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ABSTRACT 

The atomic-level structural and dynamical study of biomacromolecules to understand 

the biomolecular mechanisms poses a major challenge in molecular biophysics. The 

biological activity of many macromolecules in the cellular environment depends on the 

individual or combined effect of external factors such as the presence of mono/di-valent 

cations, water, and temperature. These factors can trigger the constant motion of the 

atoms in biomolecules due to inter and intra-molecular interactions, which in turn 

changes the dynamic aspects. The interactions of biomolecules and biomolecular 

complexes such as protein-protein, protein-DNA, and protein-RNA with water and 

solvent molecules have a vital role in the biological system. Water plays an important 

role in biological processes as a primary solvent. The structure of liquid water can be 

altered due to its interaction with biomolecules, metal ions, cosolvents, and under 

thermodynamic conditions. In principle, Molecular Dynamics simulations typically 

generate substantial insight into biomolecular functions by providing the dynamics of 

water/hydrated ions and their interactions with the biomolecules.  Also, the formation of 

a strong interaction between the protein-protein, protein-RNA, protein-ions, and 

protein-water complex can be easily predicted using computer simulations.  

  To understand the various interactions, several protein-protein, protein-water, 

protein-ions, and RNA-water systems were analyzed in this research work.  This 

includes the study of hydration shell properties near antimicrobial peptide in the 

presence of metal ions, the influence of the ion specificity and temperature dependence 

on the structure of intrinsically disordered sheep prion peptide, conformational 

evolution, and the effect of the ion-counter ion based on the different model potential on 

the stability of Frameshift Stimulation Element (FSE) of SARS CoV-2 RNA genome. 

The results show that the water molecules in a hydrophilic environment are more 

disruptive, containing broken hydrogen bonds compared to the hydrophobic 

environment. The hydrophilic and hydrophobic amino acids attribute to the formation of 

different density regions of water molecules near the peptide surface in the presence of 

ions. The changes in the secondary structure elements of intrinsically disordered 

peptides (IDP) are found to be more sensitive in the presence of ions. The transition 



 

from the disordered-to-ordered structure with temperature was thoroughly studied based 

on the interaction of the hydrophobic and hydrophilic residues with water. Insights into 

the structural changes of IDP with ions and temperature possess great clinical 

significance because of its pathogenicity. The temperature dependence of the FSE of the 

SARS CoV-2 RNA genome shows interchangeable conformations with more stability at 

lower temperatures compared to higher temperatures. The RNA structure was found to 

be more dynamic and transient in the mTIP3P water model. The formation of the ion-

contact pair near the negatively charged phosphate group (Na
+
-PO4

-
) leads to strong 

RNA-ion interaction due to the lower dielectric constant of the SPC/E model helps to 

make strong hydration shells with higher hydrogen bond lifetime. The survival 

probability of ions near the RNA surface and the strength of RNA-Water interactions 

tend to decrease with the temperature rise. Thus the individual/combined effect of 

temperature, ions, and water decides the biological activity of the RNA genome. In 

conclusion, the research work successfully addressed the structural and dynamic 

behavior of biomolecules, peptides, and RNA, in an aqueous medium with an ionic 

effect, temperature effect, or both. The outcomes extend the current knowledge about 

the structure-function relationship and can assist in various biological applications. 

Keywords: Antimicrobial Peptide, Intrinsically Disordered Sheep Prion Peptide, SARS 

CoV-2 RNA Genome, Metal Ions, Molecular Dynamics Simulation, Replica Exchange 

Molecular Dynamics, Metadynamics, Free Energy Surface, Principle Component 

Analysis, Network Analysis, Radial Distribution Function, Tetrahedral Order 

Parameter,  H-bond Lifetime, Diffusion Coefficient 
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CHAPTER 1 

INTRODUCTION 

In this section, an incisive introduction of water-biomolecules, protein-ion 

interactions, temperature effect on the biomolecules, the functional role of 

biomolecules in biological processes have been briefly discussed. Also, a brief 

description of the peptides, and nucleic acids, followed by a concise literature review, 

biomolecular systems of interest, scope, and objectives of the present research work 

have been explored. 

1.1 BACKGROUND 

Biomolecules are essential for living organisms as it assists the organisms to grow, 

sustain and reproduce, regardless of the life forms. The biological function of 

biomolecules in their cellular environment is greatly affected by various external 

factors such as water, ions, cosolvents, temperature, pH, etc (Rozhkov and Goryunov 

2014). Biomolecules, such as proteins, nucleic acids, and lipids, are essential 

components of living systems, and their structure and function are intimately linked to 

their environment. The variations in the concentration of naturally occurring ions in 

the cell affect biomolecules in several ways by inactivating a process or inducing 

pathogenicity. The interaction of ions with the different hydrophobic and hydrophilic 

residues of the protein perturbs the structure of the water molecules near their protein 

surface. The distortions in the arrangement of water molecules and loss of 

tetrahedrality of the interfacial water molecules can influence the dynamic properties 

of biomolecules. Similarly, it is found that biomolecules are highly sensitive to 

changes in temperature and even small fluctuations can disrupt their structure and 

function (Wang 1969). Interestingly, the thermal fluctuations in protein and nucleic 

acid residues can affect the native structure which results in loss of biological activity. 

 The structure-to-function relationship of biomolecules is determined by a 

delicate balance of forces, including hydrogen bonding, hydrophobic interactions, 
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electrostatic interactions, and van der Waals forces. The external factors influence the 

structure of biomolecules or biomolecular complexes, changing their biological 

functions. It is known that 70% of biological cells in the human body consist of water; 

the rest constitutes ions and other biomolecules. Thus the structure and dynamics of 

water around the biomolecules can be perturbed due to the presence of ions and 

cosolvents. The effect of ions and temperature on biomolecules and surrounding water 

molecules are complex and the specific characteristics exhibited by the biomolecules 

under above-mentioned conditions are still in question.  

1.2 EFFECTS OF WATER ON BIOMOLECULES AND THEIR 

SIGNIFICANCE IN BIOLOGICAL PROCESS 

Biomolecules and water are two indispensable parts. The stability of the biomolecules 

depends on various factors such as the effect of inter-peptide hydrogen bonds (Pace et 

al. 2014), side-chains, charge (Nick Pace et al. 2014) etc. Among all of these, one 

very important factor is stability due to the presence of the water molecules nearby it. 

Water is known as a universal solvent due to its unique and abnormal properties. Its 

uniqueness is due to the presence of four-fold hydrogen bonds (Lu et al. 2008; da 

Silva et al. 2011).  The hydrogen bonding nature of the water gets modulated by the 

presence of different solutes molecules such as ions, biomolecules and also by 

different thermodynamic conditions such as temperature, pressure (Biswas and Mallik 

2014).  The water molecules found to be on the surface of a protein or nucleic acids 

are known as hydration water or biological water (Denisov and Halle 1996). The 

stability of the 3D structure of the biomolecules such as protein and nucleic acids 

depends on the intramolecular interactions and intermolecular interactions with water, 

ions etc. Biomolecules, on the other hand, can perturb the structure of the water 

molecules near their surface due to the presence of the different hydrophobic and 

hydrophilic residues (Chaudhary and Kaphle 2023; Persson and Halle 2018). It is 

hypothesized that water has two polymorphic forms which coexist and can be 

distinguished based on the difference in the hydrogen bond network. The two distinct 

liquid phases of water are Low-density water (LDW, density 0.91 g/ml) which 

consists of mainly tetrahedral structure, and high-density water (HDW, density 1.2 

g/ml) with distorted tetrahedral structure (Galamba 2013; Mähler and Persson 2012; 
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Mancinelli et al. 2007; Marcus 2009; Nilsson and Pettersson 2015; Poole et al. 1992; 

Vedamuthu et al. 1994).  In contrast, a continuous distribution model for water is also 

proposed (Niskanen et al. 2019). These water molecules are important for the 

structure, stability, dynamics, and function of biological macromolecules (Jungwirth 

2015; Levy and Onuchic 2006). 

 Most of the water molecules participate in hydrogen bond networks in which 

the polar group of the proteins makes the hydrogen bond with water molecules which 

are responsible for electrostatic interactions (Curtis et al. 1998). Moreover, the protein 

chain can make the water-mediated hydrogen bond and stabilize the hydrophilic and 

hydrophobic surface of the proteins. The hydrophobic patches are more important to 

direct the protein-protein association compared to protein-water. The enthalpy gain 

from the water-mediated hydrogen bond is greater than the entropic amount that must 

be disabled for interfacial water. Therefore, an equilibrium can be observed between 

the “bound” water and “free” water (Nandi and Bagchi 1998). 

Bound water (K1) ↔ Free water (K2) 

 The equilibrium constant is related to the free energy difference between the 

molecules, with the usual thermodynamic relation, ΔG = -RT ln(K). 

 The cooperative binding of the water molecules with biomolecules leads to the 

conformational transitions of biomolecules to low and high binding affinity and helps 

to regulate the biomolecular process. The interactions of biomolecules and 

biomolecular complexes such as protein-protein, protein-DNA, and protein-RNA with 

water and other solvent molecules have a vital role in the biological system. The 

formation of a strong interaction between the protein-protein, protein-DNA/RNA, 

protein-ions, and protein-water complex follows a thermodynamic balance. The 

change in free energy (ΔG) during the interaction and forming of the complex 

depends upon the change in entropy (ΔS) and enthalpy (ΔH). 

               (1.1) 

where T is temperature. The enthalpy term is modulated with the non-covalent 

interactions (hydrogens bonds, electrostatic interactions), whereas the entropy term is 

changed with the variations in biomolecular conformations, perturbation in water 

structure, counter-ions, and other physical quantity. Water molecules near the apolar 

groups are found to have more crystallinity (Starr and Sciortino 2014) than bulk 
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(known as the iceberg model (Galamba 2013; Huraskin and Horn 2019; Laage et al. 

2009). They are also found to behave differently in presence of various cosolvents and 

ions (Dilip and Chakraborty 2019; Huraskin and Horn 2019). The effect of ions on 

water structure and biological process is briefly discussed in next section. 

1.3 IMPORTANCE OF METAL IONS IN BIOLOGY 

In plants and animals, inorganic ions are necessary for the vital cellular activities such 

as muscle contraction, regulation of osmotic pressure and water content, neuron 

activation etc. Ions, such as lithium, sodium, potassium, calcium, and magnesium, are 

present in biological systems and can affect biomolecules in several ways. For 

example, ions can interact with charged amino acids in proteins and affect their 

conformation and stability (Collins 2004). Ions bind to nucleic acids can influence 

their structure and function. Additionally, ions can affect the structure and properties 

of lipid membranes. With a significantly higher ionic concentration, the solubility of 

the peptide/protein decreases known as the “salting out” effect whereas the decrease 

in ionic strength led to “salting in” (Dill et al. 2005; Shinto et al.2005). Salts affect the 

electrostatic interactions in solution and influence the structure evolution of the 

biomolecules by forming the ion-ion contact pair. 

 It is often seen that the water contains dissolved salts which play major roles 

in many chemical and biological processes (Jungwirth 2015; Levy and Onuchic 2006) 

for example, alkali metal ions are known to play an important role in stabilizing 

proteins by changing their hydration environment (Huraskin and Horn 2019). The 

most abundant metal cations such as Na
+
, K

+
, Ca

2+,
 and Mg

2+
 have a significant effect 

on the structure, stability, and function of nucleic acids and proteins  (Friedman et al. 

