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ABSTRACT 

Molecular dynamics approach has been carried out to study the structural properties of peptide 

to estimate the self-diffusion coefficients of water at different temperatures 290 K, 300 K, and 

310 K respectively. The energy profiles show the stability of system which ensures a well-

balanced molecular structure of the system. The radial distribution functions (RDFs) of the 

solvent-solvent, solute-solute, and solute-solvent show the distribution of system within the 

required references. The self-diffusion coefficients of water have been determined using 

respective mean square displacement (MSD) curves through the Einstein’s relation. The self-

diffusion coefficients of water at different temperatures are 0.44 ×10
-5 

cm
2
s

-1
,
 
0.48 ×10

-5 
cm

2
s

-1
,
 

and 0.50 ×10
-5 

cm
2
s

-1 
respectively. Calculations show that the MSD of water throughout the 

system is increasing on increasing temperature. The results are also valid with the theoretical as 

well as available experimental data. 

 

Keywords: Molecular dynamics, Peptide, Radial distribution, Self-diffusion. 

 

INTRODUCTION 

Inorganic ions, water, and organic molecules are the 

main components of majority of a cell. Among 

them water is the most prevalent molecule. The 

tightly packed biomolecules in a cell can only 

interact with one another through direct physical 

contact [1]. Interactions between water and other 

cell components are essential to a variety of 

biological processes in living things. Peptide bonds 

are the short, sequential chains of amino acids that 

make up peptides. Most of the meals, including as 

meat, fish, beans, wheat, flaxseed, hempseed etc. 

contain peptides [2]. Peptide bonds, in general are 

produced at the molecular level during dehydration 

synthesis or reaction processes. It occurs most 

frequently between amino acids, referred as a 

condensation reaction. There are 20 common amino 

acids that occur in the structure of protein and 

peptide molecules [3]. The amino or NH2 of one 

amino acid links to the carboxyl (acid) or COOH 

group of another amino acid to produce peptide 

bonds that unite amino acids to make polypeptides 

and proteins. Amino acids are also called the 

building blocks of proteins. Proteins typically 

include 50 to 1000 amino acid residues in each 

polypeptide chain, and those polypeptides with up 

to 100 amino acids are referred to as tiny proteins 

[4]. The motion of smaller molecules such as amino 

acids and small proteins are hindered by the 

macromolecular crowding inside cells [5]. To know 

the overall behavior of such peptides are quite 

cumbersome. Here, we focus our attentions to find 

out the behavior of general and anomalous 

diffusion of water within the peptide.  

J. A. Dani and D. G Levitt [6] explained the 

importance of water mobility on protein surfaces 

and provided insights into the behavior of water 

and ions in the gramicidin channel. M. Engels et. 

al. [7] performed a diffusion reaction within 0.76 ns 

molecular dynamics simulation on a self-assembled 

peptide nanotube in water. D. S. Banks and C. 

Fradin [8] investigated protein diffusion in highly 

concentrated solutions mimicking cellular 

environments. J. A. Dix and A. S. Verkman [9] 

examined the impact of molecular crowding on 

solute diffusion in solution, cellular aqueous 

compartments, and membranes. H. Liu et. al. [10] 

synthesized and tested the cyclic peptide nanotubes 
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(CPNs) for drug delivery, specifically using (Trp-d-

Leu)4-Gln-d-Leu CPNs to transport the antitumor 

drug 5-fluorouracil (5-FU). X. Zhao and H. Jin [11] 

obsereved the hydrogen diffusion in supercritical 

water, specifically in the context of supercritical 

water gasification of coal for hydrogen production. 

R. P. Koirala et. al. [12] studied the molecular 

dynamics (MD) simulations of glucose in water at 

different temperature (298.15 K, 303.15 K, 

308.15 K, and 312.15 K) to find the transport and 

structural properties. The self-diffusion 

coefficients of glucose and water have been 

estimated from mean square displacement plot 

(MSD) by using Einstein’s relation. 

From the above studies, we are motivated to study 

the structural and dynamical behavior, as well as 

the diffusion of water in amphiphilic α–helix 

peptide at different temperatures. This study will 

seek to shed light on the intricate dynamics that 

drive peptide functionality, leading to valuable 

insights that can revolutionize drug development, 

biomaterial design, and therapeutic interventions, 

ultimately shaping the future of biomedical 

research and innovation. 

