66) 

0.176 (0.174,0.181) 0.074 (0.070,0.077) 
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Table S4. Allosteric coefficients. Allosteric coefficients for the ECL2/3 gating model in the 
absence of Mg2+ (ߩ଴), for saturating Mg2+ concentration (ߩஶ), and their ratio. Confidence 
intervals are the obtained from 10 bootstrap samples. 
 
 ࣋૙ ࣋ஶ ࣋ஶ/࣋૙ 

Inactive vs Active MOP 

receptor with charged D2.50 

0.63 (0.61,0.66) 0.13 (0.12,0.14) 0.20 (0.18, 0.21) 

Inactive vs Active MOP 

receptor with neutral D2.50 

1.85 (1.80, 1.88) 0.47 (0.45, 0.49) 0.25 (0.24, 0.27) 
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Table S5. Estimation of mouth and pocket areas for the selected receptor states with different 
loop conformations.  

System State 
Loop 

conformation 

Mouth 
Area 
(Å2) 

Pocket 
Area 
(Å2) 

Active MOP receptor with Neutral D2.50 ECL2/ECL3 Closed 20 719 
ECL2/ECL1 Open 100 850 

  ECL2 Closed 29 673 
Active MOP receptor with Charged D2.50 Orthosteric Open 94 854 

ECL2/ECL1 Open 125 1,062 
  ECL2/ECL3 Open 94 978 
Inactive MOP receptor with Charged D2.50  ECL2/ECL1 Open 87 764 

ECL2 Open 116 827 
  ECL2/ECL3 Closed 19 588 
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Table S6. Normalized co-information values between pairs of receptor residues and Mg2+ 
occupation of the cation binding macro-sites in the extracellular loop region of the receptor. 
Listed are the top 20 pairs ranked by the co-information absolute value.  
 
Inactive MOP receptor Active MOP receptor with charged D2.50 Active MOP receptor with neutral D2.50 

Residue pairs CI Residue pairs CI Residue pairs CI 

N1503.35-R211ECL2 -0.13 T1533.38-R211ECL2 -0.22 P1814.39-R211ECL2 -0.31 

T1533.38-R211ECL2 -0.13 N1503.35-R211ECL2 -0.20 M99ICL1-R211ECL2 -0.29 

N1503.35-Y210ECL2 -0.12 S1543.39-R211ECL2 -0.19 Q212ECL2-P309ECL3 -0.28 

R211ECL2-L3317.48 -0.11 R211ECL2-L3317.48 -0.18 V941.58-R211ECL2 -0.27 

R211ECL2-V2886.43 -0.11 N1092.45-R211ECL2 -0.17 K209ECL2-P309ECL3 -0.26 

A1022.38-S222ECL2 -0.11 R211ECL2-T3277.44 -0.17 I931.57-R211ECL2 -0.24 

S222ECL2-L3247.41 -0.11 T1573.42-R211ECL2 -0.17 S64Nterm-R211ECL2 -0.24 

I215ECL2-E341ICL4 -0.11 S1543.39-Y210ECL2 -0.16 S222ECL2-P309ECL3 -0.24 

N1092.45-R211ECL2 -0.10 Y210ECL2-C2926.47 -0.16 M99ICL1-P309ECL3 -0.24 

A1132.49-R211ECL2 -0.10 Y210ECL2-T3277.44 -0.16 R211ECL2-K2605.66 -0.23 

Y210ECL2-N342H8 -0.10 R211ECL2-L3247.41 -0.15 R211ECL2-S222ECL2 -0.23 

R211ECL2-C2926.47 -0.10 R211ECL2-C2926.47 -0.15 R211ECL2-P309ECL3 -0.22 

Y1493.34-R211ECL2 -0.10 M1513.36-Y210ECL2 -0.15 V941.58-P309ECL3 -0.22 

Y210ECL2-C2355.41 -0.10 F1563.41-R211ECL2 -0.15 R211ECL2-D340ICL4 -0.22 

Y210ECL2-C3307.47 -0.10 I1553.40-Y210ECL2 -0.15 V173ICL2-R211ECL2 -0.21 

Y210ECL2-L3397.56 -0.10 R211ECL2-N3287.45 -0.15 D2726.27-P309ECL3 -0.21 

M1513.36-Y210ECL2 -0.10 Y210ECL2-Y3267.43 -0.14 V941.58-S222ECL2 -0.21 

D1473.32-P309ECL3 -0.10 R211ECL2-L3357.52 -0.14 V173ICL2-P309ECL3 -0.21 

N1503.35-L176ICL2 -0.10 F1523.37-R211ECL2 -0.14 R211ECL2-R2736.28 -0.21 

Y210ECL2-E341ICL4 -0.10 F1082.44-Y210ECL2 -0.14 C1703.55-R211ECL2 -0.20 
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Figure S1. Radial distribution function (RDF) of distances between heavy atoms of protein 
residues and either the Na+ (purple line) or Mg2+ (orange lines) cations.   
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