2005). They also help in the regulation of important biomolecular processes 

(Anderson and Record 1995; Hribar et al. 2002). Salts affect the electrostatic 

interactions in a solution (Martins de Oliveira et al. 2018; Thomas and Elcock 2006) 

and thereby influences the solubility of the amino acids and proteins by altering the 

liquid water structure. Experiments have shown that water molecules are ordered by 

small or multivalent ions and disordered by large monovalent ions (Chen et al. 2017; 

Hribar et al. 2002).  The binding affinity of ions towards weak carboxylic acids 
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increases due to the size of ions. The smaller cation (Li
+
 > Na

+
 >K

+
) shows strong 

attraction between the cations and acetate in solvent-shared configurations (Hess and 

van der Vegt 2009). The hydration radius of the cation is on contrary, proportional to 

the original size of the ion because the small ions have more hydration energy and can 

accept more water molecules. Water ordering is in fact, related to the ion charge 

densities by the Hofmeister effect (Cacace et al. 1997; Collins 2004, 1997; Collins 

and Washabaugh 1985). Further, ions are classified as either kosmotropes (structure 

makers) or chaotropes (structure breakers) according to their relative abilities to 

induce the structuring of water (Dill et al. 2005; Mancinelli et al. 2007). The ion-

protein interaction is more attractive for chaotropic ions whereas the ion-protein 

interaction is more repulsive for kosmotropic ions than uncomplexed proteins. Ion 

pairs are temporary associations of ions held together by charge attraction. Ion-pair 

formation and disassociation are fast reactions in dynamic equilibrium. The formation 

of ion pairs increases the solubility of an electrolyte. The low salt concentrations, the 

Debye–Hückel term dominates, and salts thus shift the equilibrium toward the 

solution phase, i.e., an increase in solubility. On the other hand, at high salt 

concentrations, the contribution from hydration of the ions dominates and salts then 

shift the equilibrium toward the solid phase, i.e., a decrease in solubility. 

 The importance of metal ions in life cannot be overlooked. The interaction 

between metal ions and biomolecules is an essential for various biological processes 

(Ussing 1959). The solubility of the biomolecules can be influenced due to the ionic 

strength, polarity of the solvent, temperature and acidity or alkalinity of the system 

(Lu et al. 2008). The strength of ionic salt solutions in aqueous media and 

thermodynamic conditions strongly changes the microscopic properties such as 

diffusion, entropy, hydrogen bond dynamics and macroscopic properties such as 

density, volume, structural parameters of the solution. The temperature induced 

conformational changes of biomolecules and the associated water dynamics are 

discussed in the next section. 

1.4 INFLUENCE OF TEMPERATURE ON BIOMOLECULES 

Temperature is a significant variable parameter that shows different behaviour at 

extreme cases and significantly affects the structure and function of biomolecules at 
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molecular level. Therefore, it is necessary to understand the structural conformation 

of biomolecules projected under thermal conditions. The temperature effect can either 

alter or break the non-covalent interactions thereby causing changes in the three-

dimensional folding of biomolecules. The mechanism behind the thermal stability of 

natural biomolecules such as proteins and nucleic acids is still particularly 

challenging, for a wide range of temperatures (Julió Plana et al. 2019). The alterations 

in protein conformations, stability, flexibility, and protein unfolding can occur with an 

increase as well as decrease in temperature. At low temperatures, they are less 

flexible, and their structure is more rigid, which can be termed as cold denaturation. 

In case of proteins, at low temperature, the more hydrophobic nature of water solvates 

the hydrophobic regions resulting the unfolding of 3D structure. At higher 

temperatures, flexibility increases and they can undergo conformational changes that 

can affect their function. Experimentally, the thermal folding/unfolding of the protein 

or nucleic acids is commonly related to the melting temperature (Tm). Similarly, the 

theoretical prediction of Tm of the biomolecules is calculated with the help of kinetic 

of folding/unfolding from secondary structure elements.  

 The dynamic nature of water molecules at the interface of proteins or nucleic 

acids is crucial for maintaining the biological activity. The water molecules near the 

surface of biomolecules mainly get perturbed compared to the bulk due to changes in 

the arrangement of the hydrogen bond network. Hydration water plays two important 

roles in biological processes by stabilizing the native states of the biomolecules and 

participating in biological reactions. Hydration shell is intimate to biomolecules that 

dominates the interactions at short range with the metal ions and water molecules. 

Also, at different temperatures, the exchange rate of interfacial water molecules, are 

rare and transient event on the molecular time scale. The interfacial water molecules 

may favour or disfavour the energetics of biological process. Generally, this fact is 

overlooked while studying the mechanism of temperature induced conformational 

changes. Theoretical studies proved to be an efficient way to interpret the minute 

details of temperature induced changes on water dynamics. 

 The research work mainly focus on the ionic and temperature dependence on 

the structural and the dynamic aspects of biomolecules such as proteins and nucleic 
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acids. These are called the biological building blocks which constitute the basis of 

living organisms. All cells consist of four fundamental biomacromolecules: nucleic 

acids, proteins, lipids and carbohydrates. Out of these, nucleic acids and proteins are 

essential to carry forward the genetic information (central dogma): DNA → RNA → 

Protein or RNA → Protein. The basic concepts of the protein/peptides and the nucleic 

acids have been discussed in the following section. 

1.5 BIOLOGICAL BUILDING BLOCKS 

The biomolecules such as Proteins, DNA, RNA, etc are organic macromolecules that 

have a significant role in living things including viruses and bacteria. They are 

essential for normal cell functions. A major aim of biophysics is to understand the 

biomolecular processes of living organisms and how the uniqueness of protein/nucleic 

acid structures (secondary, tertiary structures) perform a specific function. Proteins 

are biopolymers of amino acid residues linked by peptide (amide) bonds where as 

RNA, DNA are biopolymers composed of nucleotides. 

 

1.5.1 Proteins 

 

Proteins or Peptides are one of the important and decisive biological building blocks. 

It is considered a macromolecule due to its significantly large size. The secondary or 

tertiary structure of proteins mainly contain multiple units of amino acids. Therefore, 

it can be said that proteins are the polymer of structural units of amino acids.  

 

Figure 1.1: Amino acids forming a dipeptide through amide linkage. 
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The subunits of the protein are made up of amino acids called peptides. The 

deep understanding on chemical composition in peptides or protein showed that each 

amino acid consists of an acidic carboxyl group, an amino group, and an organic R 

group (Figure 1.1). There are 20 various types of amino acids present in nature with 

varying organic group. These amino acids can be joined together in various patterns 

and orders through amide linkage to form different types of proteins. 

 For more than five-decades, molecular biochemistry, structural biology, and 

biophysics have been influenced by the rigid or semi-rigid view of a functional 

protein or protein domain. These functional entities were used to propose unique and 

stable 3D structures of proteins or peptides (Uversky 2014). The protein structures 

can be determined using X-ray crystallography (Smyth 2000) and NMR spectroscopy 

(Cavalli et al. 2007). The functions of proteins or peptides depend on its energetically 

stable 3D fold conformation. Some fluctuations that allow for biological function also 

results from the changes in 3D structures. Conversely, there are disordered proteins 

and protein domains, such as biologically active intrinsically disordered proteins 

(IDPs) and intrinsically disordered protein domains (IDPs) that do not contain a 

properly defined equilibrated structure and mainly exist as highly dynamic, 

heterogeneous conformers (Tompa 2002), which are crucial for biological processes. 

 

 The biological functions of proteins and protein domains include energetical 

responses, catalyze enzymatic reactions, mechanical structural support, cell growth 

control, transportation, and storage of molecules. The specificity of protein function 

depends on the three-dimensional structure of the protein or peptide formed by the 

polymeric chain of amino acids. In one way, the fluctuations, denaturation, or 

misfolding of proteins results in the formation of aggregates which affects the native 

structure of proteins. Such changes in the molecular level result in system malfunction 

and disease in the organism as seen in Alzheimer’s disease, Parkinson’s disease, 

diabetes, etc. 

 

1.5.2 Nucleic Acids 

 

Proteins are not only the biomolecules that catalyze chemical reactions. There are 

some other biomolecules which have the ability to catalyze biochemical reactions. 
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The RNA molecules, found more than 30 years ago, can participate in the growth of t-

RNA precursors (Jaeger 1997) which decodes mRNA and transfers genetic 

information. Nucleic acids are complex biomolecules mainly present in cells and 

viruses. They are accountable for storing genetic information and expressing it 

through protein synthesis. They are made up of small units called nucleotides. 

Nucleotides consist of pentose sugar attached to nitrogen-containing aromatic base 

units and phosphate groups (Figure 1.2). Each nucleic acid has four nitrogen-

containing base units namely adenine (A), thymine (T)/ uracil (U) guanine (G), and 

cytosine (C). All nucleic acids contain A, G, and C base units. Presence of T and U 

determines the type of nucleic acid; DNA and RNA (Silva 2004). RNA can function 

as a reservoir of genetic information and a catalyst for biological reactions. The ability 

of RNA to initiate biochemical reactions lies in the folded 3D structures by forming 

Watson-Crick base pairs (Xia et al. 1998). The ability of certain regulatory proteins 

and nucleic acids to recognize and bind specific nucleotide sequences has led to their 

widespread applications in research. These nucleic acids act as key players in forming 

proteins (Chen et al. 2008). The ribozymes enzyme can catalyze the enzymatic 

reactions to understand the functional roles of RNA molecules in the cell such as 

catalysis, replication, transcriptional and translational regulation, and ligand binding 

(Tanner 1999). The folding of RNA from single-stranded regions to loops or helices 

can create binding sites for ligand and metal ions (Pan 1995). These mechanisms 

force infected cells to produce only viral proteins instead of the normal host cell.  

 
Figure 1.2: Representation of nucleotide containing a pentose sugar attached to a 

nitrogenous base and phosphate group (left). Chemical structures of DNA and RNA 

nucleobases (right). 
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 In summary, it can be concluded that the structure-to-function relationship of 

biomolecules greatly depends on the surrounding environment. Water also assists an 

important role in biological phenomena. The presence of ions and cosolvents can 

activate or inactivate the function of proteins/nucleic acids as well as alter the 

properties of water molecules around them. Similarly, the changes in temperature 

from normal conditions can affect both the biomolecules and the water structure. 

Literatures supporting the structure-to-function relationship of biomolecules and the 

effect of water on biomolecules under various conditions are discussed in the 

following section. 

1.6 LITERATURE SURVEY 

Life originated with water and it is very difficult to exist in its absence. The solvation 

of biomolecules in water has importance in various disciplines within chemistry, and 

biology to understand the structural, dynamics, and thermodynamic properties. The 

dynamics of water around biomolecules are complex and non-uniform (Frank and 

Evans 1945). Soper and Phillips (1986) defined hydrogen bond between two water 

molecules only if their inter-oxygen distance is less than 3.5 Å and the angle O--H--O 

is less than 30˚. The importance of water depends on its solvation power for any 

nonpolar substance (Ben-Naim 1987) and the dynamic of the water gets affected due 

to the nature of the solute. Poole et al. (1992) explained the phase diagram of liquid 

water that exhibits rich features that are visible in the equilibrium properties of water. 

