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ABSTRACT

Classical molecular dynamics simulation is performed to estimate the
diffusion coefficient of oxytocin in water at different temperatures, 288 K,
300 K, 313 K, 323 K, using GROningen Machine for Chemical Simulations
(GROMOCS). The simulation is carried out using GROMOS43A1 force
field and extended simple point charge (SPC/E) water model. The stability
of the system is evaluated from energy profile of potential and kinetic
energy, which assures well equilibrated molecular system. The self-
diffusion coefficient of oxytocin and water is obtained from Einstein’s
relation and binary diffusion coefficient is obtained from Darken’s
relation. As temperature increases the diffusion coefficient also increases
as per expectation. The diffusion coefficients of water from the present
calculations agree well with the previously reported values, within the
10% of deviation. Furthermore, the activation energy has been studied
using Arrhenius Plot.
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1. Introduction

biomolecules, also called the macromolecules.
Some other molecules are also characterized into

Biomolecules are the building blocks of living
organisms. They have the specific physio-chemical
configurations [1]. The structural variability and
chemical conformation of the molecules determine
the biological functioning in living cells.
Biomolecules work independently as well as
cooperatively to perform in various body
mechanisms [2]. Proteins, nucleic acids, lipids and
carbohydrates are the basic category of

this class; primary metabolites, secondary
metabolites, natural and artificially synthesized
products [3,4].

The poly-condensation of amino acids residues
forms a protein molecule. The carboxyl (-COOH)
tail of an amino acid when covalently bonded to
amine (NH2-) head of another amino acid by water
elimination, a dipeptide molecule is formed [5,6].
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Then, the condensation of other amino acids one
after another in new carboxyl tail, a long
polypeptide chain is formed, which will finally be a
functional protein molecule. A long polypeptide
chain cannot stay in linear form, i.e., primary
structure, because of difficulty in structural stability
[7]. To minimize the overall energy profile, the
molecule folds into various shapes, basically in
alpha-helices and beta-turns. Hydrogen bonds, salt
bridges; and hydrophobic and hydrophilic
interaction takes place to provide different stable
structures of protein molecules [4].

Oxytocin is a short peptide chain of nine amino
acids (a nanopeptide) with the sequence cysteine-
tyrosine-isoleucine-glutamine-asparagine-cysteine-
proline-leucine-glycine (Cys Tyr lle GIn Asn Cys
Pro Leu Gly, or CYIQNCPLG) with additional
amide (-NH2) in the carboxyl terminus of glysine
residue [8] as shown in Fig 1(i) and its space-filling
calotte (CPK) model for the visualization is shown
in Fig. 1(ii). Its molecular formula is
Ca3HesN12012S, with its molecular WEight 1007 ¢
per 193 moles (i.e., 1007:193 g/mole). It has white
powdery color and is soluble in water and in
butanol. A disulphide bridge is present first and
sixth cysteine residues of the molecule [9,10].
Oxytocin is also known as love hormones
responsible for the feeling love and
satisfaction. It plays role in social bonding,
sexual reproduction in both sexes, milk
production etc. It is best known for its role in
childbirth and breast feeding [12]. During labor
large amount of oxytocin release causing
contraction of the uterus to facilitate birth.
When the contractions are not strong to
compress the blood vessels, postpartum
hemorrhage (PPH) can menace women's life.
In this condition uterotoxic medicine like
oxytocin is given to stimulate contraction and
stop the bleeding [11,13].

Oxytocin hormone is synthesized in pituitary gland.
It is, then, released to the blood stream through the

posterior lobe of the gland. Some neurons and other
parts of brain also produce oxytocin [14,15]. Liquid
contents of living body, like water, contribute to
transport these hormones to various parts of the cell
[16]. We believe that the study of transport
properties of this hormone in water is very
important to understand its mechanical properties
in aqueous medium. Furthermore, diffusion
coefficient of nitric oxide in water had been
observed through the same technique [17]. To our
best knowledge, the transport properties of
oxytocin in water have not been studies yet.
We have performed the molecular dynamics to
deal the transport properties of oxytocin.
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Fig.1: (i) Molecular structure of an oxytocin
molecule [11] (ii) CPK model of the oxytocin
molecule.

Diffusion

Diffusion is the random process in which the matter
is transported from one part of a system to another.
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Matter is transported always from higher
concentration to the lower concentration. This
occurs often due to the concentration
inhomogeneity and thermal agitation of the
particles in a medium. Diffusion is an imperative
process within the human body and it is
indispensable to transport of molecule within organ
like lungs, kidneys, stomach, eyes etc. We realize
several phenomena regarding the diffusion; like
mixing of smoke in air, sugar in water, dust in air
etc [18,19]. In this work, we estimate the self-
diffusion and binary diffusion coefficient of
oxytocin in water.

