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Abstract

Human growth hormone (hGH) is synthesized, stored and secreted by somatotropic cells within
the lateral wings of the anterior lobe of pituitary glands; and is transported to other organs of
human body. Study of intra-molecular structure and its binding mechanisms within the
molecule gives more insight of structural stability of the molecule and is also essential in drug
designing. In this article, we have investigated the various bonded and non-bonded interactions
that contribute for the conformation of entire structure of the hGH molecule using molecular
dynamics (MD) simulation. The MD outcomes show that the molecule is hydrophobic in nature.
In its conformation, several types of interactions exist, such as disulphide bridges (bonded) and
nonbonded: hydrogen bond, hydrophobic, aromatic-aromatic, ionic, aromatic-sulphur, cation-pi.

Keywords: Intra-binding, Growth hormone, Hydrophobic, Aromatic.

1. INTRODUCTION

Personal height is the highly concerned matter for
everyone. It is also a measure of health conditions
[1]. Human growth hormone (hGH) is essential for
the proper development of height as well as every
part of body. It is a single chain peptide hormone
that stimulates growth, reproduction and
regeneration of cell in human [2]. Although growth
hormone is found in other animals, its effect is
significant only in human and old world monkey.
Many researches have revealed that the variation of
amino acid sequence of hGH is significant in
different species [3]. Even though the sequence is
different, its role in other animals is also similar to
that in human body. This hormone contains 191
amino acid residues with 22,124 daltons molecular
weight. It is synthesized, stored and secreted by
somatotropic cells within the lateral wings of the
anterior lobe of pituitary glands [4]. The hormone
after secretion from the gland mixes into the blood
stream and is transported into body cells [5]. The
structure includes four helices necessary for the
functional interaction with the growth hormone
(GH) receptor [6]. Human growth hormone is
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essential in physical development. Main problem of
human growth in childhood is the short stature, i.e.,
insufficient growth in accordance with age; and
delayed sexual maturity in adulthood [7].

Human growth hormone, also known as
somatotropin, provides important contribution in
human development. It increases the concentration
of glucose and free fatty acids [1]. It is legally
prescribed as a drug to treat the children's growth
disorders and adult growth hormone deficiency.
Moreover, it is also used in raising livestock more
efficiently in industrial agriculture.

Besides its functions of somatic and bone growth as
well as increase in the size and mass of organs and
tissues, hGH also influences in the functioning of
proteins, carbohydrates and lipids metabolisms [8].
These mechanisms caused by hGH are basically
due to its ability to bind with specific target cell
receptor. hGH surface specifically favors for the
inter-molecular bindings at the interfacial region of
receptor. Inter-molecular binding occurs in the
expense of intra-molecular binding, which
ultimately lowers the conformation stability of the
molecule [9, 10]. There are several non-bonded
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interactions to form a macromolecule a stable
structure. Hydrogen bonding play a pivotal role in
the formation of secondary structure of a protein.
Likewise, disulphide bond is a covalent bonding to
give the shape in tertiary structure. Similarly,
aromatic-aromatic  interactions  between  two
aromatic rings separated by distance 4.5 A to 7 A
provide the conformation stability. This interaction
is energetically favorable and basically applies to
form the tertiary and quaternary structure [11, 12].
Similarly, electrostatic and van der Waals
interactions are pervasive in intra- and inter-
molecular bindings [13]. Likewise, hydrophobic
interaction has influences in conformation changes
of protein molecule in aqueous environment [14].

In this work, we have used molecular dynamics
simulation to study the intra-molecular interactions
and the contributions of hydrogen bonding and
several other interactions such as hydrophobic,
ionic, aromatic-aromatic, aromatic-sulphur and
cation-pi that are responsible to provide the stability
of hGH molecule. Moreover, we have compared the
intra-molecular interactions of amino acid residues
in static structure with the structure obtained from
molecular dynamics simulations. To our best
knowledge, the comprehensive study on molecular
stability of this hormone has not been studied yet
via MD run. We believe that this work aids the in-
depth knowledge about the binding of amino acid
residues in order to form the stable structure of the
hormone in cellular environment.