The water molecules near the surface of biomolecules mainly get perturbed compared 

to the bulk due to changes in the arrangement of the hydrogen bond network. Water 

plays an important role in protein folding due to the presence of hydrophobic and 

hydrophilic moieties (Rahman and Stillinger 1971) Various experimental and 

computational techniques help to determine the 3-D structure of nucleic acids, and 

protein/peptides which are responsible for their function. The computer simulation 

method is a better choice to study processes that can be harmful, costly, or even 

impossible experimentally. Computer simulations can be performed at a very high 

(extreme) temperature and pressure which are impossible in the laboratory.  The goal 

of MD simulation is to characterize and predict the behavior of real systems at the 

atomic level. Molecular dynamics simulation can investigate the structure and 
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dynamic properties of the materials and biological molecules, with better accuracy 

and experimental correlation. Below we are providing the literature survey of some 

key articles along with their significant contribution towards the structural and 

dynamic aspects of water and biomolecules under varying ionic concentration and 

thermodynamic conditions. 

 Ibragimova and Wade (1998) showed that explicit ions are required to stabilize 

the YAP WW domain (β sheet domain) in addition to the normal charge-

balancing counter ions using MD simulations. The stability of a protein is 

calculated in terms of RMSD, RMSF, interaction energy, and electrostatic 

interaction. 

 The heterogeneous nature of local hydrogen bond patterns were studied by 

constructing Voronoi polyhedra (η=A3/36πV2) for the oxygen atom 

distributions. The slow H-bond relaxation is found to be temperature sensitive 

while the fast relaxation is temperature independent and arise from interstitial 

molecules coupling with a center water molecule (Yeh and Mou 1999). 

 MD simulations performed with various concentrations of NaOH (0.5 M to 19 

M) suggests the existence of ordered ion structures in the solution. The structure 

of hydration shells of ions-water was analyzed using the radial distribution 

functions, Voronoi tessellations, and the running coordination numbers. The 

structural and dynamic properties obtained from theoretical methods agreed 

well with the available experimental data (Zapałowski and Bartczak 2000). 

 The relationship between structural order and anomalies of liquid water were 

studied based on the order parameters of the water structure: translational order 

parameter (t) and orientational order parameter (q). These parameters have 

explored the structure of water in the form of tetrahedral and both parameters 

are strongly coupled to each other (Errington and Debenedetti 2001). 

 The thermodynamics of interaction between TMAO and protein functional 

group (-CONH-) were determined using calorimetric and MD simulation 

methods. It is found that transfer free energy of –CONH- from water to TMAO 

is positive, indicating an unfavourable TMAO/-CONH- interaction whereas 

slightly favourable interaction between TMAO and apolar groups from water. 
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MD simulations supported these findings and suggest that TMAO stabilizes 

protein conformations via water structure enhancement through hydrogen bonds 

(Zou et al. 2002). 

 Zhang et al. (2003) calculated the structural and dynamic properties of protein 

(bacteriophage T4 lysozyme) and S-peptide analog in an aqueous medium via 

amplified collective motion method. The motions of molecules along the modes 

are coupled at higher temperatures such as the weak coupling method to amplify 

collective motion. This methodology guides atomic level molecular simulations 

and can be applied to protein folding/unfolding, structure prediction. 

 MD simulations performed on HP-36 studied the sensitivity of protein-water 

hydrogen bond lifetime in the protein hydration layer based on the secondary 

structure elements. The dynamics of interfacial water molecules and their 

structural properties are correlated with the network of hydrogen bonds between 

water and the amino acid residues of the protein. The relaxation behaviour of 

protein-water H-bonds depends on the secondary structure elements 

(Bandyopadhyay et al. 2005; Garcia and Hummer 2000; Pavlek et al. 2024). 

 The absorption of ions on trapped water within the tiny cavities inside the silica 

gel follow the order Mg
2+ 

˂ Ca
2+ 

˂ Li
+ 

˂ Na
+
 ˂ K

+ 
˂ Rb

+ 
˂ Cs

+
 and proposed 

that the structure of water inside these pores are different from the bulk water 

(Remko and Rode 2006; Romero et al. 2018). It can change the physical and 

chemical properties of the system. Water can change its density so that 

hydrogen bonds become straighter and stronger or bent and weaker. Water can 

also change its properties at a protein surface. Many enzymes discriminate 

between sodium and potassium: carboxyl groups present in enzymes show a 

preference for K
+
 over Na

+
 ions at a ratio of 2:1. These two ions show the effect 

on the water: Na
+
 ions slightly increase the water structure whereas K

+
 ions 

decrease the water structure (Wiggins 2008). It is found that lithium shows 

exception to follow the Hofmeister series and shows more water affinity than 

K
+
 and Na

+
 ions (Aziz et al. 2008; Jakobsson et al. 2017). The experimental 

results (X-ray absorptions) are supported by combined ab initio and MD 

simulations. Another study suggested increasing binding affinity of ions 

towards weak carboxylic acids, K
+
 < Na

+ 
< Li

+ 
because of the strong attraction 
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between the smaller cation and acetate in solvent-shared configurations (Hess 

and van der Vegt 2009). In RNA, binding affinity follows direct Hofmeister 

series at  backbone but reversed at  nucleobases leading to high selectivity of 

ion binding sites (Cruz-León and Schwierz 2020). In less polarised water, DNA 

experiences  B→A conformational transition for lighter alkali metal counterions 

(Li
+
, Na

+
 and K

+
) while it keeps B form for heavier ions (Rb

+
 and Cs

+
) (Wen et 

al. 2014). 

 Yan et al. (2008) studied the relation between excess entropy and its local order 

parameter via MD simulations using canonical ensemble and TIP5P water 

model. In conclusion, excess entropy talks about dynamic and thermodynamic 

properties of water and also the exact location of Low/High density of water. 

 Chakraborty and Chandra (2011) performed ab initio molecular dynamics 

simulations of liquid-vapor interfacial system consists of water-ammonia 

mixture. The structural and dynamical properties are calculated for the mixture 

revealed that the relaxation of the interfacial molecules is faster than those of 

the bulk. However, longer hydrogen bonds lifetimes are observed at interface. 

 Ion-protein interactions were studied using polarizable force-field with 30 PDB 

structures at 0.15 M concentration of Na
+
, K

+
, Ca

2+
, Cl

─ 
in presence of NMA, 

ETOH, PA (1,2,3,4 molecules) as the solvent for each system. The results were 

analyzed by the structural properties like angular geometry, binding distances 

between ions and NMA, the coordination number of ions, and thermodynamics 

properties such as solvent-solvent transfer free energy of salts. The accumulated 

force field models show the interactions of Na
+
, K

+
, Ca

2+
, and Cl

─ 
with the polar 

group of protein, and amino acids including the functional group like 

carboxylates, hydroxyl groups, and side chain moieties (Li et al. 2015). 

 The entropy concept for water structure and dynamics in a protein hydration 

layer is analyzed via MD simulations of lipase B. The relationship between the 

structure and diffusive dynamics of water was studied. The different 

measurement of hydration dynamics was calculated by selecting every region’s 

(α-helix, β-sheet) water molecule, and the RDFs, excess entropy also showed 

that protein structure affects the water structure and dynamics through 

topological and chemical effects. The heterogeneous  hydration dynamics 
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around lipase surface was found to correlate with spectroscopic data of other 

proteins (Dahanayake and Mitchell-Koch 2018). 

 Mixed solvent (Water-MeOH) promotes protein RNA association, by enhancing 

salt–linkages between basic amino acid side-chains and acidic phosphates of the 

sugar–phosphate backbone (Porcelli et al. 2024). Simulations showed that the 

A-RNA shape was most sensitive to the RNA force field, with some force fields 

leading to a reduced inclination of the A-RNA duplexes (Kührová et al. 2023). 

 Temperature-dependent simulation studies of amyloid peptides for the study of 

aggregation and deposition of amyloid fibrils: necessary to support the 

development of therapeutics (Hosseini and Van Der Spoel 2023; Okumura 

2023; Tachi et al. 2022; Zhang et al. 2024). Observed conformational changes 

upon variations in temperature were not at all driven by electrostatic 

interactions. The final conclusion was that the simulations were not able to 

accurately capture the temperature induced conformational changes of IDP 

(Jephthah et al. 2019; Zerze et al. 2015). 

 All-atom replica exchanges molecular dynamics (REMD) simulations have 

been done of PrP
C
−PrP

C
 to understand the molecular mechanism, modes of 

interactions, and altered stability pattern in the PrP
C
−PrP

C
 term of monomer and 

dimer. The conformational changes mainly in terms of the secondary structure, 

hydrophobic surface exposure, and peptide-peptide intermolecular interactions. 

The monomers exhibit spontaneous dimerization by a decrease in the solvent-

exposed surface area along with an increase in intermolecular contacts 

involving salt bridges, hydrogen bonds, and hydrophobic interactions. The 

water molecules can wrap around the chain to almost maintain the hydrogen-

bonded network (Chamachi and Chakrabarty 2016; Hande and Chakrabarty 

2022; Singh et al. 2017). At different temperatures, the exchange rate of 

interfacial water molecules, are rare and transient event on the molecular time 

scale (Strandberg et al. 2023). 

 In amyloid formation, the aberrant β-rich isoform of PrP is more efficient in 

binding and stimulating the conformational switch of the normal α-helical form 

via a unique binding-induced misfolding and aggregation (Mukhopadhyay 

2020). The study of the multidimensional free energy landscapes of diversely 
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complex proteins were done with REHT and REST2 methods. During the 

course of simulations, both the REHT and REST2 methods drive the transition 

of the unfolded starting conformation to a native folded conformation with 

almost a perfect match with the experimental. The secondary structure changes 

observed during simulations are found to be similar to those observed in NMR 

result (Appadurai et al. 2021). 

 The effect of ions is significant to IDPs and local ion–residue interactions play 

an important role in the structures and behaviors of IDPs. Recently, an open-

source Python package SPEADI, was developed to analyze the dynamic 

distribution of ions around IDPs from MD trajectories (Bruyn et al. 2023). 

 The charged phosphate groups of the sugar-phosphate backbone are the primary 

hydration sites for the water molecules and their negative charge attracts the 

counter ions for establishing the charge neutrality in the aqueous solution. The 

polyanionic nature of nucleic acids induces stronger interactions with water and 

solvent molecules than the proteins (Fingerhut 2021). 

 In the last three years, Scientists have done a lot of clinical trials and 

computational studies to find out the antiviral drug for COVID-19 and its 

various mutants. The interaction of antiviral drug (AD) with WT-A97V and 

P323L-RdRp was alanyzed using molecular dynamic (MD) simulations and the 

binding free energies were calculated. The AD bound to WT- and A97V-RdRp 

had a similar dynamic motion and residue fluctuations, whereas AD interaction 

with P323L-RdRp exhibited a tighter molecular conformation, with a high 

internal motion near the active site (Mohammad et al. 2021). Molecular docking 

and molecular dynamics simulation were performed to study the binding 

potency of novel guanosine derivatives  against RNA-dependent RNA 

polymerase of SARS-CoV-2 (Elfiky et al. 2022). 

 It is reported using MD simulations that higher temperatures have little or no 

influence on the stability and folding of the SARS-CoV-2 Spike protein (Khan 

et al. 2022). Computer simulations studies showed that the G15U mutation in 

the Delta variant s2m leads to significant structural, dynamical, and entropic 

differences from the parent SARS CoV-2 variant. This provides the foundation 
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on the mechanism of homodimerization in the Delta variant, which helps to 

establish structure–function relationship in virus (Makowski et al. 2023). 