 

 

Fig. 1: Molecular structure of hydrophilic amphiphatic 

helical peptide in 3D representation. 

 

Out of the various peptides, we are motivated to 

work on alpha-helix types of peptide which is 

found in an α-helical structure at which the amino 

acid residues are distributed in the secondary 

structural form of opposite polar (hydrophilic) and 

nonpolar (hydrophobic) faces [13, 14, 15, 16]. The 

physical and biological properties of different 

peptides that interact with lipid or membrane 

surfaces have been postulated to be influenced by 

amphiphilic helical configurations [17, 18, 19, 20]. 

A typical 3D structure of hydrophilic amphipathic 

helical peptide is shown in Fig. 1. Similarly, the cpk 

representation of hydrophilic amphipathic helical 

peptide is depicted in Fig. 2, where blue, green, red, 

and white represent nitrogen, carbon, oxygen, and 

hydrogen atoms, respectively. Nowadays, a large 

number of therapeutic and diagnostic peptides have 

been approved and are available, and many are the 

subjects of clinical trials or in the later stages, 

which suggests that peptides have secured a future 

in medicine and diagnosis. Many therapeutic 

peptides are used to manage a large number of 

diseases ranging from cancer, cardiovascular, 

metabolic disorders, infectious diseases, and so on. 

It might also be helpful in preventing the formation 

of cataracts in the eyes [21]. A significant amount 

of research is being undertaken to emphasize 

peptide based inhibitors for disease management. 

Thus, we expect that emerging peptide technologies 

will broaden therapeutic applications, which also 

motivate us to go more insight into the peptides to 

explore the diffusion related properties.  

 

 

Fig. 2: Molecular structure of hydrophilic amphiphatic 

helical peptide in cpk representation. 

 

THEORETICAL MODEL AND 

COMPUTATIONAL DETAILS  

Molecular dynamics (MD) is the method of 

simulation used to study the physical movements of 

atoms and molecules. In MD simulation, the 

position and velocities of the particle evolve by the 

laws of classical mechanics and Newton’s equation 

of motion given as [22, 23]: 

  
    

   
                ……………….…….(1) 

Where,   = 1, 2, 3,........N is no. of atoms,    is 

the mass of  th atom,    is the position vector of 

 th atom. The negative gradient of the potential 

(  ) on the right hand side is equal to the force    

acting on the  th atom with mass   . All the 

parameters required to deal potentials are 

calculated based on the system selected and 

chosen environment. The short descriptions of 

https://www.sciencedirect.com/topics/physics-and-astronomy/diffusivity
https://www.sciencedirect.com/topics/physics-and-astronomy/diffusivity
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diffusion theory and computational details are 

explained in the following sections.  

 

THEORY OF DIFFUSION  

Diffusion is the random movement of substances 

from a higher concentration zone to a lower 

concentration zone, giving birth to molecular 

diffusion [24] and is essential for various biological 

processes [25]. Diffusion moves freely in liquid and 

gases. In living organisms, useful molecules enter 

the body cells and waste products are removed by 

the diffusion process. The rate of diffusion is 

affected by various factors like temperature, the 

viscosity of the fluid, area of interactions, size of 

the particles and concentration gradient [26]. 

Normally, diffusion is categorized into self-

diffusion and binary (mutual) diffusion. The 

diffusion coefficient is governed by  ick’s law of 

diffusion. According to  ick’s law, particle flux is 

proportional to the concentration gradient [9, 27, 

28] which is given by, 

       r,t …………………………….……..(2) 

Where, C(r,t) is the concentration of diffusing 

substance which is function of position r and time t 

; and D is the diffusion coefficient whose 

dimensions is length
 
time

  
. The negative sign 

indicates that the diffusion occurs in the direction 

opposite to that of increasing concentration. As an 

extension of  ick’s law, Einstein provided the 

relationship between diffusion coefficient and mean 

squared displacement over time. The Einstein’s 

relation [29] for diffusion is provided by, 

D lim
   

              

 dt
 ………………….…………..(3) 

Where, d is degree of dimensions, t is the time, and 

               is the mean square displacement 

(MSD) at time t. 