2. MATERIALS AND METHODS

To perform molecular dynamics simulation, one
needs initial structure of molecule (pdb file) and force
field parameters. In this section, we describe system
setup of the hGH molecule, force field parameters
used in the present work and simulation details.

System setup: The molecular structure of human
growth hormone was taken from protein data bank
with PDBID 1HGU.pdb [15]. In original file, two
amino acids were missing at the N-terminus and C-
terminus positions, which were filled with software
program CHARMM-GUI [16]. This software
program was also used to generate new protein
structure file (psf) and pdb files. To mimic the
cellular environment, the hormone molecule was
solvated in TIP3P water in a cubical box of

dimensions 84 x 84 x 84 A3. As TIP3P water model
resembles real water closely, we chose this model
in this work. Furthermore, the molecular system
had originally 4 excess negative electronic charges,
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so the system was electrically neutralized by adding
4 Na+ ions.

Force fields: Force fields contain topology and
parameter files. Topology files are used to generate psf
files and parameter files contain the information about
parameters of potential energy functions. In the present
work, we used CHARMM36m [17] force field.

Molecular Dynamics Simulation:  All-atom
molecular dynamics (MD) simulations were carried
out by using NAnoscale Molecular Dynamics
(NAMD) [18] simulation package. The Particle
Mesh Edward (PME) was used to treat the long-
range interactions with a 12.0 A non-bonded cut off.
The energy minimization was performed for 10,000
steps, using the conjugate gradient algorithm.
Energy minimization run removes the unwanted
hindrances between the atoms in the system. Since
this run is performed in 0 K temperature, the
system chooses the local minimum energy state [19,
20]. After energy minimization, the system was
equilibrated at 310 K wunder the isothermal-
isochoric conditions for 10 ns with 1 fs time step
[21,22]. Then, the production run was propagated
for 100 ns under NVT simulation run taking time
step 2 fs by using Langevin dynamics with a
damping constant of 1 ps™.

The NAMD energy plugin package available in
Visual Molecular Dynamics (VMD) [23] was used
to estimate structural stability of the hGH molecule
in aqueous environment. Protein interaction
calculator (PIC) [24] has been used to analyze the
intra-molecular interactions. The study on intra-
molecular interactions depicts the detailed insights
on folded state of the targeted molecule.

3. RESULTS AND DISCUSSION

This research work has been carried out by molecular
dynamics simulation to study the amino acid
arrangements, their folding mechanisms, the
contributions of hydrogen bonding, and various other
non-bonded interactions to form such a structure of
human growth hormone in aqueous environment. The
solvent accessible surface area and the energy profiles
of bonded and non-bonded interactions have also been
investigated to know the contact area and the stability
of hGH in the aqueous environments.

Structural stability of human growth hormone:
The pre-requisite of examining the structural
stability of any biomolecular system is the
estimation of root mean square deviation (RMSD).
RMSD measures the structural stability of entire
molecule in the given environment. We have taken
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the hGH molecule in aqueous environment in order
to resemble the cellular condition. RMSD of the
molecule has been calculated from VMD analysis
tool "RMSD Trajectory Tool". The mathematical
relation to estimate the RMSD is,

N
1 2
RMSD = NZ(ri(t) -1
i=1
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Where, 7,(t) and ' represent the current and
reference coordinates of i atom respectively and N
is total number of atoms.

In this process, initial coordinates are taken as the
reference and average deviation of molecule from
the reference coordinates has been calculated in
every frame of simulation. During the 100 ns NVT
production run, the RMSD of the hGU was found
fairly stable after 4 ns simulation (100 frames) time
as shown in Fig. 1(i).
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Fig. 1: Structural characterization of hGH in aqueous environment (i) RMSD (ii) RMSF and (iii) hGH molecule.