 A combined NMR/MD study, to assess the temperature-dependent 

conformational dynamic properties of RNA secondary structure, which is 

required for the microscopic understanding of the various functions of RNA 

systems (Ferner et al. 2008). Using a combination of careful experimental and 

simulation studies to probe the temperature-dependent twist of the RNA double 

helix: the magnitude of the thermally induced twist decrease observed in the 

simulations is much weaker than that observed in the experiment (Dohnalová et 

al. 2024). 

 The different water model potentials can affect the structure and dynamics of 

simulated biomolecules such as proteins (Venugopal et al. 2022) and RNA. The 

water of different model potentials have different polarizability that can affect 

the structure and stability of the biomolecules. 

 The above literatures support the fact that computational studies can be 

important to propose many novel intuitions/postulate in the research of biological 

process. Taking into consideration, the two ribosomal peptides (Antimicrobial, 

Intrinsically Disorder Prion Peptide) and one ribonucleic acid (SARS-CoV-2 RNA-

genome) were selected along with the metal ions and thermodynamic conditions for 

the present research work. A brief discussion about the peptides and SARS-CoV-2 

RNA-genome considered in this research work is provided below. 

1.6.1 Antimicrobial Peptide and Importance  

Antimicrobial peptides (AMPs) are a class of small peptides that widely exist in 

animals, plants, and even microorganisms. The emergence of antibiotic-resistant 

microorganisms and the innate immune system of the different organisms paved the 

way for research on antimicrobial peptides. AMPs have a wide range of inhibitory 

effects against bacteria, fungi, parasites, and viruses (Lei et al. 2019). AMPs tend to 

help in metabolic processes in the plasma membrane with extra and intracellular sites. 

It can frequently change the body's immune system; help kill cancer cells and promote 

faster wound healing. they are considered to be a crucial part of immunity for all the 



17 
 

eukaryotic cells towards the microbial influx (Ageitos et al. 2017; Das and 

Chakraborty 2020; Hancock and Sahl 2006; Mondal 2019). 

 Generally, AMPs consist of 6–100 amino acids units with a diverse group of 

amino acids, displaying various types of structures, including α-helices, β-sheets, or 

cyclic structures. There have been many experimental and theoretical studies that 

suggest that AMPs can exist partially or fully disordered inside the solution and 

acquire their functional secondary structure upon interaction with the amphiphilic 

membrane and solvent (Kang et al. 2017; Preußke et al. 2023; Sato and Feix 2006). 

AMPs are polymers that are composed of hydrophilic, hydrophobic amino acids and 

therefore, they are amphiphilic in nature. AMPs generally have helical and beta-sheet 

structures with short amino acid sequences (Huan et al. 2020). The AMPs (positively 

charged) interact with the negatively charged cell membrane protein through 

electrostatic interactions. AMPs can be adsorbed on membrane proteins by a 

conformational change. The selected antimicrobial peptide, PDB ID: 5Z32 (Figure 

1.3), helps to make conjugate with tungsten disulfide quantum dots which boost the 

antimicrobial activity of peptide (Mohid et al. 2019). Understanding the structure-

function relationships of peptide-water, peptide-peptide, and peptide-salts interactions 

are important in molecular life and also in biological processes. 

 

 

Figure 1.3: Representation of antimicrobial peptide surface (PDB ID: 5Z32). 

 



18 
 

1.6.2 Intrinsically Disordered Sheep Prion Peptide 

The intrinsically disordered peptides/proteins (IDPs) do not contain well-

defined three-dimensional structures, but their intrinsic conformational changes 

propensity has a wide range of biological functions such as signal transduction, 

transcription, and cell cycle regulation (Wright and Dyson 1999). Prion is a cell 

surface protein (Figure 1.4) and is dominantly expressed in the peripheral and central 

nervous systems (Bendheim et al. 1992). The primary functions of prion protein 

include cell adhesion, synapse formation (Santuccione et al. 2005), regulation of 

circadian rhythm (Tobler et al. 1996), controlling ion homeostasis, cell signaling 

(Lewis and Hooper 2011), etc. It is known that the transformation of the normal 

cellular prion isoform (Prp
C
) to protease-resistant scrapie isoform (Prp

Sc
) is the initial 

point of prion disease. Following the misfolding, an exponential increase in the 

infected prion protein (PrP
Sc

) population occurs in an autocatalytic manner. The 

global disorder-to-order transitions can occur leading to the interaction of IDPs with 

partner proteins (Friedman et al. 2005). The intrinsic disorder is particularly abundant 

in proteins implicated in human diseases such as cancer, neurodegenerative disease, 

and diabetes (Jucker and Walker 2013, 2015). The role of metal ions in the context of 

IDP pathogenesis remains highly debated due to their ability to modify the 

electrostatic interaction (Huat et al. 2019). A recent study of metal ions such as Li
+
, 

Na
+
, K

+
, Mg

2+,
 Ca

2+
, Zn

2+,
 etc, have a significant effect on the prion peptide by 

shielding the unfavorable charge repulsion (Luczkowski et al. 2015). The Cu
2+

 and 

Zn
2+ 

are also reported to exhibit a significant effect on prion misfolding and the 

formation of toxic oligomeric species. The water molecules can wrap around the 

chain to maintain the hydrogen-bonded network (Chamachi and Chakrabarty 2016; 

Hande and Chakrabarty 2022; Singh et al. 2017). The thermodynamic stability of the 

PrP
C
 form concerning the possible misfolded conformations, and the associated 

barriers of their interconversion with the underlying conformational free energy 

landscape studied by the metadynamics simulation (Chamachi and Chakrabarty 

2017). The various mammalian prion peptide revealed that it consists of a reserved 

monomeric protein fold with a highly flexible N-terminus and a globular C-terminal 

domain, which contains a small two-stranded, anti-parallel β-sheet and α-helices 
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(Megy et al. 2009). Sheep prion peptides are generally found in β-hairpin in solution 

state and it is found to exist in α-helix and β-strand experimentally. The structural 

changes in sheep prion peptide which are trapped in free energy space cannot be 

determined by experimental techniques, and therefore, computational study is used to 

get information about these conformations. Sheep prion peptide is chosen because it is 

known that prion proteins are highly infectious and have the ability to transmit from 

animal to human. Among all the mammalian prion proteins reported to date, sheep is 

highly consumed by humans. Therefore, there is a high chance of transmission of 

infected prion protein from sheep to human through food items. Further, it is known 

that all the mammalian prion proteins have a high similarity index. It is also evident 

from the literature that instead of C-terminal and N-terminal segments the rest of the 

prion protein (23-231) is almost similar to all mammalian prion proteins.  

There are various enhancement sampling method such as all-atom replica 

exchanges molecular dynamics (REMD) simulations, umbrella sampling, and 

metadynamics which can efficiently sample the hidden conformations. Therefore, 

with the help of these techniques, it will be interesting to understand the folding 

mechanism of the sheep prion intrinsically disordered peptide in the presence of metal 

ions and under thermodynamic conditions to understand the normal cellular prion 

isoform (Prp
C
) changes to protease-resistant scrapie isoform (Prp

Sc
).  

 
Figure 1.4: (A) Representation of the cellular prion peptide and red shows the sheep 

prion peptide (intrinsically disordered region). (B) The unstructured arrangement at 

400 K of the intrinsically disordered region (142-167). 
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1.6.3 Severe Acute Respiratory Syndrome Coronavirus2 RNA Genome 

Coronavirus has the largest positive-stranded RNA genome of 26 to 32 kb among the 

known RNA viruses. The sequence analysis of SARS CoV-2 isolates reveals that the 

genome encodes for 16 non-structural proteins (Nsp 1-16) which forms 

replicase/transcriptase complex (RTC), 4 structural proteins (spike, envelope, 

membrane, nucleocapsid) and 9 putative accessory factors (Wu et al. 2020). SARS-

CoV-2 carries the largest ssRNA genome and is the causal pathogen of the ongoing 

COVID-19 pandemic.  

 
Figure 1.5: Schematic representation of FSE pseudoknot structure from SARS-CoV-

2 RNA genome. Different nucleotides are shown by different colours. 

 The frameshift stimulation element (FSE) from the SARS CoV-2 RNA 

genome is an ideal drug target for designing and developing antiviral drugs against 

the COVID-19 pandemic (Schlick et al. 2021) (Figure 1.5). It is believed that FSE 

contains a major ring binding site and other two alternative binding sites: the slippery 

hairpin site and the J3/2 site, where small molecules can bind to perform anti-

frameshifting (Zhang et al. 2020). The frameshifting process helps the virus to 

compact larger genetic material into short genetic elements (Atkins et al. 2016; 

Niknamian 2021). Small drug molecules which bind to FSE binding site can cause 

anti-frameshifting, which blocks the production of RNA enzymes important for viral 

replication (Neupane et al. 2020). The role the alternative conformations found in FSE 

plays an important role in the frameshifting process and the quantification of this 
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structural abundance is still a major challenge (Dey et al. 2024; Yan et al. 2023). The 

binding of the drug molecules depends on the conformation of the pseudoknot 

structure in SARS coronavirus (Park et al. 2011), which is identical to SARS CoV-2 

FSE up to single nucleotide substitution (Yan et al. 2023; Zhang et al. 2020). 

Therefore, studying the conformation evolution of FSE from the SARS CoV-2 RNA 

genome with temperature change can help to understand the finer details of the major 

forces responsible for maintaining the biological activity of RNA. 

1.7 SCOPE AND OBJECTIVE OF THE WORK 

From the literature survey, it is found that computational techniques can be used 

effectively to predict the interactions and free energy of protein folding/unfolding. 

Molecular dynamics (MD) simulations and high-order sampling methods such as 

REMD, umbrella sampling, metadynamics can capture protein dynamics and 

associated conformational changes at the atomic level. Since the metal ions can affect 

the water structure as well as the biomolecules, it is important to understand how the 

metal ions bind to proteins: before, during, or after protein folding, to perform a 

biological function. Also, it is equally important to understand the role of water 

potential induced stability and instability of biomolecules. In the research work, the 

effects of metal ions and temperature on the solvation structure of the water model as 

well as the secondary structure of biomolecules have been investigated. 

 Based on the literature review and above-mentioned scope, the following 

objectives have been designed. 

 To calculate the preferential binding affinity of metal ions and their effect 

on the structure and dynamics of water near the antimicrobial peptide. 

 To determine the influence of ion specificity and concentration on the 

conformational transition of intrinsically disordered peptides (IDP). 

 To obtain insights into disorder-to-order transition in sheep prion peptide. 

 To study the temperature-dependent conformational evolution of the SARS 

CoV-2 RNA genome. 
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 To explore the multiple and prominent conformational forms of RNA 

genome at different temperatures through interhelical dynamics and 

network analysis. 

 To determine the sensitivity of the RNA Conformations in SPC/E and 

mTIP3P Water Models focusing on the effect of the hydration shells.  
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CHAPTER 2 

MATERIALS AND METHODS 

In this section, a brief discussion regarding the methodology used in biomolecular 

simulations is provided. Also, a brief background of various structural analyses and 

water-structure analyses around the peptide and the RNA molecule is included. 

