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A B S T R A C T

The binding of the oxytocin cyclic peptide to its target oxytocin receptor plays a key role for human behaviour. 
Both binding and receptor activation are affected by the presence of a Mg2+ ion. Unfortunately, the current 
experimental structural information does not provide a complete picture of the metal coordination chemistry. 
Here, by using molecular dynamics and taking advantage of an ad hoc force field for the divalent ion, we predict 
the location of four water molecules completing the octahedral coordination of the metal ion. We also suggest 
that binding of oxytocin is enhanced by the simultaneous proximity of the C-terminal region of oxytocin and the 
N-terminal region of the receptor to the Mg2+ ion, while activation also depends on the conformation of 
transmembrane helices 5 and 6 joined by intracellular loop 3, a region that has not been solved in experimental 
structures and that has been modelled here in two conformations using state-of-the-art techniques.

1. Introduction

With about 800 known members, G protein-coupled receptors 
(GPCRs) are the largest transmembrane receptor superfamily in the 
human genome [1]. They are of crucial pharmaceutical importance, 
being targeted by about one third of marketed drugs [2]. In recent years, 
the modulatory role of metal ions in GPCRs' function has been increas
ingly recognized [3,4]. Two main ion binding modes have been 
observed [4]. The most well characterized is that of Na+ in the allosteric 
site containing D2.50 (using the Ballesteros-Weinstein generic GPCR 
numbering scheme), highly conserved in class A GPCRs, which was 
found to stabilize the inactive receptor conformation [3]. Nonetheless, 
this allosteric ion binding site can also be occupied by Ca2+ in a subset of 
class A GPCRs that contain a second acidic residue near D2.50, including 
olfactory receptors [5]. In addition, metal ions can also bind in the same 
orthosteric site where the endogenous ligand binds to the GPCR. For 

instance, Ca2+ and Zn2+ act as positive allosteric modulators of mela
nocortin receptors by interacting simultaneously with the agonist and 
the receptor [6–12]. Similarly, Mg2+ enhances agonist affinity and re
ceptor signalling in the μ-opioid receptor [13,14] by bridging the ligand 
and the receptor.

Magnesium ions are integral to numerous biological processes across 
a wide range of living organisms. As one of the most abundant elements 
in the human body, Mg2+ ions act as cofactors in over 300 enzymatic 
systems that govern a wide range of biochemical processes in the body, 
such as protein synthesis, muscle and nerve function, blood sugar 
regulation, and blood pressure control [15–18]. On the other hand, 
Mg2+ ions deficiency appears to be involved in various mental health 
disorders, including anxiety and depression [16,19–21] as well as in 
dementia development [22]. A paradigmatic example of the role of 
Mg2+ ions in GPCRs is represented by oxytocin (OT, Fig. 1A), a signal
ling cyclic peptide consisting of nine residues that functions as both a 
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hormone and a neurotransmitter [23–26]. Its cyclic structure is stabi
lized by a disulfide bond between its two cysteines. OT is ubiquitous 
across the animal kingdom, where it exerts diverse central and periph
eral effects. In mammals, its main physiological target is a class A GPCR, 
the oxytocin receptor (OTR) [23,27,28], where it acts as an agonist. The 
peripheral activation of the OTR is closely linked to parturition and 
lactation. As neurotransmitter, it regulates the development and main
tenance of complex mammalian behaviours, from sexual arousal to 
mother-cub bonding [29]. Selective activation of the OTR in humans 
may help mental health conditions, including autism spectrum disor
ders, social anxiety disorder, and schizophrenia [30,31]. In addition, 
naturally occurring genetic variants of the OTR have been associated to 
several disorders [32,33]. The binding of OT to OTR is enhanced by the 
presence of a Mg2+ ion (or a related cation) [34–36]. The OTR active 
state cryo-EM structures in complex with OT and a Gq protein, either in 
the absence (PDB ID 7QVM, 0.325 nm resolution [37]) or in the presence 
of a Mg2+ ion (Fig. 1B, PDB ID 7RYC, 0.290 nm resolution [28]) have 
provided crucial information on the functional role of the metal ion.2