In addition, we have also determined the fluctuation
of alpha carbons of hGH residues during the
simulations through root mean square fluctuation
(RMSF) as shown in Fig. 1(ii), which gives the
flexibility of residues within the molecular system.
Greater value of RMSF of any alpha carbon implies
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the greater flexibility of corresponding amino acid
in the protein chain and vice versa. The
mathematical formula to find the RMSF is,

RMSF = [(ry(t) — (r))’
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where, ;(t) and (r;) are the current position and
average position respectively.

During the 100 ns simulation run, it has been
observed that the regions of amino acid residues
64-68 and 130-136 are most fluctuating and the
regions of 23-49, 88-98 and 144-164 are the most
stable. The most fluctuating and stable regions are
shown in Fig. 1 (iii).

Intra-binding potential energy: There are several
interactions existing within a protein molecule to
provide it a stable conformation. We have
estimated the contributions of bonded and non-
bonded potential energy in hGH molecule. Energy
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profile for bonded interactions have been
determined from 100 ns simulation. From the
energy profile, it has been observed that improper
dihedral has lowest contributions; and the
contributions of harmonic and dihedral angle show
almost equal and the largest value as shown in Fig.
2. During the conformation of protein molecules,
bonded energy provides the direct covalent link
among the atoms, whereas the non-bonded energy
contributes to fold the molecule forming the stable
structure [25-27]. On analyzing the non-bonded
energy, the contributions of electrostatic interaction
has found to be significantly higher potential
energy than that of van der Waals.
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Fig. 2: Energy profiles for hGH (i) bonded (bond, angle, dihedral and improper) interaction (ii) non-bonded
(electrostatics and van der Waals) interactions.

Intra-molecular hydrogen bonds: We have also
investigated the hydrogen bonding within the
molecule to form the hGH molecule. Hydrogen
bonding is essential to form secondary structure of
protein. The intra-molecular hydrogen bonding
provides the important information for drug
designing [28, 29]. The number of hydrogen bonds
can determine the conformational stability in the
molecule. Its role in intermolecular interactions is
also very important, which enhances the
cooperativity among the molecules in protein-
protein, protein-ligand and protein-nucleic acid
systems. We have found total 1294 hydrogen
bonding in entire 100 ns simulation, and average of
65 hydrogen bonds persisted in each frame of
simulation. The number of hydrogen bonds within
the cutoff distance of 3.5 A has been presented in
Fig. 3.
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Fig. 3: Time variation of number of hydrogen bonding
for intra-molecular binding in hGH.



R. P. Koirala, B. Thapa, S. P. Khanal, R. P. Adhikari and N. P. Adhikari

Many intra-molecular hydrogen bonds were  chain — main chain, side chain — side chain and
observed in both static and dynamic conditions of ~ main chain — side chain as shown in Fig. 4. There
the hGH structure. We have shown the hydrogen are several such type of hydrogen bonds were
bonding patterns for three interacting pairs. These observed to form the stable structure of the
three pairs are the representative pairs for main hormone.

Lysa1

0%Hz3

ASN26 o2 am®

GLU32

Fig. 4: Intra-molecular hydrogen bonds: main chain — main chain (left), side chain —side chain (middle)
and main chain — side chain (right).

Surface accessible surface area (SASA): SASA  growth hormone such as hydrophobic interactions,
measures the surface area of a molecule that disulphide bridges, ionic interactions, aromatic-
contacts with the solvent molecules. We have taken ~ aromatic interactions, aromatic-sulphur interactions
water as the solvent to study how the amino acid  and cation-pi interactions using protein interaction
residues residing on the surface of hGH behave in calculator (PIC) web server. We have compared
the aqueous environment. Fig. 5 shows the SASA  these intra-molecular interactions in static structure
plot with respect to simulation frame. During the  with the most stable structure obtained from
100 ns simulation, the overall value of SASA has molecular dynamics simulations. The most stable
been observed decreasing. The decreasing nature of  structure was taken from the MD trajectories
graph shows the internal rearrangement of amino corresponding to the minimum SASA.

acid residues that resides on the surface. This shows There are two disulphide bridges formed between
that the molecule is hydrophobic in nature so that  two sulphur atoms of cysteine residues CYS182-
the surface residues tend to aggregate together to  CYS189 and CYS53-CYS165 within 2.2 A in both
minimize the surface area exposed to water. structures. The distance between two cysteine
residues in CYS182-CYS189 and CYS53-CYS165
is 2.02 A in static structure, whereas 2.06 A and
2.03 A respectively in the structure from dynamics.

