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ABSTRACT 
Oxytocin (OT) is a neurohypophysial hormone, which acts both on the peripheral tissues (hormonal), and as a 

neurotransmitter in the brain. It plays an important role in the control of the uterine contractions during labor, 

secretion of milk and in many social and behavioural functions. OT accomplishes its functions via interaction 

with specific oxytocin receptors (OTRs), which belong to the rhodopsin type (class I) group of G-protein cou-

pled receptors (GPCRs). Data from experimental and theoretical studies have shown that the binding of diva-

lent zinc ion to the oxytocin molecule drastically alters its conformation and ensures its correct location in the 

active center of the receptor. The formation of a stable octahedral complex between oxytocin and divalent 

zinc ion in an aqueous solution is an important condition necessary for the binding of the hormone to its re-

ceptor. So far however, in crystallographic databases there isn't yet information about the 3D structure of the 

complex.  

The aim of our study was to create a rigid structure between the human hormone oxytocin and divalent zinc 

ion and confirmation of its stability by molecular dynamics (MD) simulations. To achieve this goal a comput-

er model of the hormone - metal complex was built by bonded approach. We used CHARMM 36 force field 

and artificial bonds, to produce a structure with octahedral orientation of the six carbonyl backbone oxygens 

of the oxytocin molecule, surrounding the zinc ion. The Gromacs software package was used to check the 

stability of the constructed oxytocin - zinc ion system by conducting 50 ns simulations in aqueous solution.   

 

Keywords: bonded approach; divalent metal ions; G-protein coupled receptors (GPCRs); molecular dynamics 

(MD) simulations; oxytocin (OT); oxytocin receptor (OTR).   
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1. INTRODUCTION  

Oxytocin is a nonapeptide (Cysteine-Tyrosine-

Isoleucine-Glutamine-Asparagine-Cysteine-Proline-

Leucine-Glycinamide), synthesized by neurons locat-

ed in the supraoptic and paraventricular nuclei of the 

hypothalamus, which is secreted toward the blood 

circulation through the posterior pituitary part in re-

sponse to various stimuli. The first amino acid resi-

due Cys1 and sixth amino acid residue Cys6 in the 

oxytocin molecule are connected with a disulfide 

bridge, which separates the hormone in two parts - 

disulfide ring and acyclic tripeptide tail (Figure 1A). 

The central actions of oxytocin are mediated via oxy-

tocin receptors (OTRs) distributed widely in the brain 

and peripheral tissues. The OTRs belong to the G 

protein coupled receptors superfamily.  

 

The GPCRs are constructed from seven hydrophobic 

transmembrane α-helices (TM1-7) connected by al-

ternating extracellular (EL1, EL2 and EL3) and intra-

cellular loops (IL1, IL2 and IL3). The N-terminal part 

of their polypeptide chain is located in the extracellu-

lar space and the C-terminal part - in the cytosol 

(intracellular fluid around the organelles) (Figure 

1B). Binding of OT to the transmembrane part of 

OTR activates the receptor which subsequently acti-

vates various intracellular signal pathways, triggering 

numerous effects of the hormone, including contrac-

tion of the miometrial cells in uterine smooth muscle. 

At the interaction of OT with its receptor, both parts 

of the hormone, cyclic portion (N-terminus) and acy-

clic tripeptide tail (C-terminus), are bound to two dif-

ferent extracellular loops of the oxytocin receptor. 

Between the N-terminus of OT and a conserved acid-

ic residue on the receptor there is formed a salt bridge 

[1, 2].  

 

To exert its physiological functions, OT needs to be 

activated or biotransformed by metal ions. The natu-

ral state of OT is its protonated form, in which the N-

terminus  amino group is buried inside the molecule 

of the peptide. In this state the hormone  cannot bind 

successfully with its receptor to produce its physio-

logical functions. As the resulting structures remain 

the same monovalent metal ions cannot activate OT. 

But, divalent metal ions like Zn2+ are able to induce a 

dramatic conformational change in the oxytocin. 

They transform the nonapeptide in an extended struc-

ture with the amino group exposed to the outer sur-

face of the molecule. This allows effective interaction 

of the N-terminus of oxytocin with the acidic residue 

of the receptor [2].  

 

The interaction between OTR and its natural ligand 

oxytocin mediated by metal ions as cofactor is not 

understood on the molecular level, because the cor-

rect conformation of both structures (ligand and re-

ceptor) is unknown. And this conformation is a key 

factor which controls the ligand binding in the bio-

molecular systems.  