The diffusion in a homogeneous system without
any chemical concentration gradient exists in it is
referred the self-diffusion and the corresponding
diffusion coefficient is known as self-diffusion
coefficient. The extent of diffusion is physically
measured in terms of self-diffusion coefficient. It is
calculated using Einstein’s relation [20,21],

D= lim r®-rOP

t—oo 6t (1)

The term r(t) — r(0) in equation (1) is the
displacement of particle from the reference position
at time t, [r(t) — r(0)]? is the square of displacement,
and (...) represents the ensemble average, thus, the
expression <[r(t) — r(0)]> > is the mean square
displacement (MSD) of the particle.

For the system with two different substances,
binary diffusion takes place. It is measured in terms
of diffusion coefficient called binary or mutual
diffusion coefficient [22].

Dpp = NgDy + NyDpg (2)

where, D, is Binary diffusion coefficient, D4, Dg
= Self diffusion coefficient of species A and B
respectively, and N4, Nz = mole fraction of species
A and B respectively.

The diffusion phenomenon is the temperature
dependence phenomena. The mathematical relation
for the temperature dependence is given by
Arrhenius equation [23].

-Eq

D = Dye®r 3)

Where, D is diffusion coefficient, E, is activation
energy, Do is pre-exponential factor, R is universal
gas constant and T is absolute temperature.

2. Computational Details
System setup

A PDBID 2MGO.pdb was taken from the protein
data bank (pdb), an authorized pdb website
(www.rcsb.org). The molecule was in complete
form as our requirement, so no modification was
done in the original structure. The topology and
parameters for the system setup and molecular
dynamics (MD) simulations were taken from
GROMOS43AL1 force field [23]. While considering
the water model, we should care on its
compatibility with the force field parameter we
have used [25]. The molecule was solvated into a
cubic box of 4.07 x 4.07 x 4.07 nm?® dimension
with SPC/E [26] water model by GROMACS 5.1.1
[27] command. The molecule was naturally
chargeless, so extra ions have not been added.
There were 2167 water molecules and one oxytocin
molecule in the simulation box as shown in Fig. 2.

Fig. 2: Oxytocin molecule solvated in a PBC box.

Molecular dynamics simulations

All atom molecular dynamics simulation was
propagated to study the wvarious mechanical
properties of Oxytocin molecule in water.
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GROMOS43A1 force field was used for the entire
simulation. Three basic steps: energy minimization,
system equilibration and production run were
carried out to deal the targeted properties.

The original pdb structure has been estimated from
x-ray diffraction (XRD) or nuclear magnetic
resonance (NMR) techniques. The assigned
coordinates for the atoms in the molecule might
have steric hindrance due to the mechanical errors.
Moreover, hydrogen atoms are absent in original
pdb, and they are added by the molecular system
building software. Therefore, before begin our MD
run, we must be sure that there is no any
inappropriate geometry otherwise force acting on
particle will be very large and system will be out of
equilibrium and MD fails. In order to get solved
this inappropriate geometry and kinetic energy;
system must be subjected to the process of energy
minimization. In our system because of fast and
reliable performance, we have decided to choose
steepest-descent algorithm [29].

Energy minimization run is often performed in
absolute zero Kelvin temperature, which is
practically unachievable and unreliable for the
natural  environment. So, the  molecular
environment is so created that can be resembled in
the practice in room temperature or for any natural
process. We basically maintain the system that
follows the statistical ensembles with appropriate
macroscopic parameters; pressure, temperature and
volume [30,31]. Pressure coupling was made to
set pressure 1 bar using barendsen barostat. For box
re-scaling isothermal compressibility is set to 4.5
x10° bar!. Particle Mesh Ewald (PME) for
coulomb interaction with cut off distance 1.0 nm
and Fourier spacing of 0.3 was used. V-rescaling
has been wused for temperature coupling.
Equilibration run was performed at four different
temperatures 288 K, 300 K, 313 K, and 323 K and
was run 20 ns for each system.

The appropriate system prepared from the
equilibration run was propagated to study the
molecular diffusion in water at assigned

temperature above. Production run was performed
in NVT ensemble. Each of the system was run 60
ns time period.

3. Results and Discussion

We present and discuss about the energy profiles,
self-diffusion coefficients of both water and
oxytocin; and the output of self-diffusion
coefficient is used to evaluate binary diffusion

coefficients. Finally, the activation energy of
corresponding systems is estimated for each
system.