The GPCR seven-transmembrane helices (TM1-TM7) bundle is con
nected by intracellular loops (ICL1–3, that are 6, 5, and 37 residues long, 
respectively) and extracellular loops (ECL1–3, that are 5, 20, and 8 
residues long, respectively). The long ICL3 is a modulatory domain: its 
conformational flexibility determines the accessibility of the receptor's G 
protein interaction site [38,39]. ECL2 assumes an elongated β-hairpin 
configuration attached to the extracellular terminus of TM3 via a di
sulfide bridge, as observed in other class A peptide-binding GPCRs 

[28,37,40]. The C-terminal amphipathic eighth helix positioned parallel 
to the membrane is involved in the binding of its cognate G-protein 
(Fig. 1B). In both structures, OT adopts a nearly planar orientation 
within the binding pocket (Fig. 1B) and is positioned almost perpen
dicular to the membrane plane. The cyclic region of OT binds deep in the 
orthosteric binding site, while the C-terminal tripeptide extends toward 
the extracellular loops and binds to the OTR N-terminal region plus 
ECL2 and ECL3 (Fig. 1B and Fig. S1 in the Supplementary Material).

In the metal bound form, the Mg2+ ion interacts directly with D100 
(Fig. 1C) in the extracellular tip of TM2, while a second acidic residue 
(E42), in the extracellular tip of TM1, is also in its proximity (Mg2+-E42 
(Oε1) distance = 0.40 nm), suggesting (but not proving) a water- 
mediated interaction, as metal-bound water molecules have not been 
observed in the cryo-EM structures. This under-coordination of the 
metal ion is at odds with the octahedral coordination observed for Mg2+- 
bound structures in the Protein Data Bank [41–43]. The extracellular 
loop regions and the N-terminal domain stabilize the OT binding site by 
forming a ligand-capping complex (Fig. S1). In particular, Pro7 interacts 
with I312, M315 and the Mg2+ second coordination shell, including R34 
in the N-terminal domain.

This structural information provides the molecular basis of the 
experimentally observed decrease of OT affinity upon loss of the metal 
ion [44]. However, the coordination sphere of Mg2+ has not been fully 
characterized, though it was proposed that the presence of ligand water 
molecules could explain the Mg2+ selectivity over Ca2+ [28]. Moreover, 
the available cryo-EM structures also suggest that the peptide affinity 

drop is slightly reduced by using the [Thr4,Gly7]OT [44] OT analogue 
[45,46], as OT loses the stabilizing interactions of the residues in posi
tion 7. However, this structural information does not explain why OT 
binding without the metal ion is reduced even more [44] by inverting 
the Tyr2 Cα configuration ([D-Tyr2]OT analogue [47]), nor why the 

Fig. 1. (A) Scheme and sequence of the OT nonapeptide highlighting the presence of a disulfide bridge between Cys1 and Cys6 and of the amidated C-terminal. (B) 
Ribbon scheme of the OTR cryo-EM structure in complex with a heterotrimeric Gq protein and bound to OT and a single Mg2+ ion used in this study (PDB ID 7RYC) 
[28]. OTR is in light blue ribbons while the Gq protein subunits are in tan (Gα), yellow (Gβ) and light green (Gγ). OT and the Mg2+ ion are reported as spheres 
coloured according to the atom type. The OTR unmodelled regions are indicated by a * for ICL2 and by ** for the 30 residues stretch in the TM5-ICL3-TM6 region. 
The position of the cell membrane is also indicated. (C) Detail of the Mg2+ binding site as found in the experimental structure, showing an under-coordinated metal 
ion. The ribbons and the molecular surfaces of OTR and OT are in light blue and orange, respectively. The Mg2+ ion is reported using a green sphere, while selected 
residues cited in the text are in sticks coloured according to the atom type. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)

2 From hereafter, the amino acids three letter code with superscript numer
ation has been used for OT residues (e.g., Pro7), while the single letter code 
refers to receptor residues (e.g., D100).
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presence of magnesium enhances not only OT binding but also OTR 
activation.