 

In the classical MD simulations most of the widely 

used force fields do not have appropriate parameters 

for metal ions. Therefore, for modelling zinc and oth-

er divalent ions, that are embedded in peptides, two 

different methods are developed and generally used 

to describe the interactions between metal ions and 

coordinated residues : nonbonded [3] and bonded 

[4] . In the non-bonded models the atoms are bonded 

and angled to the central atom, but there are no bonds 

to the ligands, which means that the metal-ligand 

complex can change its configuration when it is in 

solution. In contrast of this the “bonded model” of the 

Zn – ligand interactions employ covalent (artificial) 

bonds between Zn2+ and its ligands to maintain the 

selected Zn2+ coordination geometry in peptides dur-

ing simulations in water solution [5].   

 

Obtaining of a stable complex between oxytocin and 

divalent zinc ion in an aqueous solution is an im-

portant condition necessary for the hormone-receptor 

binding. By using a combination of experimental pro-

cedures, like ion mobility spectrometry - mass spec-

trometry (IMS-MS), and theoretical methods, Liu and 

coworkers, show that when Zn2+ binds to OT, it in-

duces a significant structural change in the molecule 

of the hormone and this leads to increased receptor 

affinity for the OT - Zn2+ complex [6, 7].  

 

But their research did not report data for the stability 

of this complex in water solution.  
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The aim of this study is to construct a rigid structure between the human hormone oxytocin and the divalent zinc 

ion and check obtained new complex for the stability in aqueous solution by using the simulation technique mo-

lecular dynamics. The created computer model will be useful on molecular level to investigate mechanism of 

interaction between oxytocin and its receptor.  

 

 

 

 

 

 

Figure 1. (A) Structure of the human hormone oxytocin. (B) GPCRs structure.  

2. MATERIALS AND METHODS  

"Bonded approach" used to model zinc and its 

ligand sphere in oxytocin molecule  

In the present study, a model of hormone – metal ion 

(Zn2+) was created based on the NMR solution struc-

ture of oxytocin (Protein Data Bank code 2MGO) [8, 

9]. Before the model was constructed the carboxyl 

function group of Gly9 in OT was substituted with an 

amide group. We used a bonded model for obtaining 

the rigid structure between OT and Zn2+ ion. This 

technique enforces the chosen coordination mode, 

which prevents exchange or permutation of ligands, 

or changes in coordination during the simulation.  

The artificial bonds [5] between the metal ion and 

ligands (six of the backbone carbonyl oxygens, asso-

ciated with Tyr2, Ile3, Gln4, Cys6, Leu8, and Gly9 

on the OT) were introduced with bond length re-

straints and appropriate harmonic potentials.  

  

The restraints of the distance, between backbone car-

bonyl oxygen atoms of the OT and Zn2+ ion, was used 

for reducing the system degrees of freedom, letting 

the complex move as a rigid body.   

 

Molecular dynamics  

The stability of the obtained OT - Zn2+ structure in 

aqueous solution was studied by molecular dynamics. 

The simulations were performed with GROMACS 

5.0.7 package [10], with CHARRMM 36 force field 

[11]. The OT - Zn2+ system was solvated in cubic box 

with minimal distance between the peptide and the 

box walls from 1.2 nm as the solvent was described 

with the TIP3P water model [12]. The protocol of the 

simulation procedure comprised initial energy mini-

mization, followed by equilibration and a production 

run of 50 ns. The minimization was carried out by 

using the steepest descent algorithm. The duration of 

the equilibration simulations (NVT and NPT ensem-

bles) was 0.5 ns. All bonds were constrained by 

LINCS algorithm [13] and a leap-frog integrator was 

employed with a time-step of 2 fs. Periodic boundary 

conditions were applied in all directions. The temper-

ature was kept at 310 K with a v-rescale thermostat 

[14]. The pressure was fixed at 1 bar by means of 

Parrinello-Rahman barostat [15]. The particle mesh 

Ewald [16] method was used for calculation of long-

range electrostatic interactions. The van der Waals 

interactions were smoothly switched off at 10-12 Å 

by a force-switching function [17]. Two separate sys-

tems oxytocin with zinc ion and oxytocin without 

zinc ion was then subjected to molecular dynamics 

(MD) simulation (50 ns) with the same settings of 

parameters.  
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3. RESULTS AND DISCUSSION  

Molecular modelling  

A combination of experimental and theoretical evi-

dence indicates that divalent metal ions are the key 

mediator for the successful binding between oxytocin 

and its receptor. The oxytocin molecule undergoes 

substantial conformational change when coordinating 

with Zn2+, which allow interaction of specific resi-

dues in hormone with specific residues in oxytocin 

receptor [2, 6]. As transition metal the divalent zinc 

cation has a d10 closed shell. This electron configura-

tion allows different coordination patterns (four-, five

- or six-ligand zinc coordination complexes) in water 

solution. The stable configuration for the zinc diva-

lent cation is the tetrahedral coordination with only 

four ligands because, its electronic structure favora-

bly accommodates four pairs of electrons in its va-

cant 4s4p3 orbitals. Experimental studies of five- and 

six-ligand complexes show that, from energy view 

point, they are unstable in water solution [18, 19] . 