Molecular Dynamic simulation has become an important and very useful tool to 

answer many questions in the field of biochemistry and biophysics. GROMACS 

software was used to perform unbiased MD simulations in this research work. The 

initial coordinates of three biological systems for MD simulations; antimicrobial 

peptide (5Z32), intrinsically disordered sheep prion peptide (2RMW), and FSE of 

SARS CoV-2 RNA genome (6XRZ) were retrieved from RCSB Protein Databank. 

Before simulations, the systems were subjected to energy minimization by Steepest 

Descent algorithm followed by NVT and NPT equilibration. The peptide and nucleic 

acids parameters were taken from CHARMM, and AMBER force fields due to their 

suitability to reproduce experimental observations. The various water model SPC/E, 

mTIP3P, and TIP4P have been used to solvate the system. The simulations were 

repeated at least thrice to check the convergence and reliability of the results. The 

structural properties of biomolecules were investigated in terms of the root-means-

squared deviation, radius of gyration, root-mean-square fluctuation, solvent accessible 

surface area and number of hydrogen bonds. The solvation structure has been studied 

in terms of radial distribution function, orientation profile, the fraction of hydrogen-

bonded water molecules, tetrahedral order parameter, and void distribution. The 

dynamic properties have been calculated in terms of mean square displacement, 

hydrogen bond lifetime and survival probability. The free energy, excess entropy, 

binding affinity, porcupine plots, and native contact map have been calculated to 

understand the stability of the system. The thermodynamic stability of the peptide and 

RNA molecules is determined by the free energy of folding and unfolding of the 

system based on the native and non-native base pairs. Further, we introduced network 
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analysis method that can sample big data sets effectively to identify the most 

prominent conformations of the macromolecules which existed during the process of 

evolution/denaturation and can also show how these conformations are connected to 

each other. A concise discussion on the theory of various simulation techniques and 

analyses used in this research work is given in following sections. 

2.1 MOLECULAR DYNAMICS SIMULATION 

 One of the key assumptions in biophysics is that biomolecules are more 

flexible and dynamic and the atoms which constitute the biomolecules are having a 

constant motion. Therefore, it is more difficult to understand the interactions at the 

atomic level during the regulation of their structures, dynamics of the biomolecules, 

and functions. The structural and dynamical properties of the biomolecular system 

require a deep knowledge of energetics and basic interaction mechanism at the 

microscopic level. Computer simulations have played an important role to probe the 

dynamics of different many-body systems, by capturing the motions of atoms and 

their interactions under a wide range of biophysical, physio-chemical processes which 

are more far-away from the scope of the experimental procedure. However, the 

detailed analysis of the degree of freedom at a microscopic level is an important 

aspect to probe the physical phenomena of theory. Therefore, the resolution of the 

primary structure calculated from the experimental tools is the basic and important 

requirement to perform MD simulations. In general, the trajectories of the molecules 

at an atomistic level in a molecular system are predicted by the numerical solution of 

Newton’s equation of motion. The forces acting on the particles are to calculate the 

interatomic potentials during the particle motions. The MD simulations study was first 

applied to the material systems, afterward, MD simulation became an important and 

very useful tool to answer many questions in the field of biochemistry and biophysics. 

Steps to perform a typical MD simulation are shown in Figure 2.1. To simulate a 

wide range of molecular systems, there are different types of force fields developed 

and is re-parametrized to reproduce the experimental data. Therefore, the output 

obtained from the MD simulation trajectory can be compared with experiments and 

considered a useful tool to validate experimental data.  
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Figure 2.1: Flow chart to perform the Molecular Dynamics simulation. 

 The major drawback of MD simulation is the high computational cost. In 

general, many biomolecular events can occur in a nanosecond (ns)/microsecond (μs) 

to millisecond (ms) time scale. To detect the biological phenomena, one thing needs 

to extend the MD simulation up to the ms time scale, which requires huge storage 

space and computation time. There are many higher sampling techniques has been 

developed, such as replica exchange molecular dynamics, umbrella sampling, free 

energy perturbation, meta-dynamics, adaptive biasing force, etc to overcome 

limitation such as computation time and computational cost. Such methods can 

efficiently detect various biological events by increasing the sampling of the 

biomolecule in a defined phase space. However, those methods can be efficiently 

applicable in biomolecular systems containing comparatively a moderate number of 

atoms. Understanding the structure and dynamics mechanism of very large 

biomolecules requires some advanced sampling techniques.  
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2.1.1 Basic Equations of Molecular Dynamics Simulations and Essential 

Algorithms 

Molecular dynamics simulations are performed by solving Newton’s equations of 

motion   

                                                           (2.1) 

where mi is the mass of the atom,    
    

    is the acceleration and Fi is the force 

acting on atom i due to the interaction with other atoms. The force acting on each 

atom can be expressed in terms of the gradient of potential energy (V) of that 

particular atom, 

          
  

   
                                                       (2.2) 
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                                                                         (2.3) 

 
  

   
   

   

   
                                                                                     (2.4)                            

The position and velocity of each atom at every time interval can be calculated by 

solving equation 2.3. To solve the differential equation, the initial position, and 

velocities of each atom which is generally mentioned in the coordinate file is 

considered. The collection of the position and velocity of all the atoms of interest is 

known as trajectory, the final output of MD simulation. To integrate the Newtonian 

law of motion for the huge collection of particles, different algorithms were 

developed. 

Verlet Algorithm: The basic equation of verlet algorithm is given below 

                                                                                    (2.5) 

In verlet algorithm, the new position and acceleration are calculated from the position 

at time t and (t-δt) without using explicit velocities (Verlet 1967). 



27 
 

Leapfrog Algorithm: This algorithm was used to fulfill the drawbacks of verlet 

algorithm, especially the velocity term (Hockney and Eastwood 1988). By using some 

approximation for derivative, once it has considered the velocity at the midpoint 

between time t and (t+δt) express as: 

     
 

 
             

     

  
                                                                                           (2.6) 

Velocity verlet Algorithm: Unlike the Leapfrog algorithm, the velocity-verlet 

algorithm calculates the position, and velocity at the same value as the time variable. 

This approach explicitly incorporates velocity to solve the problem of the first-time 

step in the verlet algorithm (Swope et al. 1982). 

                        
 

 
              

(2.7) 

                 
 

 
                                                                     (2.8) 

Beeman’s Algorithm: This method provides the numerical integration of the ordinary 

differential equation of order two. The algorithm is designed in such a way that it 

allows a huge number of particles in MD simulation Beeman (Beeman 1976). It 

computes the position ri of the particle at the time (t + δt) from the data (t - δt), 

                      
 

 
                                           (2.9) 

                          
 

 
                                   (2.10) 

RESPA Algorithm: The reversible reference system propagator algorithm (RESPA) 

is a newly introduced integrator algorithm suitable for systems with a separation of 

time scales or with long-range forces. This algorithm is generally used to integrate 

fast motions with smaller time steps. 

2.1.2 Force Fields and Interaction Parameters 

Force field is the collection of mathematical functions and parameters which is used 

to calculate the potential energy of the atoms in the molecular system. There are two 
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basic terms, bonded and nonbonded interaction between the atoms. There are two 

kinds of force fields (a) All-atom force and (b) Coarse-grained force fields. 

 The mathematical function for the force field can be expressed by the 

following equations: 

                                                                                                                 (2.11) 

where,                               ;                            

               

 There are many force fields available in the literature, which have different 

degrees of complexity, and were developed to work on different kinds of systems. 

Some examples of the force field are: AMBER (Assisted Model Building and Energy 

Refinement, (Weiner et al. 1984)), CHARMM (Chemistry at HARvard Molecular 

Mechanics, (Brooks et al. 1983)), GROMOS (GROningen Molecular Simulation 

package, (van Gunsteren and Berendsen 1987)), OPLS (Optimized Potential for 

Liquid Simulation, (Jorgensen and Tirado-Rives 1988)), MARTINI etc. 

 The potential energy of the system can be related by a simple equation of 

internal coordinates known as a force field. In CHARMM force field, potential energy 

(V) has the form: 

           
 

     

          
 

      

                 

         

          
 

         

                  
 

            

       

   

       
       

   
   

          

   
       

   
  

  
    

       
          

  

       (2.12) 

 

where, the terms corresponding to harmonic bond stretching potential (b is the bond 

length), harmonic bond angle potential (θ is the bond angle), proper dihedral potential 

(ϕ is the dihedral angle and δ is phase shift), improper dihedral potential, Urey-
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Bradley potential (r1,3 is the distance between atoms 1 and 3), grid-based energy 

correction map, van der Waals potential (rij is the inter-particle distance, εij is the well 

depth and σ is the distance where potential is zero) and electrostatic potential (q is the 

charge of particle and ε0 is the permittivity of free space) respectively. k is the force 

constant for each interaction terms. 

For AMBER force field, potential energy (V) has the form: 

           
 

     

          
 

      

  
 

 
               

         

          
 

         

       
       

   
    

          

   
       

   
   

  
    

       
          

  

         (2.13) 

The potential energy in AMBER force field is similar to CHARMM force field, where 

the former lacks Urey-Bradley potential and CMAP correction terms. 

2.1.3 Non-Bonded interactions 

The interactions between atoms or molecules are governed by a potential that 

maintains the integrity of the matter and prevents the atoms from collapsing. The non-

bonded interactions consistes of a Coulomb term, a repulsion term and a dispersion 

term. The Coulomb term covers all the charged particles in a system. The most 

commonly used potential, used first for liquid argon is the Lennard-Jones (L-J) 

potential, (6-12 interaction) which is a mathematically simple model that 

approximates the interaction between a pair of neutral atoms or molecules (Figure 

2.2). A form of this inter-atomic potential was proposed by John Lennard-Jones in 

1924 (Bell et al. 2019). The equation of L-J potential can be described as 

              
 

   
 
  

  
 

   
 
 

                                                  (2.14) 
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where,           is the distance between a pair of atoms i and j and ε is the depth of 

the potential well, σ is the finite distance where the potential is zero. 

 

 

Figure 2.2: A graph V/r for Lennard – Jones potential. 

Electrostatic interactions: The Coulomb interaction between two charge particles is 

given by: 

         
    

     
                                                                              (2.15) 

where   
 

    
                      Coulomb interaction decays slowly with 

distance, considered long-range interaction. rij represents the distance between two 

atoms having charges qi and qj and ε0 represent the dielectric constant, a number 

relating the ability of a material to carry the alternating current to the ability of the 

vacuum to carry alternating current. 

2.1.4 Bonded Interactions 

Bonded interactions are not exclusively pair interactions, but include 3 and 4-body 

interactions as well. There is bond stretching (2-body), bond angle (3-body), and 
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dihedral angle (4-body) interactions. A special type of dihedral interaction (called 

improper dihedral) is used to force atoms to remain in a plane or to prevent transition 

to a configuration of opposite chirality. 

2.1.5 Important Files for Performing MD Simulation 

Coordinate file: This kind of file contains all the atomic positions and initial 

velocities in the 3D space (XYZ coordinates). Such coordinates files are often 

retrieved from XRD, and NMR studies of biomolecules. However, the coordinate files 

can be constructed using drawing software for small organic molecules. The 

coordinates files of unknown biomolecules can be predicted by homology modeling 

keeping related molecules as a template. The most widely used coordinate file is the 

protein Data Bank file (PDB) which can be retrieved from the RCSB-PDB website for 

known biomolecules. 