Here, we performed atomistic molecular dynamics (MD) simulations 
on the Mg2+-bound OTR in complex with OT in an effort to address these 
two important issues. Because the experimental structure lacked two 
main regions (Fig. 1B): i) residue 68 in ICL2 and ii) a 30-residue stretch 
(residues 237–265) constituting the TM5-ICL3-TM6 region, we added 
them using the receptor cryo-EM structure as a template, aided by 
AlphaFold-Multistate [48] (see Supplementary Material for full Methods 
details). The latter produced two different conformations for the TM5- 
ICL3-TM6 region: one featuring TM6 broken into two sub-helices 
(hereafter OTRb) and a second showing an elongated helix (OTRe) 
(Fig. 2A). For each of the two conformations, three 1 μs-long replica 
simulations were performed. In all the simulations OTR was embedded 
in a lipid bilayer composed of 70% 1-palmitoyl-2-oleoyl-sn-glycero-3- 
phosphocholine (POPC) and 30% cholesterol (CHL) and solvated in a 
solution at physiological ionic strength (Fig. S2). The cholesterol per
centage was chosen based on the average composition found in the two 
leaflets of the typical mammalian plasma membrane [49]. The effect of 
membrane lipid composition on OTR has been recently remarked by 
extensive atomistic MD simulations focusing on CHL interaction sites 
[50], as well as previous experimental data [51].

2. Results and discussion

Here we present results from our three-replica, microsecond-long 
MD simulations (R#1–3) of the receptor in the OTRb and OTRe 
conformations.

2.1. Mg2+ ion coordination

In both conformations, the ion exhibits an octahedral coordination 
geometry containing four water molecules (W1–4, not resolved in the 
cryo-EM structure [28]), along with E42 and D100 (Fig. 2B). D100 binds 
directly to the metal ion, as established by the experimental structure 
[28]. However, E42 forming direct interactions with the metal ion 
contrasts with the water-mediated interaction suggested in ref. [28]
(see3), but it is consistent with both the E42A and D100A mutations 
decreasing OT binding affinity and losing Mg2+-dependency [28,37]. 
Moreover, attempts made to add one or two water molecules bridging 
the Mg2+ ion and E42, as suggested by reference [28], followed by 
system minimization and equilibration steps, consistently resulted in a 
octahedral coordination geometry of the Mg2+ ion with four water 
molecules and with E42 and D100 as the fifth and sixth ligands. During 
the simulations, both the Mg2+ coordination geometry and the observed 
Mg2+–ligand distances (Fig. 2C) are stable and in agreement with the 
values reported in the literature [41–43]. This suggested that the Mg2+

parametrization of Jiang et al. [52], used in this work, is adequate to 
describe the metal ion coordination. In addition, i) the E42 backbone NH 
group keeps an H-bond with the L38 and A39 carbonyl oxygen atoms for 
67% and 44% of the simulation time, respectively (Figs. S6 and S7); and 
ii) the D100 backbone N forms an H-bond with the Q96 backbone 
carbonyl oxygen for almost the entire simulation (97%, Fig. S8), while 
the D100 and Q96 side chains are involved in an additional H-bond for 

62% of the simulated time (Fig. S9).4 These interactions are present in 
the experimental structure and are supported by mutagenesis data for 
Q96 [28], further supporting the reliability of the E42 and D100 inter
action network observed in the simulations. Moreover, the other four 
Mg2+ ligands are water molecules, undetected experimentally most 
likely due to the limited resolution of the cryo-EM density [53].

