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Thermodynamic properties of sickled and normal hemoglobin protein
are considered within the framework of classical molecular dynamics.

Here we have studied the specific heat capacity and RMSD (Root
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Mean Square Deviation) of both types of hemoglobin protein. Our
investigation reveals that the specific heat capacity and RMSD for
oxygenated hemoglobin protein is higher than those of de-oxygenated
sickle hemoglobin protein. It is also observed that the specific heat
capacity and RMSD values of sickle hemoglobin protein decrease with

This work is licensed under the Creative Commons CC BY-NC License. https://creativecommons.org/licenses/by-nc/4.0/

1. Introduction

Hemoglobin is the blood component
consisting of heme and globin, where heme is
the prothestic group containing iron and globin
is the protein compound. It is responsible for
the transportation of oxygen throughout the
human body. Heme is synthesized by
mitochondrion which is fixed with iron. Heme
is protected by the surrounded globin protein.
Each single hemoglobin molecule has two
globin chains, one globin chain is a and the
other is . Two hemoglobin molecules
combine to produce a functional tetramer. In
inherited hemoglobin the amino acid sequence

is changed because of the incorrect DNA code
(HbS). Such a cell having abnormality is a
sickle cell. Sickle cell disease is the genetic
disorder in which sudden change of
hemoglobin protein occurs. The glutamic acid
of both the B chain in the sixth position of
normal hemoglobin protein is replaced by
valine in the sickle hemoglobin which is
shown in Figure 1. As a result RBC changes
from flexible bi-concave to strong elongated
shape. Thus by carrying less oxygen, the
hemoglobin becomes fibrous aggregations
giving the entire red blood cell a sickle shape.
Sickled hemoglobin protein (HbS) damages
the sickle erythrocyte and causes the increase

140


http://nepjol.info/index.php/BIBECHANA
mailto:narayan.adhikari@cdp.tu.edu.np
mailto:ari@cdp.tu.edu.np
https://doi.org/10.3126/bibechana.v18i1.29750
https://creativecommons.org/licenses/by-nc/4.0/

Jhulan Powrel, Narayan P. Adhikari/ BIBECHANA 18 (1)(2021) 140-148

in the density, reduction in the deformability
and increase in the adhesivity which shortens
the life span [1-3]. The polymerization of
deoxygenated hemoglobin (HbS) is the
primary and indispensable event in the
molecular pathogenesis of sickle cell disease.
There are many symptoms like the attacks of
pain, sickle cell anemia, swelling in the hands
and feet, bacterial infections and stroke. Long-
term pain may develop as people get older
because of sickle cell anemia. On the other
hand, heterozygote for the sickle gene are
relatively protected against the danger of dying
by malaria, as now firmly established through
a number of clinical field studies from
different parts of Africa and Asia(Terai region
of Nepal)[4].

Figure 2(a) shows the glutamate 6 of o chain
in hemoglobin protein which is undergoes a
mutation to valine. This mutation changes the
charge on the surface of hemoglobin. The
mutant protein is called sickle cell hemoglobin
(HbS). Valine residue 6 of the B chain of
deoxy-HbS lies on the surface of the protein.
This hydrophobic residue, present in each of
the B chain, forms a hydrophobic contact in
the neighboring B chain of another
hemoglobin molecule [1, 6]. Figure 2(b)
shows the mutation that replaces a glutamate
residue by a valine residue which reduced
the solubility of the protein.

Luzzatto L. studied the structural abnormality
of sickle hemoglobin (HbS) and noticed as this
was the first time that a single amino acid
replacement in a protein causes a serious
disease [7]. A group of scientists, Stradner and

H H
il
val - his —leu — thr—pro-N-C - C -lys
|

CH, O
bl

CH, —C—OH
ghu

Fig. 1: Normal (glu) and sickle cell (val) hemoglobin [5].

co-worker studied molecular dynamical
simulations [1] and developed the concept of
the study from soft matter physics to complex
protein mixtures [8].A potential antisickling
drug is still to be discovered [9] as per
pathophysiological study in the last 100 years
of sickle cell disease. Another group, Xiangiao
Wang and Rodney D. developed a virtual
mechanical model for determining the
mechanical and thermal behavior of different
soft matter by using the steps of optimization
of energy, making of equilibration in the
system and production run [10]. An electro-
chemistry based study designed a technique to
control and monitor the polymerization of
sickle-cell hemoglobin (HbS) by looking the
change in turbidity during the depletion of
oxygen in a small volume of custom-built thin-
layer electrochemical cell. The cell allowed the
investigation of HbS polymerization as a
function of HbS concentration, temperature
and solution pH [11].