Topology files: The topology files primarily contain information on the mass and 

charge of all the atoms subjected to MD simulation. The addition of the charges 

corresponding to each atom represents the total charge of the entire system. 

Furthermore, the covalent bonds between the atoms, angels, and dihedrals are defined 

in the topology file. The topology files are dependent on the chosen force field for 

MD simulation. 

Parameter files: This file contains all the crucial parameters for MD simulation such 

as the integrator algorithm, time steps for integration (generally in the femtosecond 

range), bond parameters, nonbonded interaction cut-offs, virtual temperature, pressure 

controller, etc. The reference temperature and pressure for the simulation are also 

mentioned in this file. 

2.1.6 Ensembles 

An ensemble is a large group of microscopic states of a system with certain constant 

properties. It consists of moveable parameters at an atomistic level for molecular sub-

units. Generally, there are different types of ensembles such as the Micro-canonical 

ensemble (NVE), Isothermal-isobaric ensemble (NPT), and Canonical ensemble 

(NVT). Some other ensembles such as (μVT) are also used in MD simulation. 
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Microcanonical ensemble (NVE): In the case of the microcanonical ensemble, A 

system (solid, liquid, or gas) has constant volume and energy with a constant number 

of particles. This ensemble was obtained by solving Newton’s equations without any 

temperature and pressure control. At constant energy, simulations are not 

recommended for equilibration because, without the energy flow facilitated by the 

temperature control method, the optimum temperature cannot be achieved. 

Canonical ensemble (NVT): A system has a constant temperature and volume 

ensemble with a constant number of particles referred to as the Canonical ensemble. 

The ensemble is obtained by controlling the temperature through direct temperature 

scaling during the initialization stage and by temperature-bath coupling during the 

data collection phase. 

Isothermal-isobaric ensemble (NPT): A system having (N) particles at constant 

temperature and pressure is referred to as the NPT ensemble. This ensemble allows 

for overcoming both temperature and pressure. The ensemble can also be used during 

equilibration to achieve the optimum temperature and pressure before changing the 

constant volume. 

2.1.7 Periodic Boundary Conditions 

There are 3 types of boundary conditions (BC) that can be specified during the setup 

of MD simulations: 1) vacuum 2) reflecting wall and 3) periodic boundary conditions 

(PBC). The vacuum is the simplest BC which mimics a gas-phase environment but 

the dynamics of the global system properties will not reproduce the condensed phase 

(van Gunsteren et al. 1995). The reflecting wall BC indicates that the particle might 

be immediately reflected when it tries to cross the wall. PBC means that the system is 

placed in a simulation box and it is considered to have infinitely many images in 

space. Each simulation domain has 26 nearest neighbors in the 3D boundary. When 

the particle tries to cross the boundary of the simulation box on one side, immediately 

an image of the particle comes toward the simulation box from the opposite side, 

therefore, the overall number of particles in the system is conserved. However, to 

improve the speed and accuracy to compute electrostatic interaction in large-scale 

MD simulations Particle Mesh Ewald (PME) method has been developed.  
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2.1.8 Minimization  

Even when initial structures are obtained from the experimental data such as PDB of 

protein or nucleic acids, there may be missing hydrogen atoms and unusual bonds or 

other atoms in residues. Therefore, it is necessary to do energy minimization of the 

initial coordinates to remove any potential steric clashes between atoms if the missing 

atoms are added during the initial structure calculation. In my work, I used either the 

steepest descent algorithm (Martyna et al. 1992) or conjugate gradient schemes to 

conduct energy minimization.  

2.1.10 Holding on Temperature and Pressure 

In all MD simulations reported in this work, I used the velocity-rescale temperature 

coupling method to additional damping and random forces introduced in the system. 

The temperature control is implemented through frequent adjustment of the momenta 

of all atoms in the system.  Next, a 20 ns NPT equilibration was carried out with a 

time step of 2 fs at 1 atm using the respectively The pressure is controlled using the 

Nose-Hoover thermostat (Martyna et al. 1992) and Parrinello-Rahman pressure 

coupling scheme (Parrinello and Rahman 1981) algorithm in all MD simulations.   

2.1.11 Software Packages for MD Simulation  

GROMACS (GROningen MAchine for Chemical Simulations) (Abraham et al. 2015) 

is a software to perform molecular dynamics simulations of biological 

macromolecules such as proteins, nucleic acids, and lipids, and also for non-biological 

molecules such as polymers. GROMACS is a very efficient and fast calculation tool, 

the behavior of systems (for example, protein-water, protein-protein, nucleic acids in 

water) under some specific conditions such as temperature, pressure, and pH can be 

calculated very smoothly. It has also consisted of methods for preparation and 

analysis including free-energy calculation of the systems. It helps in monitoring the 

physical movements of atoms and molecules at specific time intervals. GROMACS 

has different force fields that can be used for energy minimization and different kinds 

of systems. GROMACS software package were used to conduct MD simulations for 

studies presented in working chapters. GROMACS is a suite of biomolecular 

simulation programs that can be used to setup, perform, and analyze MD simulations. 
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2.2 METADYNAMICS SIMULATION 

Metadynamics is an enhanced sampling method and is generally described as 

“packing of the free energy wells with bias-free energy.  In metadynamics, the free-

energy surface is a function of some selected degrees of freedom, by choosing the 

collective variables (CVs). The bias potential which is a function of the collective 

variables (CVs) is added to the Hamiltonian of the system. This potential can be 

written as a sum of Gaussians deposited along the system trajectory in the CVs space 

to discourage the system from revisiting configurations already sampled. First, the 

bias potential will exert influence on coarse-grained dynamics in the CVs space based 

on a series of constrained molecular dynamics simulations. Later, the bias was given 

continuously during the MD simulation either by acting directly on the microscopic 

coordinates of the system or via an extended Lagrangian formalism. The modified 

Gaussian potential (VG), 

                                                                                 (2.16) 

where H is total energy or Hamiltonian of the system, T is the kinetic energy, V is the 

potential energy and VG is the bias potential or Gaussian potential. 

 Let F be defined as the set of d functions (collective variables) of the 

microscopic coordinates (R) of the system:                           . At 

time t, the Gaussian potential (bias potential) may be given as, 

                               
                  

   
 

 
   

 

 
)                                   (2.17)    

where ω is the energy rate and σi is the width of the Gaussian for i
th

 collective 

variable. The energy rate is constant and generally expressed in terms of Gaussian 

height (W) and a deposition stride (τG) 

        
 

  
                                                            (2.18) 

As it is common among CV-based methods, metadynamics is limited in the 

number of CVs it can handle as the computational cost scales exponentially with the 

number of CVs. This generally limits metadynamics simulation to three to four CVs. 

In standard MD simulation, the probability of system to remain in this minimum is 

more because the energy barriers are higher than thermal fluctuations. Meanwhile, in 
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metadynamics, as time goes by, Gaussians are deposited causing the underlying bias 

potential to grow, until the system is pushed out of another basin into a new local 

minimum. It accelerates the sampling of rare events by forcing the system to be away 

from local free-energy minima. Metadynamics allows us to explore new reaction 

pathways as the system tends to escape the minima passing through lowest free-

energy saddle point. 

2.3 REPLICA EXCHANGE MOLECULAR DYNAMICS (REMD)  

The most challenging computational problems in the field of statistical mechanics is 

the development of methods which are capable of sampling a canonical distribution. 

Replica Exchange Molecular Dynamics (REMD) is a technique which can quiken the 

conformational sampling by allowing the exchange of configurations between n 

number of replicas (Nishimoto et al. 2019; Sugita and Okamoto 1999). REMD 

method was first introduced by Okamoto and co-workers (Sugita and Okamoto 1999) 

in the study of biomolecules. REMD is a hybrid method with a combination of 

Molecular Dynamics simulations and Monte Carlo algorithm.  

 

Figure 2.3: Major Steps in performing REMD simulation. 

Let us consider a system of N atoms of mass mk (k=1,…, N) with their 

coordinate vectors and momentum vectors denoted by q ≡ {q1,…,qN} and p ≡ 

{p1,…,pN}, respectively. The Hamiltonian H(q,p) of the system is the sum of the 

kinetic energy K(p) and the potential energy U(q) 
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                                                        (2.19) 

The REMD method combines the replica exchange algorithm with multiple MD 

simulations. Thus, the initial step of the REMD simulation is identical to that of the 

conventional MD simulation. In the final step, a series of parallel MD replicas at 

different temperatures are created (Figure 2.3). The potential energy U (R1, R2, . . . , 

RN ) of N number of replicas (R) is characterized by a large number of local minima 

separated by high barriers. REMD can overcome these high energy barriers by 

swapping between neighbouring replicas periodically using Metropolis criteria. Such 

potential energy functions describe various bio-physical systems including proteins, 

DNA, RNA, polymer membranes, and polymer blends, to name just a few. In REMD, 

the exchange of adjacent replicas will be attempted based on the metropolis criterion 

with the following acceptance probability: 

                        (2.20) 

                                                      (2.21) 

where, U(Ri) and U(Rj) are the potential energy of i
th

 and j
th

 replicas at temperatures βi 

and βj respectively, where   
 

   
.  

 

Figure 2.4: Simple illustration of REMD method using different temperature MD 

simulations at T1, T2, T3 and T4. 

During the simulation, the temperatures will be distributed across all the 

replicas in a geometric progression to achieve a constant exchange rate across the 
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temperature range under consideration (Figure 2.4). The range of temperatures to 

sample the system has been identified based on the following exponential distribution:  

                                                                    (2.22) 

where Ti and T0 are i
th 

replica and starting temperatures respectively, c is the desired 

acceptance ratio and the exponential allows the increase in temperature intervals. 

REMD helps to overcome energy barriers and enhance the sampling with a better 

conformational space. Also, it allows to explore the free energy landscape of the 

secondary structure of biomolecules (proteins and peptides). 

2.4 DATA ANALYSES FROM SIMULATION TRAJECTORY 

VMD is used to visualize trajectories generated by MD simulations. MDAnalysis and 

an in-house Python program have been used to analyze the structural and dynamic 

properties of obtained trajectories. The root-means-squared deviation (RMSD), 

Radius of gyration (Rg), root mean squared fluctuation (RMSF), solvent accessible 

surface area (SASA), the distance between atom pairs, number of hydrogen bonds, 

interaction energy (IE), mean square displacement (MSD), etc are calculated with the 

GROMACS analysis tool. The free energy, entropy, enthalpy, and free energy 

landscape (FEL), binding affinity, native contact map (NCM), hydrogen bond 

lifetime, the fraction of hydrogen-bonded water molecules (fn), void distribution, and 

survival probability (SP) has been calculated with a programming language such as 

python, Fortran, and C. 

2.4.1  Structural Parameters 

(i) Root mean square deviation: The root-mean-square deviation (RMSD) of 

protein, peptide, and nucleic acids was calculated as a function of time in order to 

evaluate the degree of conformational drift from the initial structure. RMSD can be 

calculated by least-square fitting the desired conformation to reference conformation 

(t2 = 0) and is given by 

             
  

 
    

 
                  

  

 

 
                                     (2.23) 
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where    is the coordinate vector corresponding to time      . If the calculated RMSD 

is not mass-weighted, then we consider all      and    . 