2.2. Implications for ligand binding

The OT C-terminal portion forms direct or water-mediated hydrogen 
bonds with three of these Mg2+-coordinated waters for a significant part 
of the simulations (W1–3 in Fig. 3A and Figs. S12-S15). These obviously 
did not emerge from the cryo-EM structure. In particular, the interaction 
observed between Pro7 and the W2 and W3 waters could provide a 
rationale for the slight decrease in OT affinity observed for [Thr4,Gly7] 
OT in the presence of Mg2+ [44]. Indeed, the replacement of Pro7 with a 
very flexible residue, such as a glycine, could increase the conforma
tional space explored by the backbone oxygen of such a residue and 
partially interfere with the correct placement of the OT C-terminal re
gion without compromising binding of the remaining OT cyclic portion. 
These water molecules also act as bridges with receptor residues: W1 
forms H-bonds with A39 the carbonyl (35%, Fig. S16), while waters W2 
and W3 interact with residues Pro7, Leu8, Gly9 of OT, as well as the 
terminal OT -NH2 moiety.5 The proximity of the OT C-terminal amide to 
the magnesium polyhedron, not observed in the cryo-EM structure [28], 
could explain why this modification increases OT binding affinity 
compared to the non-amidated OT [54]. The OT N-terminal part binds 
inside the receptor orthosteric binding site, both in the Mg(II)-bound 
receptor and the apo-receptor [37], as observed in the cryo-EM struc
ture. The reduced OTR affinity of [D-Tyr2]OT relative to native OT both 
in the presence or in the absence of Mg2+ [47] can be explained as 
follows: Inverting the chirality of Tyr2 Cα would create steric clashes 
with OTR residues Q96, K116, and Q119 and break the OT Tyr2 phenolic 
Oζ H-bond with the L316 backbone O (see Fig. S1, the H-bond is present 
for the 37% of the simulation time, Fig. S22) and with the S319 hydroxyl 
Oγ (26% of the time, Fig. S23). The loss of such interactions impacting 
OT binding affinity is in line with mutagenesis data for the Ala sub
stitutions of Q96, K116, Q119, L316 and S319 [37].

The presence of an arginine residue (R34), located on the OTR N- 
term, in the second coordination shell of a magnesium ion, as noticed in 
the cryo-EM structure [28], is rare. A MetalPDB database [55,56] search 
performed here shows that this it is found in only two other proteins 
whose structure has been solved experimentally: the MTH1675 protein 
from Methanobacterium thermoautotrophicum (PDB ID 1T57) and the 
pyruvate carboxylase from Rhizobium etli (PDB ID 2QF7). In our simu
lations, this structural feature is mostly maintained: the R34 guanidi
nium group Cζ atom remains between 0.5 and 1.0 nm from the metal ion 
for more than 60% of the simulation time (Fig. 3B). This is in line with 
the strong impact of R34 truncation or mutation on OT binding affinity 
[57] and OT-dependent receptor activation [28]. For the rest of the time, 
R34 – and consequently the OTR N-terminal portion – moves away from 
the magnesium coordination sphere and from the OT C-terminal 
portion, opening one side of the external OT binding pocket. This dy
namic R34-OT interaction is compatible with the lack of a clear density 
for R34 in the Mg2+-free cryo-EM structure of the OTR-OT complex (PDB 
ID 7QVM) [37]. Thus, the metal ion induces a shift in the conformational 
preferences of R34, resulting in additional interactions with the ligand, 3 This difference with respect to the structure could be caused by the fact that 

water molecules are far less mobile at the temperature of the experiment (the 
solution containing the protein complex was vitrified into liquid ethane at 
184.50 K) than in solution (in our simulations at 303.15 K), and/or by diffi
culties in interpreting the electron density – the structure has an overall reso
lution of 0.290 nm, but the local resolution reported for OTR is relatively low 
(0.330 nm, see extended data in ref. [28]) – and/or by force field artefacts.

4 In addition, in OTRb R#2, the E42 carboxyl group always forms an H-bond 
with the OT NH2 terminus (Figure S10) and the D100 backbone oxygen in
teracts with the R34 guanidinium group for 6% of the time (Figure S11).