Due to bad impact of sickle cell disease, this
research work got attention on the study of
thermal and transport property of sickle
hemoglobin and normal hemoglobin protein.
Literature review also reveals that the
mechanical, thermal and transport properties of
normal hemoglobin and sickle hemoglobin
protein around human body temperature (310
K) are not studied yet.

The paper is organized with methods and
methodology part in section 2, computational
simulation part in section 3, results with
discussion in section 4 and finally the
conclusions at the last.
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Fig. 2: (a) Normal hemoglobin with glutamic acid in 6™ position of beta chain (left) and (b)
Sickle hemoglobin protein with valine in the 6th position of beta chain (right).

2. Methods and Methodology
Theory

In molecular dynamics (MD), a hemoglobin
protein molecule is considered inside the
water for simulation. Protein is the
combination of a number of atoms which
behaves as pair-wise interaction in between
two atoms in the molecule [12]. Each pair of
atoms is interacted by bonded and non-
bonded potentials. The molecular dynamic
simulation calculates the motion of the atoms
in molecules using Newtonian dynamics. In
standard molecular dynamics simulations the
forces may come from classical inter atomic
potentials [13]. The non-bonded van der
Waals and electrostatic are the interactive
forces among the particles in the hemoglobin
molecules. The total potential is obtain as,

Vtotal =[Vbonded] + [Vnonbonded] (1)

Or,

Vtotal =[Vbond +Vangle + Vimproper +
Vproper]t[Vi; +Vcoloumbl (2)

Now the bond stretching potential is given by,

1.1
Vbond(fij) = EK i (rij _bij)z-

(3)
where Ki'j.’force is constant, r;is separation

between the two bounded particles and by is the

equilibrium bond length. Again the bond angle
potential is written as,

1
Vangle(Gj) = 7 Kij?k (Gijk — 5‘.%( )2 (4)

where 6, , 03 and K are the bond angle,

equilibrium bond angle and the force constant
respectively. Now the improper dihedral potential
energy is,

1
Vimproper(ézijkl) = E Kg(éijkl _50 )2 ®)
where &, is the equilibrium improper angle and
K is the constant. Similarly the dihedral potential
is,
Voroper () =5 Ky (L+cos(0diga ) ©
where ¢, is the proper dihedral angle, ¢ is an

angle at which the potential is maximum, n is the
multiplicity and K, is the barrier height.

142



Jhulan Powrel, Narayan P. Adhikari/ BIBECHANA 18 (1)(2021) 140-148

Although Lennard-Jones potential(L-J) is
not suitable for system where strong
localized bonds may form (as in covalent
system) or there is a delocalized electron sea
where the ions remain (as in metals), the L-J
potential helped us tounderstand basic points
in many areas of condensed matter physics.
The L-J potential for interaction between a
pair of atom is given by [14],

R GROI

where ¢ is the depth of the attractive well, o
refers to the inter-particle distance and
defines the strength of the interaction where
the potential changes sign and r defines the
length scale. The Coulomb electrostatic
interaction between two point charges gi and
gj is defined by Coulomb potential as,
0iq;j

Veoloumb = 472}:mr2 @)

U]

Root Mean Square Deviation (RMSD):
RMSD is the level of equilibration and gives
the deviation of the molecules from the
defined position in space. It also gives the
idea of occurrence of the reaction in
chemical bonding. The larger the deviation
from mean position less will be the stability
of the system. RMSD values are calculated
for all atoms of the hemoglobin protein
backbone for the entire protein and for the
protein excluding the last five residues[15] ,
which is the numerical measure of the
structural difference of two states given by,

. ‘/zsa(;a<t,->—<a<n>>) )

N¢

With
<Fa(tj)> = Nitz?iﬁa ;)
where N, is the number of atoms whose

positions are compared, N is the number of
time steps over which atomic positions are

(10)

compared, T,(tj) is the position of atom o at

time t; and <Fa(tj )> is the average value of the

position of atom to which the positions T (t;)
are being compared[15].