The energy change of the evolved conformations during a simulation as a function of 

RMSD can be calculated by 

                                                                                   (2.24) 

where kB is the Boltzmann constant (8.3145 × 10
-3

 kJ/mol) and P(rmsd) is the 

probability of conformations with RMSD (Anandakrishnan et al. 2019). The free 

energy profiles of the protein provide the information about 1-D free energy 

landscape which depicts the most stable conformation at a particular RMSD value. 

(i) The radius of gyration: Radius of gyration (Rg) measures the compactness of 

Biomolecules such as Peptide, proteins, DNA, RNA, and polymers during the 

simulation. Rg can be calculated using the equation, 

          
     

    

     
 

 

 
                                                                 (2.25) 

(iii) Root mean square fluctuation: The root-mean-square-fluctuation (RMSF) 

calculation showed the flexibility of the biomolecules. If we have considered that the 

xi is the coordinates of particle i and ⟨xi⟩ is the ensemble average position of i, then 

the RMSF can be calculated from the given equation: 

                                                                                     (2.26) 

(iv) Hydrogen bond occupancy: In the structural analysis, the hydrogen bond 

interactions exist between two non-overlapping groups of atoms, if the distance 

between the donor heavy atom and the acceptor (HD---A), r < 3.5 Å (Tan et al. 2021) 

and the angle (HD-A), α < 30˚ (Petukhov et al. 2004). The hydrogen bond occupancy 

is defined as the fraction of the time the molecule is hydrogen-bonded in the total 

simulation trajectory based on the geometric criteria. 

(v) Solvent-accessible surface area (SASA): The Solvent accessible surface 

area (SASA) is defined as the surface area of a biomolecule or polymer that is 

accessible to a solvent. The measurement of SASA is usually described in units of Å
2
. 

 

https://en.wikipedia.org/wiki/Surface_area
https://en.wikipedia.org/wiki/Biomolecule
https://en.wikipedia.org/wiki/Solvent
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(vi) Free energy of protein folding/unfolding: The free energy of folding for 

protein was determined by the changes in α-helix and β-sheet elements. 

          
    

  
           (2.27) 

where fN is the fraction of the native structure (Miner and García 2017). 

(vii) Radial Distribution Function: Radial Distribution function (RDF) in a system 

of particles such as atoms, molecules, ions, solvents, ionic liquids, etc, describes the 

variation in density as a function of distance. It can also be defined as the probability 

distribution of finding a particle at a distance ‘r’ from the reference point. The 

equation of RDF g(r) is given as, 

                        (2.28) 

In MD simulation, the number of atom pairs in a provided range of separation, r is 

considered to determine the RDF. The general expression to determine the RDF is 

given by 

                          (2.29) 

where ρ(r) is the atomic density at distance r and ρ(0) is the bulk density of atoms 

(Sha et al. 2011). 

(viii) Orientational order parameter: The orientational order parameter (Sg) is 

defined as the normalized sum of the squares of the differences between the cosines of 

the inter-bond angles and the cosine of the angles that would have been made if the 

bonds were tetrahedrally arranged. In a tetrahedral arrangement, all the angles 

between bonds will be the same, and therefore, 

   
 

  
          

 

 
 
 

 
     

 
                                                          (2.30) 

where ψj,k is the angle between the central oxygen atom and the j
th

 and k
th

 bonds. The 

factor 3/32 normalizes the Sg values to the range 0 < Sg < 1. The squaring ensures the 

contribution from each interbond angle is always greater than or equal to zero. If all 

the angles are arranged in perfectly tetrahedral order, the value of Sg will be the 

approach to zero. If the value of Sg is approaching 1 that shows distortion from 

tetrahedrality.  



40 
 

(ix)     Preferential binding affinity: The pair correlation functions can be used to 

calculate the KB integral value. The physical significance of the KB integral can be 

understood in terms of mutual affinities between the interacting molecular species in 

the system. The KB integrals between solution components can be expressed using 

the equation 

          

 
                                                                    (2.31) 

where gαβ is the radial distribution function, and r is the interatomic separations. A 

higher value of Gαβ indicates an overall stronger inter-atomic attraction between the 

species α and β (either direct or mediated by other components). If solvent water is 

denoted by subscript α, protein by β, and salts by γ, then    preferential binding (Lin 

et al. 2013; Pierce et al. 2008) of water to protein is given by:  

                                                                                      (2.32) 

(x) Entropy: The excess entropy S2 of the biomolecular system can be calculated 

with the help of the pair correlation function. For a system, consisting of a total 

number of N particles, the pair entropy is given by, 

  

   
      

 

 
                                                             (2.33) 

Most simple liquids obey Dzugutov scaling law (Errington et al. 2006), which uses 

microscopic reduction parameters, and is stated as, 

                                                                                           (2.34) 

where g(r) is the radial distribution function and ρ is the number density, D* is 

diffusion, kB is the Boltzmann constant. 

(xi) Secondary Structure Analysis  

The evolved secondary structure such as alpha helix, extended β-sheet, turns and coils 

of the peptide/protein during the course of the simulation was analyzed via the DSSP 

program. The gmx/gmx_mpi_d do_dssp command was used to generate the matrix 
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file and the gmx/gmx_mpi_d xpm2ps utility was used to generate the time evolution 

of the secondary structure of the peptides. 

2.4.2 Dynamical Parameters 

(i) Mean square displacement: Self-Diffusion coefficients can be calculated as a 

function of the velocity autocorrelation function or mean square displacement (MSD) 

method. In the present study, we used the mean square displacement method to 

calculate the diffusion coefficient. The self-diffusion coefficient is given by  

        
 

    
               

   
                                              (2.35) 

Where D is the diffusion coefficient, NM is the total number of atoms, t is the time, 

and rj(t) is the true displacement vector of the j
th

 atom at time t. 

(ii) Hydrogen Bond lifetime: The hydrogen bond lifetime between the donor and 

acceptor of the intra-molecule and inter-molecules can be calculated. We define two 

molecules to be hydrogen-bonded if the interatomic distance between hydrogen bond 

donor and acceptor pairs is < 2.5 Å. 

       
⟨         ⟩

⟨     ⟩
                                                        (2.36) 

where SHB(t) describes the probability of hydrogen bond formed from t=0 and remains 

bonded up to time t. The h (0) and H(t) are the variables based on the hydrogen bond 

population. The h(0) is unity when the particular pair (protein-water, protein-protein, 

and water-water) hydrogen-bonded at time t according to the definition zero otherwise 

(Kumar et al. 2007; Luzar 2000) 

(iii) Survival Probability: Survival probability (SP) is an important quantity for 

characterizing the relaxation dynamics of metal cations and cosolvents on the surface 

of the biomolecules and near the water. It gives information about the probability of 

spices staying on the surface of a biomolecule or inside the biomolecule. SP is more 

important and useful when working with complex local environments such as 

peptides proteins, nucleic acid, other biomolecules, and some multiple functional 

groups. The SP is given by:  
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                                                                       (2.37) 

where T is the maximum time of the simulation,    is the time between the analyzed 

configuration, N(t) number of particles in a region of interest at time t, and N (t,   

 ′) is the number of particles in the same region (Araya-Secchi et al. 2014; Debnath et 

al. 2010). The relaxation trend of the        provides information about the local 

dynamics of hydration water, and ions. We have fitted the relaxation curve with the 

KWW equation defined  as                   ; where β is stretched exponential 

parameter that lies 0 < β ≤ 1 and τ is the relaxation time. 

To quantify the characteristic relaxation times and for better fit, the 

normalized survival probability, i.e., S(t) obtained by using a single exponential 

function as given below is calculated for two different regions such as interface and 

bulk: 

           
  

  
       (2.38) 

where a0
 
is the pre-exponential constant, τ1 is the decay constant corresponding to the 

time-span of the metal ions that are staying near the carbonyl group of protein and in 

the bulk water. 

2.4.3 Free Energy Landscape 

A free energy landscape is a map graph of possible states of a system. The method is 

frequently used in science to describe all possible conformations occurred in a 

molecular system. In this generally, the spatial positions of interacting molecules in a 

system, or parameters can be captured in their corresponding energy levels, mainly 

Gibbs free energy. Geometrically, the free energy landscape is the graph of the energy 

function across the configuration space of the system. Boltzmann inversion of 

conformational distribution (Mu et al. 2004) was employed to compute the FEL based 

on the following equation 

                                                                                      (2.39) 

https://en.wikipedia.org/wiki/Configuration_space_(physics)
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where     is the free energy of i
th

 coordinate corresponds to the probability 

distribution of Pi. Pmax is indicating the maximum probability. T is the absolute 

temperature, and kB is the Boltzmann constant.  

2.4.4 Principal Component Analysis 

 The principal component analysis (PCA) is an important statistical calculation that 

can reduce the multidimensional data into 2 or 3 dimensions. From the MD simulation 

trajectory, it is necessary to extract the major motion or the essential dynamics of the 

system that are directly related to the biological function such as protein or nucleic 

acids folding/unfolding and fluctuation in molecules. The principal component modes 

of biomolecular dynamics can be calculated by diagonalizing the covariance matrix 

defined as, 

    
 

 
    

  
            

                                                       (2.40) 

In equation (2.40)   
  and   

  are the pair of elements that correspond to vector r
k
 

which depict the configuration of the system at time step k. ⟨ri⟩ and ⟨rj⟩ are the time-

averaged value of the elements for the N structures sampled in the MD simulation. In 

general, r is the vector that contains all the coordinates of the Cα atom of a protein. 

The eigenvector corresponds to the largest eigenvalue and provides the low 

dimensional subspace that can describe the maximum behaviours of the biomolecules. 

2.4.5 Clustering Algorithm  

Clustering is a type of machine learning (ML) in which the aim is to make a set of 

quantities into groups called clusters. Ostensibly, the entities within a cluster are more 

similar to each other than the entities from other clusters. There are many algorithms 

have been developed to study biomolecular systems with clustering of MD trajectory. 

 The behaviour of biomolecules such as DNA, RNA, and Protein, which are 

having a lot of confirmations, can be quantified with a clustering progress as given  

     
 

 
                                                                 (2.41) 

where N is the actual number of times points such that frames n and n+1 is in a 

different cluster and E is the expected number of switches or cluster's size. 
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2.4.6 Network Analysis 

Network analysis and clustering have been carried out to group the prominent 

structures where both orientation and conformation are equally essential to understand 

mechanism of protein function (Abramyan et al. 2016). The conformations for 

network analysis were obtained by in-built clustering algorithm in GROMACS 

software using RMSD as criterion. The selection of a proper cut-off is crucial as a 

lower cut off value gives too many conformations which may lead to irrelevant 

results; while a larger cut-off value neglects the finer details of the conformations. An 

open software, Gephi (Bastian et al. 2009), is used for constructing graphs for the 

network analysis. Edge and Node files were created by executing the following 

equation: 

         
 

 
        

  
        (2.42) 

where δi is the Euclidean distance between the coordinates of atom i at time t’ with 

the same atom in the reference conformation (at t) of system containing N number of 

heavy atoms.  If the RMSD is not mass-weighted, then               
     where    

is the coordinate vector of desired atom (Section 2.4.1 (i)). 
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CHAPTER 3 

PREFERENTIAL BINDING AFFINITY OF IONS AND THEIR EFFECT ON 

STRUCTURE AND DYNAMICS OF WATER NEAR ANTIMICROBIAL 

PEPTIDE 

Dissolved ions affect the stability of amino acids and proteins by altering the liquid 

water structure. In the present study, the behaviour of water at the interface and the 

bulk region of the biomolecules around hydrophobic and hydrophilic residues under 

the influence of different alkali metal ions, such as Li
+
, Na

+
, and K

+
 is explored. This 

is an important unexplored question in understanding many biomolecular processes. 