5 Specifically, W3 H-bonds to the OT amide N atom for 12% of the simulation 
time, to the backbone oxygen atoms of Leu8, Gly9, and Pro7 for 11%, 7% and 
6% of the simulation time, respectively, while W2 H-bonds to the Pro7 back
bone O for 12% of the time (Figures S17-S21).
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which might contribute to the experimentally observed increase in OT 
affinity in the presence of Mg2+. Another important difference between 
the cryo-EM structures with and without Mg2+ is the cation-π interaction 
(or lack thereof) of R34 and with F103, located in ECL1 and whose 
mutation to Ala impacts OT binding affinity [57] and receptor activation 
[28]. Analysis of the distance between R34 guanidinium Cζ and F103 
benzyl Cγ as a function of simulation time shows that these two residues 
remain within 1.0 nm of one another for about half of the simulation 
time (Fig. S24), suggesting a role for F103 in the stabilization of the R34 
side chain correct orientation with respect to the Mg2+ polyhedron.

2.3. Implication for receptor activation

The MD simulations of OTRe R#1–3 and OTRb R#2 keep the re
ceptor in the active state, as shown by the analysis of the A100 activation 
index [58] (Fig. S25). The latter result is interesting considering that the 
OTRb TM5-ICL3-TM6 region was modelled using the inactive GPCRs as 
templates in the AlphaFold-Multistate [48,59], whereas the OTRe 
conformation was modelled using active templates. In contrast, the 
OTRb replica with a larger shift toward an inactive form in the A100 

activation index is R#3, which also shows the largest reorganization of 
the TM5-ICL3-TM6 region bringing the ICL3 loop below the receptor, in 
a region occupied by the Gq protein in the cryo-EM structure (Fig. S26).

By analysing the OTRb R#1 and R#3 trajectories, in which the 

protein assumes an inactive conformation, it is possible to notice the 
movement of the OT C-terminal residues (such as Pro7) along with 
second shell magnesium ligands (such as R34) away from the metal ion 
(Fig. 4 and Fig. S25). These simulations thus highlight a link between 
inactivation and the release of the OT C-terminal/OTR R34 from the 
metal ion (Fig. 4 and Fig. S27). This is also consistent with the effect of 
Mg2+ not only on OT binding affinity [44] but also on receptor activa
tion [28]. In addition to the metal ion, we observe that the active/ 
inactive transition of the TM5-ICL3-TM6 region is associated with a TM6 
conformational change (Fig. S28). Thus, the TM5-ICL3-TM6 region 
could act as a lever capable of contributing to inactivation, confirming 
the importance of this region to receptor/G-protein coupling by acting 
like an autoregulator of receptor activity [38,39]. The distancing of R34 
and/or the OT C-terminal portion from the Mg2+ ion is also observed in 
some replicas of the OTRe system (Fig. 4 and Fig. S27), but without any 
inactivation process occurring on the microsecond time scale of the 
simulations, most likely due to the initial extended conformation of the 
TM5-ICL3-TM6 region. Taken together, these observations suggest that 
the opening of the N-terminal side of the OT binding cavity achieved 
through the movement of R34 and the N-terminal region and/or the 
displacement of the OT C-terminal portion far away from the Mg2+ ion is 
not sufficient to induce OTR inactivation, but contribute to it, together 
with changes in the TM5-ICL3-TM6 region. In the absence of the mag
nesium ion, we would expect the following: i) the OTR N-terminal and 