The hydrophobic interactions are of particular
importance for the structural stability of hGH. There
are 116 interactions between the hydrophobic residues
such as PHE, LEU, ALA, MET, PRO, VAL, ILE,
TYR and TRP present in the static structure. We have
observed the decrease in the solvent accessible surface
area (SASA) of protein during the simulation in
aqueous environment that suggests the hydrophobic
I ] nature of the molecule. This is corroborated further by
11000 ————— the greater number of hydrophobic interactions in the
Simulation frames (40 psframe) dynamics, which are 143 as compared to 116 in static.
The cut off distance of hydrophobic interaction was

Fig. 5: Solvent accessible surface area (SASA) of hGH in takento be 5 A.

water environment. In addition, the ionic interactions between the

charged residues lying within the cut off distance of

Intra-molecular Interactions: We have computed 6 A present in both structures of hGH protein are
the various interactions present within the human  depicted in tables 1 and 2. We have observed 29
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ionic interactions in structure from dynamics,
whereas only 11 in static. Salt bridges are the

Table 2: lonic Interactions within

6 A (structure in dynamic)

important interactions in forming the tertiary - X — X
structure of protein molecules. They are the ionic Position Residue Position Residue
interactions between charged atoms in residues 16 ARG 116 ASP
lying within hydrogen bond distance (3.5 A). In the 19 ARG 107 ASP
structure obtained from MD simulation 7 salt-
bridges has been observed whereas only 2 salt- 19 ARG 26 ASP
bridges are obtained in static structure. 26 ASP 29 GLU
29 GLU 30 GLU
Intra-molecular Interactions in hGH 29 GLU 32 GLU
£ w - 32 GLU 33 GLU
|- 32 GLU 4 LYS
5 @ 33 GLU 41 LYS
3 60 ® dynamic
£ . . = st 38 LYS 39 GLU
H 20 11 95 7
o222 L - ! 1! 64 ARG 65 GLU
& f@&“ &&«Q‘ & 94 ARG 109 ASP
& & & fb 94 ARG 112 ASP
& S
¥ 109 ASP 112 ASP
Fig. 6: Bar diagram showing different intra-molecular 112 ASP 115 LYS
interactions in hGH molecule. 115 LYS 116 ASP
115 LYS 118 GLU
The bar diagram shown in Fig. 6 summarizes the 116 ASP 119 GLU
various intra-molecular interactions present in hGH
molecule in both structures i.e., static and dynamic 118 GLU 119 GLU
conditions. The comparison diagram shows that 129 GLU 130 ASP
hydrophobic interactions have the maximum 129 GLU 134 ARG
binding sites and aromatic-sulphur has minimum
binding sites. 130 ASP 134 ARG
153 ASP 154 ASP
Table 1: lonic Interactions within 168 LYS 169 ASP
6 A (in static structure) 168 LYS 171 ASP
Position Residue Position Residue 169 ASP 172 LYS
16 ARG 107 ASP 171 ASP 172 LYS
16 ARG 116 ASP 171 ASP 174 GLU
18 HIS 174 GLU 174 GLU 178 ARG
21 HIS 174 GLU
32 GLU 41 LYS The aromatic-aromatic interactions also play
important role in the structural stability of proteins.
% ARG 109 ASP These interactions are significant within 4.5 to 7 A
115 LYS 118 GLU range between aromatic residues. In human growth
145 LYS 169 ASP hormone protein, we have detected 9 and 5
aromatic-aromatic interactions for the dynamic and
154 ASP 158 LYS static structures respectively. These interactions are
167 ARG 171 ASP presented in tables 3 and 4. Moreover, there is an
171 ASP 172 LYS aromatic-sulphur interaction within 5.3 A present
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between PHE166 and MET170 residues in both
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structures. In static structure, the distance between
the centroid and sulphur was observed 4.66 A and
the angle was 72.7°, whereas in dynamic structure
the distance between the centroid and sulphur is
5.01 A and the angle is 44.6°.