Specific heat Capacity:

The specific heat capacity is the amount of
heat required for raising the temperature of
an object per degree of temperature increase
per unit mass. Thus in canonical ensemble
the specific heat capacity is [16],

(&)

Cy = (11
Y KgT?

where <EB>2 is square of the average of the
total energies and <EBZ> is the average of the

square of the total energy and Kk, the

Boltzmann constant.
3. Computational details

The proposed research is designed for working
in theoretical computational method using
molecular dynamics. Hemoglobin protein of
sickle and normal cell are obtained from the
RCSB (Research Collaboratory for Structural
Bioinformatics).org in PDB (Protein Data
Bank) form and then simulation is completed
using NAMD (NAno scale Molecular
Dynamics) and VMD (Visual Molecular
Dynamics) software by following the steps of
structure making, energy minimization and
making of equilibration in the system. After
performing various simulation steps the
output data are used for the calculations of
RMSD and specific heat capacity of both of
the hemoglobin protein. For this simulation
six systems are designed with four molecules
which are then solvated with water using
charmm force field (CHARMM 36) under
following  parameters: A  system  of
oxygenated hemoglobin protein (a3n) with
4546(without water) atoms under the
interaction of the bond potential and non-
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bonded potential inside a box with cut off
distance of 12.0 A, pressure of 1 bar and
temperature 310 K. A system of oxygenated
hemoglobin protein(e83) with 19167 (without
water is 4668) atoms under the interaction of
the bond potential and non-bonded potential
inside a box with cut off distance of 12.0 A,
pressure of 1 bar and temperature 310 K. A
system of oxygenated hemoglobin
protein(uvx) with 1863 atoms under the
interaction of the bond potential and non-
bonded potential inside a box with cut off
distance of 12.0 A, pressure of 1 bar and
temperature 310 K. Similarly, for other three
systems of sickle hemoglobin protein(HbS)
there are 9112 atoms in each and interacting
at the same potential as before with pressure
at 1 bar, cut off distance of 12.0 A and at
temperatures of 305 K, 310 K and 315 K.
After equilibration of all the above six
system they are energetically minimized at
their corresponding constant temperature
which provides their RMSD values. At last
systems are further modified for NVE and
NVT simulation run in which we use the
temperature coupling feature of NAMD to
set the temperature of the molecules in the
outer layer of the sphere to 300 K, while the
rest of the bob is set to temperature of 330 K.

4. Result and Discussion

Present work was to study the RMSD as well
as specific heat capacity of normal and sickle
hemoglobin protein. The RMSD was
calculated using the equation (9).

We plotted the RMSD of hemoglobin protein
against the time steps as follows; where Figure
3(a) and 3(b) indicates the graph of root mean
square deviations of oxygenated sickle
hemoglobin protein and de-oxygenated
hemoglobin protein at temperature of 310 K
and obtained the RMSD as 0.8 A and 1.25
A respectively. They were found to be
increased initially with small fluctuation

and then remain constant for both at various
values, i.e. the RMSD of deoxygenated
hemoglobin found to be higher than of
oxygenated sickle hemoglobin protein.

RMSD plot of other system of hemoglobin
protein were also plotted where Figure 4(a)
and 4(b) indicates the root mean square
deviations of oxygenated hemoglobin protein
and sickle hemoglobin protein a temperature of
310 K For which te RMSD found to be
increased initially with small fluctuation and
then remain constant for both at various values
of 1.3 A and 0.75 A respectively, i.e. the
RMSD of oxygenated hemoglobin is higher
than of sickle hemoglobin protein.

Similarly, RMSD for sickle hemoglobin
protein at various temperatures were studied,
where Figure 5(a) and 5(b) indicating the
root mean square deviations of sickle
hemoglobin protein at 305 K and 315 K
respectively. They are increased initially with
small fluctuation and then remain constant
for both at various values of 15 A and 14 A
respectively i.e. the RMSD of sickle
hemoglobin protein at lower temperature is
higher than of sickle hemoglobin protein at
higher temperature. The above Figure 3(a),
3(b), 4(a) and 5(a), are the RMSD graph at
310 K for carbon monoxy-hemoglobin(s), de-
oxygenated hemoglobin protein, truncated
heme-ligand hemoglobin and sickle hemoglobin
protein respectively. Correspondingly their
RMSD were estimated as 0.8 A, 1.2 A, 1.3 A
and 0.75 A, i.e. the RMSD of sickle
hemoglobin is least(0.75 A) and of truncated
ligand hemoglobin is maximum(1.3 A).
Thus, deoxygenated sickle hemoglobin with
fibrous nature shows least deviation from the
mean position, whereas of truncated ligand
hemoglobin with large no of hydrogen bond
and hydrophobic potential move faster with
more RMSD value. Similarly normal
oxygenated and deoxygenated hemoglobin
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have their RMSD 1.3 A and 1.25 A respectively
which are higher than both the oxygenated (0.8 A)
and deoxygenated sickle hemoglobin (0.75 A).
Again at temperatures of 305 K, 310 K and 315 K
(Figure 4(b), 5(@) and Figure.5 (b)) of de-
oxygenated sickle hemoglobin (HbS) [17] the
RMSD are 1.5 A, 0.75 A and 1.4 A respectively.