Fig. 2. (A) Detail of OTRb (left) and OTRe (right) in the modelled TM5-ICL3-TM6 region. The red dotted box in the inset shows the region displayed in the full-length 
OTR structure. The OTR ribbons are shown in light blue, while OT is shown in orange spheres. (B) Detail of the Mg2+ ion coordination sphere in both OTRb and OTRe 
systems after equilibration. Hydrogen atoms have been hidden to improve figure clarity. OTR is in light blue ribbons and relevant residues are in sticks coloured 
according to the atom type. OT residues, the Mg2+ ion and the water molecules are in ball-and-sticks representation with the atoms coloured according to the atom 
type. Coordination bonds with the Mg2+ ion and relevant H-bonds are reported using yellow dashed lines. (C) Distance of the first coordination sphere ligands from 
the Mg2+ ion as a function of the simulation time for OTRb (top) and OTRe (bottom) systems. Mg2+-E42(Oε1) and Mg2+-D100(Oδ1) distances are in black and red, 
respectively, while the distance between the Mg2+ and W1, W2, W3, and W4 oxygen atoms are in aquamarine blue, blue, light blue and cyan, respectively. The right 
panels report the distribution of the distance values. The bold lines were obtained by applying a Savitzky–Golay filter [61] in order to cut out the noise. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the OT C-terminal regions would become more flexible and, as a 
consequence, one side of the OT binding site would become floppier and 
the OT C-terminal region/receptor interactions would weaken; and ii) 
the interface between TM1 and TM2 (where E42 and D100 are located) 
would become more mobile. These hypothesis might be corroborated by 
a comparison of the cryo-EM structures of OTR bound to OT in the 
presence (PDB ID 7RYC) and in the absence of any Mg2+ ion (PDB ID 
7QVM): in the latter four fewer residues were resolved in the N-terminal 
region with respect to the structure used in the present simulations 
(therefore, R34 is absent in the structure where magnesium is not pre
sent) and the ECL2 β-hairpin is partially unsolved. In addition, the OT C- 
terminal region is in a slightly different conformation, even though the 
N-terminal part bound to the OTR orthosteric site is nearly superim
posable. Thus, the poorer resolution and the partial inability to resolve 
some residues in the outer region of the OTR binding site in the absence 
of magnesium might indeed be consistent with our assumptions.

3. Conclusions

The Mg2+ coordination polyhedron, fully characterized here for the 
first time, plays a crucial role both for OT binding and OTR activation. 

The simulations performed on the OTR-OT complex with bound Mg2+ in 
two starting conformations of the TM5-ICL3-TM6 region suggest that 
receptor inactivation may occur if the OT C-terminal residues and R34 – 
which regulates the conformation of OTR N-terminal – move away from 
the Mg2+ ion. However, the conformation assumed by the TM5-ICL3- 
TM6 region is also crucial for the active/inactive transition. The char
acterization of the Mg2+ coordination sphere in the OTR-OT complex 
also has implications for the closely related vasopressin receptors (V1aR, 
V1bR and V2R in humans). The two acidic residues directly coordinating 
the Mg2+ ion (E1.35 and D2.65) are conserved in V1aR and V1bR, whose 
activation is also dependent on Mg2+, while the aspartate is replaced by 
a lysine in the Mg2+-insensitive V2R. In the absence of experimental 
structures of V1aR and V1bR with Mg2+ bound, the combination of 
AlphaFold-Multistate and molecular dynamics simulations, as used here, 
could provide reliable structural models of such complexes. In conclu
sion, given the limitations of cryo-EM in resolving water molecules and 
metal ions [53], complementary molecular dynamics emerge as an 
excellent strategy to fully characterize metal coordination and thus 
understand its impact on receptor structure and function. An accurate 
description of the metal ion, either using state-of-the-art force fields [52]
or even quantum mechanics/molecular mechanics approaches [60], is 

Fig. 3. Minimum distance between the Mg2+ ion and OT C-terminal residues (namely Pro7, Leu8, Gly9 and the -NH2 terminal) (A) and Mg2+-R34(Cζ) distance (B) as a 
function of the simulation time for OTRb (top panel) and OTRe (bottom panel) systems. Values for the three replicas simulated for each system are in black, dark red 
and cyan, respectively. Right panels report the distribution of the distance values in the three replicas of each system. The bold lines were obtained by applying a 
Savitzky-Golay filter [61] in order to cut out the noise. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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essential to ensure the reliability of such MD simulations.
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