 

COMPUTATIONAL DETAILS  

System setup and Molecular Dynamics 

Simulations  

In order to model peptide, a PDB ID 1djf.pdb was 

taken from the protein data bank (pdb), an 

authorized pdb website (www.rcsb.org). The 

molecule was in complete form as requirement of 

present study, 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 CHARMM-GUI [30, 

31]. The molecule was solvated into a cubical box 

of dimension 5×5×5 nm
3 

with TIP3P water model 

and the solvation box was neutralized by adding 10 

potassium and 13 chloride ions using add ions 

feature from the same force field systematically 

[30, 31]. The ions are added in peptide molecular 

dynamics simulations to neutralize the overall 

charge, mimic physiological environments, 

modulate electrostatic interactions, maintain proper 

solvation effects, simulate realistic salt 

concentrations and ionic strengths, within the frame 

which maintains criteria of periodic boundary 

conditions. After preparing all the components 

individually, we merged each of them accordingly 

to make the system.  

 

 

Fig. 3: System ready to be simulated. 

 

Fig. 3 represents complete system under the study 

ready for the simulation. The system consists of a 

total of 11517 atoms: 3752 water molecules (11256 

atoms), 238 atoms in protein form, 10 potassium, 

and 13 chloride ions. The system mimics as an 

aqueous solution of KCl2 having concentration 0.15 

gm/cc. We have used the latest and updated version 

of the CHARMM force field, that is CHARMM36 

all-atom additive force field. For the model, we 

used separate CHARMM36 all-atom additive force 

field parameters for proteins [32, 33], nucleic acids 

[34], hydrogen lipids [35], water and ions [36] to 

make perfect topology of system. To cope with the 

desired qualities, three fundamental procedures 

were used: energy minimization, system 

equilibration, and production run. The entire 

simulations were carried out at temperatures 290 K, 

300 K, and 310 K using the steepest-descent 

algorithm. We subjected the system to the process 

of energy minimization for 50000 steps. Constant 

temperature control is carried out using a Langevin 

thermostat. Long-range Coulomb interactions and 

full electrostatics interactions of the system are 

handled by PME (Particle Mesh Ewald) method 

which is preferable in the simulations with periodic 
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boundaries. Following the energy minimization, we 

performed NVT equilibration of 5000000 steps 

with time step of 2 fs (10 ns) for each temperature. 

After successful minimization and equilibration, the 

system is ready for production run which finally 

produced required parameters used for analysis. For 

this, we ran a 10 ns with a time step of 2 fs 

equilibrium production simulation for each 

temperature. 

 

RESULTS AND DISCUSSION 

Energy minimization and equilibration 

It is crucial to minimize the energy of system 

before beginning any simulations or calculations. It 

determines the proper molecular arrangement in 

space since the initial system may contain bad 

contacts, overlapping van der Waals radii. In such 

cases, the system is out of equilibrium, hence 

equilibration may not be conserved and MD 

simulations may fail. In the present calculation, the 

potential energy curve attains minimum and almost 

constant value over the time steps after 15000-

16000 energy steps. The compact or stable systems 

attains -50006.30 Kcal(mol)
-1 

of energy
 
indicates 

the system is converged with minimum energy. The 

plot of the potential energy of the system as a 

function of the time step at 300 K is shown in the 

Fig. 4. Now, system is ready for the equilibration 

run which actually provides system under thermal 

equilibrium. Fig. 5 shows how the temperature is 

distributed to the system throughout 10 ns 

equilibration at 300 K.  

 

 

Fig. 4: Energy minimization. 

 

Furthermore, the temperature distribution to the 

system throughout 10 ns is shown in Table 1. The 

main aim of present study is diffusion with respect 

to temperature variation. We here observed 

equilibrations of the system for temperatures below 

and above room temperature (290 K and 310K) and 

compare with room temperature (300K). The nature 

of energy minimization and equilibation for 

different systems are resembling. So, figure 

contains the results of 300K only. However, other 

results are depicted in the respective table. The 

symmetrical fluctuation of temperatures and their 

average confirm the system is in thermal 

equilibrium at given temperatures. Same kinds of 

nature is observed in RMSD plot during 

equilibration (Fig. 6). The average RMSD value 

was found 0.25 Å for each temperature which also 

confirms the structure is stable in all three 

simulations [31]. After minimization and 

equilibration, we performed a 10 ns simulation and 

estimated energy profiles, the structure of the 

system, MSD and diffusion coefficient at each case 

explained in the respective sections.  

 

 

Fig. 5: Temperature fluctuation at 300 K during 

equilibration. 

 

 

Fig. 6: RMSD at different temperatures. 
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Table 1: Distribution of temperature during 

equilibration. 