Figure 6(a) and 6(b) are energy fluctuation
and energy distribution graph during NVE
and NVT run. They gives the energy
deviation from the mean [Fig 6(a)] and
energy distribution pattern [Fig 6(b)] i.e.
more the energy more is the velocity as well
as temperature of the system of particles and
hence system of protein behaving as
thermometer. Computationally by using
NAMD code the average of square of the
total energies and square of the average total
energy of de-oxygenated hemoglobin
protein(e83) were obtain as 6722047.08
kcalmol™ and 6714152.23 kcalmol™
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respectively. On using these values the
specific heat capacity of de-oxygenated
hemoglobin protein was estimated as 2903
Jkg 1C™! (Table 1). Now for the calculation
of specific heat capacity (C,), we have used
the following theoretical and simulation
parameters under the assumption of classical
molecular dynamics: ks=0.00198657 kcal /mol-
K, o ~ 8 K, T=317 K, J=1.43846 x10%
kcal/mol.

The specific heat capacity of normal and
sickle hemoglobin protein were calculated by
using the equation (11) and are tabulated in
Table 1 and Table 2 for all the six systems.

The average specific heat capacity of sickle

2527 +1966 +1227 J/kg-C

hemoglobin ¢ =1906.67

[Table 1]) was less than of normal
hemoglobin's (3587 J/kg-C, 2903 J/kg-C
and 3204 J/kg-C) [Table:2].

RMSD (A)
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Fig. 3: (a) RMSD graph of oxygenated sickle hemoglobin protein (left). (b) RMSD graph of

deoxygenated hemoglobin protein (right).
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Fig. 4: (a) RMSD graph of oxygenated hemoglobin protein (left). (b) RMSD graph of sickle
hemoglobin protein (right).
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Fig. 5: (a) RMSD graph of sickle hemoglobin protein at 305 K (left). (b) RMSD graph of
sickle hemoglobin protein at 315 K (right).
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Fig. 6: (a) Energy flocculation of de-oxygenated hemoglobin protein (b) Maxwell energy
distribution for de-oxygenated hemoglobin protein.
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Table 1: For normal and sickle cell hemoglobin protein at 310 K of temperature.

For RMSD(A) | Cy(Jkg-'C™)
Oxygenated sickle hemoglobin protein) 0.8 3587
De-oxygenated hemoglobin protein 1.25 2903
Oxygenated hemoglobin protein 1.3 3204
Sickle hemoglobin protein(2hbs) 0.75 1966

Table 2: For sickle cell hemoglobin protein (2hbs) at different temperature.

For Temp.(K) | RMSD(A) | C.(Jkg™'C™)
Sickle hemoglobin protein(2hbs) 305 15 2527
Sickle hemoglobin protein(2hbs) 310 0.75 1966
Sickle hemoglobin protein(2hbs) 315 1.4 1227

5. Conclusion and Concluding Remarks

The RMSD of normal and sickle
hemoglobin protein was calculated within
0.75 A to 1.5 A which indicates that the
proposed system is in the valid range(< 4 A)
for molecular dynamical study. This study
also reveals that the HbS at 305 K is most
unstable (RMSD=1.5 A) among the considered
systtm. The RMSD and specific heat capacity
(C\) of de-oxygenated hemoglobin protein at
310 K are estimated as 1.25 A and 2903
J/kg-C [Table 1] respectively. It also obvious that
the de-oxygenated hemoglobin  protein
(average value=1906.67J/kg-C) has lower
specific heat capacity than oxygenated (first
three C, of Table 1). It shows that at higher
(315 K) temperature above 310 K the RMSD
of sickle hemoglobin protein is increased due
to less polymerization (sickling) of protein
but increased in RMSD at lower temperature
(305 K) is still not understood.

We found essentiality of additional research
work on the free energy calculation along
with the mechanical and transport properties of
sickle hemoglobin protein for its depth
knowledge.
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