Therefore we used the bonded approach to obtain 

rigid structure between the six carbonyl oxygen at-

oms from the oxytocin molecule (ligands) and diva-

lent zinc ion. Through this method, the coordinate 

center is almost frozen, which allows the coordina-

tion number to be well-maintained during the whole 

molecular dynamics simulation. The metal - oxygen 

bond length was fixed at 2.12 Å. The constructed 

model is shown in Figure 2 A, B.   

Figure 2. (A) Model of oxytocin - zinc complex, obtained using artificial bonds and Charmm 36 force 
field. (B) Octahedral orientation of the six carbonyl backbone oxygens of the oxytocin molecule sur-
rounding the Zn2+ ion. (C) Zinc ion in the electric field created by the six oxygen atoms in the oxytocin 
molecule.   
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Our model of the 3D structure of oxytocin - divalent 

zinc ion show that this complex adopts a helical shape 

(Figure 2A), in which the backbone oxygen atoms of 

six residues (Tyr2, Ile3, Gln4, Cys6, Leu8 and Gly9) 

solvated the Zn2+ ion in an octahedral coordination, 

which is in agreement with previous experimental and 

computational studies [6]. This means that the Zn2+ 

ion is tightly embedded in the structure of oxytocin. 

The correct folding, like α - helix in our case, of the 

polypeptide chain is a main condition for many pep-

tides to be activated to accomplish their physiological 

functions. In biological systems the natural state of 

oxytocin is its protonated form [OT + H]+ with the 

amino group of N-terminus buried inside the mole-

cule of the hormone and is physiologically inactive. 

In the presence of Zn2+  in aqueous solution the natu-

ral state of OT is changed to the [OT + M]2+ form, 

which is with extended structure and, in which the 

amino group is exposed at the outer surface of the 

molecule allowing its effective interaction with acidic 

residue of the oxytocin receptor [2, 6]. In our model 

the amino group of the N-terminus is in the same po-

sition, typically for the [OT + M]2+ form. We also 

observed that, the coordination of Zn2+ with OT 

change the spatial orientation of the side chains of 

Ile3, Gln4, and Asn5 in peptide molecule to form a 

cohesive, near-planar surface suitable for coordina-

tion with the receptor, which is in excellent agree-

ment with the computational findings in [6] (Figure 

2B). Since the carbonyl oxygens are orientated to-

ward the interior of the oxytocin molecule they are 

able to interact with the Zn2+, the surface of [OT + 

Zn]2+ complex becomes hydrophobic, which is the 

main condition for desolvation of oxytocin and con-

tributes to binding toward the receptor. The hydro-

philic part of the hormone is its tripeptide tail (Pro7-

Leu8-Gly9). This shows that the oxytocin is a mole-

cule with an amphiphilic character. Since the six car-

bonyl oxygen atoms are charged, they generate a neg-

ative electrostatic field for the initial binding of Zn2+ 

to the oxytocin molecule, as is shown in Figure 2C.  

 

Molecular dynamics simulations  

The conformational stability, of obtained model of 

OT - Zn2+ complex, was confirmed by conducting of 

50 ns molecular dynamics simulation in aqueous so-

lution. For this purpose, we prepared two systems of 

study in solution - oxytocin without and oxytocin 

with zinc ion, to compare the conformational dynam-

ics of peptide hormone in both cases. The Gromacs 

tools were used for the analyses of the trajectories 

obtained from the simulations. The following parame-

ters were calculated as a root mean square deviation 

(RMSD), root mean square fluctuations (RMSF), ra-

dius of gyration (Rg) and solvent accessible surface 

area (SASA). The obtained results were visualized 

using Xmgrace [20] 2D plotting tool and VMD [21] 

software.  

 