Coupling 

Temperature (K) 

Equilibrium 

Temperature  (K) 

290 289.34 ± 0.05 

300 299.07 ± 0.06 

310 309.12 ± 0.06 

 

Energy profile  

Evaluation of different types of energies in MD 

simulation illustrates how different types of 

interactions took place among atoms and molecules 

inside the system. The total energy of the system is 

contributed by kinetic and potential energy which is 

the pairwise sum of potential due to bonded and 

non-bonded interactions. Bonded interactions 

include bond stretching potential, bond bending 

potential, and potential due to dihedral interactions. 

Non-bonded interactions incorporate Lennard Jones 

and Coulomb interactions. Here, we evaluate the 

different types of energies possessed by the system 

at different temperatures during the equilibrium 

production run. Fig. 7 shows the plot of bond 

stretching energy, angle vibration energy, dihedral 

term, improper term, Van der Waals interaction 

energy, kinetic energy, potential energy, and total 

energy of the system during equilibrium simulation 

at 300K and comparative values for different 

temperatures are depicted in Table 2. The negligible 

value of the dihedral, and the improper term 

confirms that the system becomes stable as 

expected by maximizing energies. From the energy 

profile, we observed that bond, angle, van der Waal, 

and KE are all positive energy terms whereas PE 

and total energies are always negative. While 

compairing different temperatures, bond stretching 

has the least contribution to the total energy. The 

angle vibration has a slightly high positive value 

than bond stretching. The Van der Waals 

interactions have significantly more contribution to 

the total energy than bond stretching. KE has the 

highest value among the positive energies. The 

temperature dependency of different energies 

except VDW interaction energy is increasing 

linearly with temperature (Table 2 and Table 3). It 

is perfectly opposite in the case of van der Waals 

interaction energy, which is slightly decreasing on 

increasing temperature. 

 

 

Fig. 7: Plot of different energies at 300 K. 

 

Table 2: Different energies possessed by the system at different temperatures. 

Energy Term (Kcal mol
-1

) 
Temperatures 

290 K 300 K 310 K 

Bond 41.95 ± 0.11 42.86 ± 0.11 44.01 ± 0.11 

Angle 135.75 ± 0.18 138.96 ± 0.18 141.71 ± 0.19 

VDW 4204.15 ± 0.18 4090.72 ± 0.18 3983.04 ± 0.19 

KE 6661.04 ± 0.12 6885.69 ± 0.12 7116.45 ± 0.13 

PE −39325.04 ± 0.0.18 −38847.05 ± 0.19 −38368.23 ± 0.19 

Total −32664.00 ± 0.22 −31961.35 ± 0.22 −31251.79 ± 0.23 

 

Table 3: Temperature dependency of K.E. 

Temperature  

 (K) 

 KE  

 ( Kcal mol
-1

) 

 KE/T  

( Kcal mol
-1

) 

290 6661.04 22.97 

300 6885.69 22.95 

310 7116.45 22.96 

Radial distribution function 

The radial distribution function (RDF) is used to 

analyze the structural properties of the system. It 

gives the information about how atoms or 

molecules are distributed around the reference atom 

or molecule. Moreover, it gives the idea about the 

density and probability of atoms or molecules at the 
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desired distance from the reference atoms or 

molecules. Here, we computed and analyzed the 

RDF of different atoms from different reference 

atoms at different temperatures. The main goal of 

calculating the RDF of water is to find out the 

structural property of water under the influence of 

different temperatures. The RDF plot of peptide-

water atoms of TIP3P water throughout the system 

is given in Fig. 8.  

 

 

Fig. 8: RDF plot of peptide-water at different 

temperatures. 

 

The position of the first peak is around 1.8 Å and 

the second less significant around 3.7 Å for all 

temperatures. The result is in good agreement with 

the previous results [38, 39, 40]. The RDF plot of 

peptide-peptide molecules of water at different 

temperatures is shown in Fig. 9.  

 

 

Fig. 9: RDF plot of peptide-peptide at different 

temperatures. 

 

The position of the first peak is around 1.2 Å for all 

three temperatures. This result is also in close 

agreement with previous investigations [7, 39, 40]. 

The temperature variation of RDF of oxygen-

oxygen atoms of water is given in Fig. 10. The first 

peaks in the graphs represent the positions of the 

closest neighbors within the first shell. The absence 

of particles up to the second peak locations is 

indicated by the troughs. Similarly, the second 

peaks denote the position of the second closest 

neighbors, as determined by the following shell, 

and so on. After a few oscillations, RDF reaches 

unity and remains reasonably stable up to infinity. 