Energy minimization and system equilibration

The fundamental requirement of MD simulation is
to bring the molecular system in minimum potential
energy so that the atoms in the molecule get free
from atomic hindrance. The best way to achieve
this condition is energy minimization run and
analyzing the outcomes. Energy minimization run
is always run at absolute zero temperature, which
ensures the minimum potential energy. Fig. 3
shows the potential energy curve during the
minimization run. The potential energy has been
well converged and we confirmed the system to
proceed for the post processing. We found potential
energy -1.2015872x10* kJ mol? in the most
condition and steepest descent converged t0 Fmax <
50 x 10*kJ mol™.

Before commencing the MD production run, the
molecular system should be maintained at a
thermodynamic ensemble. This can be done by MD
equilibration run and the outcomes were evaluated
determining some thermodynamic parameters like
pressure, temperature etc. These parameters have
been assigned to resemble the cellular environment
in human body. The best way of finding the
stability of the molecular system is the calculation
of density, which was not assigned for the system.
We have calculated density of water and entire
system including the oxytocin after equilibration
run. The variation of density of water and entire
system at different temperatures has been presented
in table 1. Because of infinite dilution, the mixture
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has similar order of density with that of pure water.
The decreasing pattern of density on increasing
temperature ensures that the system is appropriately
equilibrated and is suitable for the further

4010 60.10° 80:10° 10410

Energy minimization steps

2010

Fig. 3: Potential energy after energy minimization.

Energy profile

We have studied energy profile under the
GROMOS43A1 force field in MD simulation.
When the system is in MD simulations, several
interactions have been taken to calculate energy.
The energy profile is contributed by many bonded
and non-bonded interactions. Bond interactions are
bond stretching, bond angle vibration, proper
dihedral and improper dihedral whereas non-
bonded interactions are coulomb interaction and L-
J interaction. The energy profile is the graphical
manifestation of these various energy interactions.

To reduce the computational cost, we have
kept bond length constant in our simulation
with the help of constraint algorithm LINCS.
Therefore, there is no energy profile due to
bond stretching. Also we found that bonded
interaction energy was positive. The coulomb
interaction and L-J interaction are the major
contribution on the non-bonded interaction.

These interactions were calculated using the
list of non-bonded atom within the certain
region. We use periodic boundary condition for
such a purpose. The SR coulomb interaction

calculation. has negative value and has dominant

0o contribution on total potential energy. The

value of L-R coulomb and coulomb reciprocal

i | ] energy are significantly small. Within the

il cutoff region, the L-J interaction has significant

role, however, (L-R) L-J interaction has

40.0" negligible contribution on total energy. The

—_— energy profiles of the system at four different

temperatures have been studied. The energy

1040} profile for all the interaction energy with total

_‘2.102'_¥i - == energy at 300 K temperature is shown in Fig.
- 4

Self-diffusion coefficient of water and oxytocin

Self-diffusion coefficients of water and oxytocin
have been calculated at four different temperatures;
288 K, 300 K, 313 K, 323 K using the Einstein's
relation in equation (1). The slope of corresponding
mean square displacement (MSD) was utilized to
determine the self-diffusion coefficients in both
systems. Fig. 5(i) and 5(ii) show the mean square
displacement curves for water and oxytocin
respectively.

We have carried out 60 ns MD simulation for each
temperature; however the linear relationship has to
be required to draw the value of slope in MSD
versus time graph. So, we have selected 2 ns
simulation run in the beginning to get the better
statistics. The MSDs, thus, obtained were found
linearly increasing with respect to time, and in turn
increased the self-diffusion coefficients. The self-
diffusion coefficient of water was compared with
previously reported experimental value and was
found good agreement within 10%. The better
agreement at higher temperature indicates that the
force field parameters could have been calculated
in these temperature regimes which are relevant to
physiological phenomenon.
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Table 1: Temperatures and corresponding densities of system after equilibration run.

Coupling Equilibrium Equilibrium density Density of
temperature temperature (kg m3) water (kg m3)
(K) (K) [32]
288 287.983+0.007 1008.71+0.07 999.13
300 299.983+0.007 1002.87+0.05 996.56
313 313.005+0.011 995.46x0.02 992.28
323 323.995+0.011 998.96+0.03 988.11
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Fig. 4: Total energy profile of oxytocin at 300 K.

The simulated values and experimental values of
self-diffusion coefficient of water at different
temperatures are listed in the table 2. We also have
calculated self-diffusion coefficient of oxytocin
from the MSD graph of oxytocin molecule. The
simulated values of self-diffusion coefficient of
oxytocin at different temperatures are listed in the
table 3. In both systems, the self-diffusion
coefficients are obtained as, D3»3 K > D31z K > Dago
K > Dags K.