The root mean square deviation (RMSD) of the back-

bone of the peptide hormone (without and with zinc 

ion) is 3.40 Å and is shown in Figure 3A. This big 

difference in value in the parameter is due to for-

mation of α-helical conformation after binding of the 

zinc ion toward the oxytocin molecule. This allows its 

activation by transformation of the ring part of pep-

tide hormone in hydrophobic core suitable for interac-

tion with the receptor. The deviation at the position in 

backbone atoms of the oxytocin (without and with 

zinc ion) can be seen on Figure 3B. The graph clearly 

shows that the native peptide without metal ion has a 

substantially larger RMSD value (more flexible struc-

ture) compared with this of the native peptide with 

zinc ion in its structure. This means that the zinc ion 

binding induces significant structural changes in the 

peptide backbone, which results in its stabilization in 

aqueous solution. For study of the rigidity of the ob-

tained oxytocin - zinc complex we also made evalua-

tion of the root mean square fluctuations (RMSFs) of 

the residues of the oxytocin molecule in both cases - 

without and with zinc ion. The results are presented in 

Figure 3C. The zinc coordinated peptide is more sta-

ble with least fluctuations in comparison to the struc-

ture of the peptide without zinc ion, which is charac-

terized with more fluctuation in residues. These ob-

servations indicate stabilization of conformational 

structure of the hormone under influence of the zinc 

divalent ion. Our results also confirm the weaker mo-

bility of the amino acid residues Tyr2, Ile3, Gln4, 

Cys6, Leu8 and Gly9 of the oxytocin - zinc complex 

compared to the structure of the hormone without 

metal ion. From these six residues the most flexible is 

Gly9 for the both compared structures of oxytocin 

(Figure 3C).   
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The stabilization of the more compact peptide con-

formation, which is exactly that associated with a 

divalent zinc ion, can be seen of the radius of gyra-

tion (Rg), shown in Figure 4A. The Rg plot for the 

peptide without zinc ion demonstrates a more open 

conformation. The same trend was observed when 

total solvent accessible surface area (SASA) was 

evaluated. The SASA parameter is commonly used 

for peptides as a measure of the free energy of the 

solvating polar and non-polar groups. Our results 

(Figure 4B) revealed, that this area accessible for the 

water molecules decreased for oxytocin - zinc com-

plex, and increased for the molecule of the hormone 

with missing zinc ion. As can be seen from the graph 

represented in Figure 4C, SASA is with lower value 

for the amino acid residues in position 1, 2, 4, 6, 7 , 8 

and 9 (exception for Ile3 - higher value) for the oxy-

tocin - zinc complex and with higher value for the 

residues in positions 1, 2, 4, 7, 8 and 9 (exception for 

Ile3 - low value) for zinc free oxytocin molecule. The 

evaluated parameter is with the same value only for 

Cys6 and in both cases. The obtained results confirm 

the conformational stability of  our  model of oxyto-

cin - zinc comlex  in water solution.  

Figure 3. (A) Structural superimposition of the conformation of obtained oxytocin - zinc complex by Cα 

RMSD value (in green) and the structure of oxytocin - without zinc ion (in red). (B) RMSD of the backbone 

atoms and (C) RMSF of the amino acid residues for oxytocin without zinc ion (blue line) and oxytocin - zinc 

complex (red line) during the classical MD simulations.  
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4. CONCLUSIONS  

In this study are shown for first time results, obtained 

by molecular dynamics simulations, that confirm the 

stability of the octahedral structure of oxytocin - di-

valent zinc complex in aqueous solution. An im-

portant condition for the successful binding between 

oxytocin and its receptor is the transformation of ox-

ytocin from biologically inactive into biologically 

active form, with a stable six-fold coordination of the 

zinc ion in the native peptide molecule. Since, at 

physiological pH in aqueous solution, the sixcoordi-

nated peptide complexes are energetically disadvan-

tageous and therefore unstable, we used a bonded 

approach for creating a new rigid complex (3D mod-

el), between oxytocin and a zinc ion. In our computer 

model the binding of divalent ion by six covalent 

(artificial) bonds to the oxytocin molecule drastically 

alters its conformation (in octahedral), as thus en-

sures its correct location in the active receptor site. 

This substantial change is visible clearly from the 

high value of the parameter RMSD. The RMSD of 

the Cα atoms between the oxytocin - zinc complex 

and the structure of oxytocin – without zinc ion is 

3.40 Å. The helical shape, which adopts our model is 

with spatial orientation of the side chains of Ile3, 

Gln4, and Asn5 in peptide molecule, which is suita-

Figure 4. (A) Radius of gyration, (B) SASA and (C) SASA of the amino acid residues of oxytocin without 

zinc ion (blue line) and oxytocin - zinc complex (red line) during the classical MD simulations.   
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ble for coordination with the oxytocin receptor, 

which is in agreement with other theoretical findings, 

as well as experimental data [6]. Our results show, 

that the obtained structure of oxytocin - zinc complex 

stay with a stable six-fold coordination of the metal 

ion in the molecule of the peptide hormone, during 

the 50 ns simulation. This in turn means a stability of 

conformation of the oxytocin-zinc complex in aque-

ous solution as opposed to the high mobility of the 

oxytocin molecule not associated with zinc ion.  

 

Our model of the oxytocin - zinc complex is suitable 

for the study of the mechanism of the binding be-

tween oxytocin and its receptor and can be used as a 

template for creating new highly selective antagonists 

to prevent premature birth.   
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