This suggests that the molecules are not associated 

across extended distances which are consistent with 

other liquid molecule’s known properties [41]. 

Moreover, the height of the first peak is decreasing 

with an increase in temperature indicating lesser 

water density at the higher temperature. 

 

 

Fig. 10: RDF plot of oxygen-oxygen at different 

temperatures. 

 

MSD and Diffusion Coefficient 

To understand the dynamical behavior of water, we 

computed the mean square displacement (MSD) 

and self-diffusion coefficient by using diffusion 

coefficient tool in VMD [37]. The Self-diffusion 

coefficient of water at three different temperatures; 

290 K, 300 K, and 310 K, respectively were 

analyzed using the Einstein’s relation. The MSD 

plot of water at different temperatures is shown in 

Fig. 11. We have carried out 10 ns MD simulation 

for each temperature. However, the linear 

relationship has to be required to draw the values of 

slope in MSD versus time graph. For that, we have 

selected 100 ps simulation run in the beginning to 

get the better statistics. The self-diffusion 

coefficients of water at different temperatures 290 

K, 300 K, and 310 K are 0.44×10
-5 

cm
2
s

-1
, 0.48×10

-

5 
cm

2
s

-1
, and 0.50×10

-5
cm

2
s

-1
, respectively (Table 

4). The self-diffusion coefficient of water was 

found good agreement with previously reported 
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values [7]. The result is also valid with the 

experimental result of self-diffusion coefficient of 

water [6, 43, 44]. It is seen that when smaller solute 

molecules are present, water diffuses quicker at a 

given temperature and hence the MSD curve is 

steeper [45]. This shows that the MSD of water 

throughout the system is increasing on increasing 

temperature. It is because the increase in 

temperature enhances the kinetic energy and 

collision frequency of molecules, reducing 

viscosity, and thereby increasing the diffusion 

coefficient.  

 

 

Fig. 11: MSD plot of water at different temperatures. 

 

Table 4: Diffusion coefficient of water at 

different temperatures. 

Temperature (K) Self-diffusion Coefficient 

(× 10
-5

cm
2
s

-1
) 

290 0.44 ± 0.05 

300 0.48 ± 0.05 

310 0.50 ± 0.05 

 

CONCLUSION  

The MD simulation of peptide in water was carried 

out with a system containing 11517 atoms 

including 3752 water molecules for various 

temperatures 290 K, 300 K, and 310 K. We used 

TIP3P water model for MD simulation. Here, 

peptide acts as a solute and water as a solvent. The 

system’s energy profile was examined in order to 

determine the system’s equilibrium nature. We 

calculated and studied the contribution of different 

energies possessed by the system at equilibrium 

simulation to the total energy of the system. We 

discovered that the KE of the system is proportional 

to the temperature. Furthermore, the average 

RMSD value was found 0.25 Å which confirms the 

structure is stable in all three temperatures. The 

structural properties of both peptide and water in 

equilibrium were investigated by calculating 

corresponding radial distribution function (RDF) of 

peptide-peptide, peptide-water, and water-water. 

The first peak placements in all RDF plots have 

changed somewhat as the temperature climbed. 

Moreover, the heights of the first peak have fallen 

and their width has expanded. These observations 

point to an increase in random motion as 

temperature rises.  

Furthermore, at higher temperatures, a wide RDF 

means more space between molecules. As a result, 

the molecules are able to travel more freely that 

increase the diffusion coefficient. We also 

calculated the self-diffusion coefficient of water. It 

is clearly seen that the diffusion coefficients as 

increases as in the order of D310K > D300K > D290K . 

This shows that the MSD of water throughout the 

system is increasing on increasing temperature . In 

short, MD simulation approach provides the better 

result regarding structural and dynamical behavior 

of peptide in water.  

Besides of above investigation, peptides play an 

important role in living cells. It is recommended to 

insightful study on structural and dynamic 

behaviors to know about the anomalous diffusion 

and other related properties inside the cells. It also 

has broad applications in the field of medicines. 

Further research and developments have to be 

encouraged to harness the potential application of 

peptides in therapeutic and diagnostic 

advancements. The peptide based technologies for 

peptide drug design and optimization is in the 

progress which is really a challenging task but 

interesting to research community.  
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