The cation-pi interactions occur between the
cations of the side chains of arginine or lysine
residues with the polarizable pi electron of the
aromatic ring. These interactions are distance

dependent interactions. Here, we have taken the cut
off distance of 6 A. In static structure, there is only
one cation-pi interaction present between the
residues LYS41 and TYR164 within the distance of
5.8 A and at an angle of 119.7°. However, in case
of structure obtained from dynamics, we observed 7
cation-pi interactions between the ARG and LYS
residues with the aromatic residues PHE and TRP
as shown in table 5.

Table 3: Aromatic-Aromatic Interactions within 4.5 and 7 A (in static structure).

Position Residue Position Residue D(Centroid-Centroid) Dihedral Angle
25 PHE 28 TYR 6.93 122.2
31 PHE 35 TYR 4.73 132.8
54 PHE 143 TYR 6.05 25.35
86 TRP 166 PHE 4.93 50.11
160 TYR 164 TYR 6.24 95.19

Table 4: Aromatic-Aromatic Interactions within 4.5 and 7 A (structure in dynamic).

Position Residue Position Residue D(Centroid-Centroid) Dihedral Angle
25 PHE 28 TYR 6.14 144.03
28 TYR 160 TYR 4.74 8.09
28 TYR 164 TYR 6.07 31.76
31 PHE 35 TYR 5 118.96
54 PHE 143 TYR 6.74 50.35
86 TRP 166 PHE 5.63 51.6
86 TRP 97 PHE 6.4 22.9
97 PHE 146 PHE 5.18 123.48
97 PHE 166 PHE 4.79 37.53

Table 5: Cation-Pi Interactions within 6 A (structure in dynamic)

Position Residue Position Residue D (Cation-Pi) Angle
1 PHE 16 ARG 5.15 108.14

1 PHE 8 ARG 5.32 119.02

25 PHE 167 ARG 3.9 13.26
42 TYR 41 LYS 4.54 141.61
111 TYR 94 ARG 3.98 156.72
139 PHE 77 ARG 3.93 149.17
191 PHE 64 ARG 4.45 47.09

4. CONCLUSIONS

We have carried out the molecular dynamics (MD)
simulations in order to identify the intra-molecular

contacts and their contributions in forming the
stable structure of human growth hormone. The

MD run was propagated for 100 ns simulation
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under NVT condition at body temperature 310 K.
We have studied bonded and non-bonded
interactions which contribute in the formation of
stable structure in agueous environment. Many non-
bonded contacts are compared in static and
dynamic conditions.

The decreasing nature of solvent accessible surface
area (SASA) depicts the hydrophobic nature of
hGH which makes the structure more stable in
water. We have compared the various intra-
molecular interactions namely disulphide bonds,
hydrophobic, ionic, aromatic-aromatic, aromatic-
sulphur, cation-pi interactions between the
structures from dynamics and statics. In the
structure taken from the simulation at the condition
of minimum SASA, we have found hydrophobic,
ionic, cation-pi, aromatic-aromatic interactions
significantly higher than that of static structure. The
hydrogen bonding is observed strongly contributing
in intramolecular binding. In addition, the
estimation of bonded and non-bonded energy
profiles show that electrostatic interactions have
higher contributions in non-bonded condition.
Similarly, the harmonic angle and dihedral angle
have almost equal contribution in the conformation
of the molecule. Bond energy contribution has also
significant role but smaller than that of angle and
dihedral.
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