While simulating macromolecule/s in a box, one
needs to be careful about its size effect. It is a usual
practice to consider the smallest possible
simulating box and enlarge the space for moving
molecules by applying periodic boundary condition
(PBC). However, the size of the box should be
sufficient to maintain the basic criteria of molecular
simulations. The rule of thumb for this requirement
says that the cut-off distance of different
interactions under consideration should be less than
the half the box size [24]. Furthermore, previous
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Fig. 5: MSD vs time plot of (i) water (ii) oxytocin at different temperatures.

Table 2: Simulated and experimental self-diffusion coefficients of water at four different
temperatures.

Temperature Simulated diffusion Experimental diffusion Difference %
K coefficient coefficient
Dy (1071 m?/s) DwE(101° m?/s) [33]
288 19.16+0.05 17.77 9.39
300 25.72+0.05 - -
313 32.87+0.10 32.40 1.43
323 39.39+0.08 39.68 0.74

studies have shown that as far as these minimum coefficients of oxytocin in water by using Darken’s
criteria are maintained, the size of the box does not relation in equation (2). The calculated values of
affect the main conclusions of the results [34]. We binary diffusion coefficients were found increasing
have taken care of size of the oxytocin molecule on increasing the temperature. When temperature
and also the cutoff distances, which are less than increases there is increase in thermal energy which
half-size of the simulating box in each dimension.  results the decrease in density of the system and
Binary diffusion coefficient hence there is increase in diffusion coefficient. The

estimated binary diffusion coefficients of oxytocin

The self-diffusion coefficients obtained for water in water have been presented in table 4.

and oxytocin were used to find the binary diffusion
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Table 3: Simulated values of self-diffusion

coefficients of oxytocin at four different
temperatures.
Temperature | Self-diffusion Coefficient
K Do® (10° m?/s)
288 2.24+0.32
300 2.45+0.29
313 3.75+0.26
323 4.79+0.01

Table 4: Simulated binary diffusion coefficients at
four temperatures.

Temperature Binary Diffusion Coefficient
K Do’(10°1° m%s)

288 2.23

300 2.46

313 3.76

323 4.81

Temperature dependency of diffusion

We obtain activation energy from the slope of
diffusion versus reciprocal of time as suggested by
—E

the equation (3), D = DOeT’ng, and R = Naks,
where Na is Avogadro number whose value is
6.023 x 102 mol! and kg is the Boltzmann
constant carrying the value 1.38 x 102 JK?,
meaning of remaining parameters are explained in
equation (3). On taking the natural logarithm for
the expression, we get,

InD =InD, — NE;T
ARB

(4)

Then, the activation energy E. for diffusion was
obtained from the slope of In D versus % called the
Arrhenious plot as,

dlnD

Eq= - NAkBm (5)

The intercept when extrapolated to the % — 0 in the
Arrhenius plot gives the pre-exponential factor.
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Fig. 6: Arrhenius diagram for self-diffusion
coefficient of (i) Oxytocin, (ii) Water and (iii)
Binary mixture.
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The Arrhenius plot of simulated value of water is
shown in Fig. 6(i), and that of oxytocin is 6(ii) and
for their binary mixture is shown in Fig. 6(iii),
which were used to determine the activation energy
for each condition. From the table 5, it is clear that
the activation energy for oxytocin molecule and
binary mixture is found to be almost equal; this is
due to the infinitesimal concentration of oxytocin in
our system. Further, we found that there is an
acceptable level of agreement between the
simulated and experimental values of activation
energy of water.

4. Conclusions and concluding
remarks

The self-diffusion coefficient of water and oxytocin
is obtained using Einstein's relation. The binary
diffusion coefficient is obtained using Darken's
relation. The results obtained for energy profile, the
kinetic energy is proportional to absolute
temperature, is as expected. The experimented and
simulated value of self-diffusion coefficient of
water for all temperature is within error 10 %.
Diffusion coefficient of water for water and
oxytocin are found increasing with increase in
temperature. Furthermore, the dependency of
diffusion with temperature is analyzed with
Arrhenius plot. Activation energy is also calculated
from the slope of these plots. We have found that
the activation energy of water obtained from
simulated data is differing from experimented value
with an error of 17.18 %. We do not have any
experimental result for diffusion of oxytocin at
present time to compare our final result; however,
we can be sure on our accuracy with comparing the
results of simulated and experimental self-diffusion
coefficient of water.
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