3.1 BACKGROUND 

Ions are known to be classified as either kosmotropes (structure makers) or chaotropes 

(structure breakers) according to their relative abilities to induce the structuring of 

water (Dill et al. 2005; Mancinelli et al. 2007). Biomolecules, on the other hand, can 

perturb the structure of water molecules near their surface due to the presence of 

different hydrophobic and hydrophilic residues (Persson and Halle 2018). The 

associated distortions and loss of tetrahedral symmetry of the interfacial water 

molecules near the protein surface, in turn, affect their dynamic properties (Galamba 

2013; Poole et al. 1992; Vedamuthu et al. 1994). “Biological water” are the water 

molecules around a biomolecule (protein, DNA, RNA, or a cellular membrane) that 

has separate and different properties from the aqueous bulk (Ageitos et al. 2017; 

Campo 2006; Fogarty et al. 2013; Nayar and Chakravarty 2013; Persson and Halle 

2008; Sinha and Bandyopadhyay 2011). These water molecules are important for the 

structure, stability, dynamics, and function of biomacromolecules (Jungwirth 2015; 

Levy and Onuchic 2006). Water molecules near the apolar groups are found to have 

more crystallinity (Starr and Sciortino 2014) than bulk (known as the iceberg model) 

(Galamba 2013; Huraskin and Horn 2019; Laage et al. 2009). They are also found to 

behave differently in presence of various cosolvents and ions (Dilip and Chakraborty 

2019; Huraskin and Horn 2019). 
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It is an already well-known fact that the stabilization and destabilization of the 

biomolecules in presence of TMAO and urea respectively occurs due to the direct and 

indirect mechanism (Lee et al. 2010). In view of this, it will be enthralling to see 

whether such mechanism exist when we compare the different size of ions. Since 

water behaves differently at different interfaces and in presence of different solutes, 

its structural and dynamical inhomogeneity at the interface of hydrophilic and 

hydrophobic residues of the same protein molecule in the presence of different ions 

will be a fascinating thing to study. The presence of different types of water near 

different residues can create different pressure zones in the solution leading to the 

difference in the diffusion of water molecules, ions across the different pressure zones 

which can lead to many biological functions such as folding-unfolding of proteins, 

transport of nutrients across the cells. This kind of study will be helpful to understand 

the bigger biological processes such as nutrient uptake and protein denaturation. 

Studies regarding different kinds of water have been limited only to the aqueous 

solutions of amino acids and the effect of model potential on the water molecules 

(Campo 2006; Nayar and Chakravarty 2013).  

 To address this, in the present study, the water structure near an antimicrobial 

protein were analyzed and tried to correlate it with the dynamical properties of the 

solution. The antimicrobial protein (PDB ID: 5Z32) (Mohid et al. 2019) considered 

here have different subunits such as hydrophilic, hydrophobic, and mixed zone to see 

the contrasting difference in the water structure. Different concentrations of LiCl, 

NaCl and KCl salt solutions  were considered as the size of the ions increases from 

Li
+
 > Na

+
 > K

+
 ions. The effect of different model potentials is also compared. 

3.2 SYSTEM SETUP 

The starting coordinates for the simulation of AMP were taken from the NMR 

structure (PDB ID: 5Z32) (Figure 3.1). Molecular dynamic simulation  were carried 

out in a cubic box comprising of the antimicrobial peptide, alkali metal ions, and 

water molecules. The compositions of each solvent mixture in three different 

concentrations are given in Table 3.1. The systems were neutralized anions. All 

atomistic simulations were performed with the GROMACS (version 2016.5) software 
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package (Berendsen et al. 1995; Van Der Spoel et al. 2005). Two different sets of 

simulations having different force fields were performed to compare the effect of the 

model potentials. A combination of CHARMM (Best et al. 2012) and SPC/E 

(Berendsen et al. 1981, 1987; Khalak et al. 2018; Oliveira and Colherinhas 2020) 

water systems, and a combination of AMBER (Duan et al. 2003) and TIP4P 

(Mahoney and Jorgensen 2000) were chosen to explore the effects of the force field 

parameters. The ion potentials used correspond to the CHARMM and AMBER force 

fields in the respective simulations. The details of the ion potentials are given in 

Appendix I. The different combination of the force field and the water model agrees 

qualitatively. The SPC/E water model is chosen since it represents the water 

properties more correctly and there have been reports which show that this 

combination works well (Průša and Cifra 2020; Tarek and Tobias 2000; Wolf and 

Groenhof 2012).  

 
Figure 3.1: Structure of the selected antimicrobial peptide. 

The equations of motion were integrated using the leapfrog algorithm with a 

time step of 10
−15

 s (1 fs) along with minimum image conventions and periodic 

boundary conditions in all three directions (Allen and Tildesley 2017). The minimum 

image conventions for calculation of the short-range Lennard-Jones interactions were 

employed and Particle Mesh Ewald (PME) (Darden et al. 1993; Essmann et al. 1995) 

sum was used to treat the long-range electrostatic interactions with nonbonded 

interaction space cut-off of 1.2 nm. Energy minimization was done using the steepest 

descent algorithm and the systems were equilibrated in NVT ensemble for 20 ns at 
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300 K. All simulations were performed in NPT ensemble for 100 ns at 300 K and 1 

bar using Parrinello-Rahman barostat (τp= 2.0 ps) (Parrinello and Rahman 1980) and 

Velocity-rescale (τT = 0.1 ps) (Bussi et al. 2007)
 
with modified Berendsen thermostat 

(τT = 0.1 ps) (Berendsen et al. 1984) were employed to keep the pressure and 

temperature constant respectively. LINCS algorithm was applied to keep bond lengths 

constrained. The simulations were well equilibrated and the RMSD values converged 

in 100 ns simulation (Appendix II). 

Table 3.1: NAMP, NKCl, NNaCl, NLiCl, Nwater represent the number of antimicrobial 

protein units, KCl, NaCl, LiCl, and water molecules in the simulation box. 

System NAMP NLiCl NNaCl NKCl NWater 

AMP (0.0 M) 1 1 1 1 3264 

AMP (0.4 M) 1 10 10 10 3255 

AMP (1.0 M) 1 30 30 30 3235 

3.3 RADIAL DISTRIBUTION FUNCTIONS 

Salt ions are widely present in chemical and biological systems and are of vital 

importance to biochemical activities. The two terminals of this peptide have two 

different environments (Figure 3.1). One corresponding to around Residue 2, ALA, 

and the other corresponding to around residue 18, ARG. The hydrophobic residue 

ALA is surrounded by VAL and the hydrophilic residue is connected to SER amino 

acid which shows that they have different environments. These two residues were 

selected to check the water structure and later, its dynamics in the presence of ions. 

The Cα-Ow pair correlation functions of Alanine (hydrophobic) and Arginine 

(hydrophilic) amino acids were plotted (Figure 3.2). The Cα-Ow pair correlation 

function is chosen since the water structure near Cα is found to be more altered and 

informative (Dilip and Chakraborty 2019) especially in the presence of the ions. The 

other RDFs (Cβ-Ow, NH-Ow Cγ-Ow, of ARG and Cβ-Ow, NH-Ow of ALA) 

(Appendix III, IV) are also found to be in the same trend when compared to Cα of 

ARG and ALA. The first solvation shell of ALA at different concentrations of salt is 
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found to have little differences (Figure 3.2 (a), (c), and (e)) which increases as we go 

to the higher solvation shells. 
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Figure 3.2:  Radial distribution functions g(r) of (a-h) Cα-Ow of ALA and ARG 

amino acid residues of protein in the presence of various salt solutions. (a), (b) are the 

RDFs of 0 M; (c), (d) is the RDFs of 0.4 M and (e), (f) are the RDFs of 1.0 M of ALA 

and ARG respectively for the CHARMM-SPC/E water model system. (g) and (h) 

shows the RDFs of 1.0 M of ALA and ARG for the AMBER-TIP4P model and (i) 

and (j) show g(r) of Cα-ion of ALA (dash line) and ARG (solid line) amino acids at 

1.0 M for CHARMM-SPC/E and AMBER-TIP4P system respectively.  

It can be seen that in the presence of salts the peak height of the second and 

third solvation shells rises with the increase in the concentration and is maximum for 

LiCl in the case of the CHARMM-SPC/E model concerning the other two types of 

salt at higher concentrations; whereas, in case of AMBER-TIP4P model, it is KCl. 

The sharp and well-defined peaks in Figure 3.2(e) suggest that the water structure is 

changed and it becomes more ordered in the presence of Lithium salt. The structural 

arrangement of water molecules near Cα of ARG is shown in Figure 3.2 (b), (d), and 

(f). In this case, it is found that all the solvation peaks are changing with the salt 

concentrations near the ARG residue which shows that the solvation structure of the 

water molecules is very much different for different salts near the ARG residue. When 

applied AMBER-TIP4P, force field the differences in the RDF are shown in Figure 

3.2 (g) and (h). The solvation structure of water molecules is altered in this case too. 

Figures 3.2 (i) and (j) show the RDF of Cα-ion near ARG and ALA. As it is evident 

from the curves that the lithium-ion is found to be present near the protein surface in 

comparison to the other ions and more in the presence of ARG residue. The presence 

of the ions near the protein surface will affect the solvation structure around these 
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residues. For more detailed observation, the number of hydrogen-bonded water 

molecules near these residues was calculated. 

3.4 NUMBER OF HYDROGEN-BONDED WATER MOLECULES 

It is noted from the RDF that the solvation structures near the Cα of alanine and 

arginine are very different in the presence of different salt solutions. For a better 

understanding of the structure of water molecules near the interface of alanine and 

arginine, we plotted the fraction (fn) of oxygen atoms of water molecules that contain 

n number of water-water hydrogen bonds for CHARMM-SPC/E systems in Figure 

3.3. We have considered 3.25 Å as the distance criteria between two oxygen-oxygen 

atoms to be hydrogen-bonded (Dilip and Chakraborty 2019). We selected the water 

molecules which are present within 4.3 Å, 5.6 Å from Cα of alanine and arginine as 

interfacial water molecules and outside 9.0 Å from Cα of alanine and arginine as bulk 

water molecules based on the placement of the solvation shells in the RDF for 

calculations (Dilip and Chakraborty 2019).  
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Figure 3.3: The fraction of water molecules having n number of hydrogen bonds 

within the distances [(a), (b) 4.3 Å] [(c), (d) 5.6 Å] and [(e), (f) > 9.0 Å] from Cα of 

ALA and ARG amino acid residues of protein in presence of 1.0 M salt solutions for 

CHARMM-SPC/E water model system. Graphs (a), (c), (e) and (b), (d), (f) are around 

Cα of alanine and arginine respectively. 

In all the cases, it is observed that the probability of the existence of the lower 

coordinated (i.e., one or two coordinated) water molecules is found to be more, and 

higher coordinated is less. The lower coordinated water molecules exist due to the 

presence of the broken hydrogen bonds present at the interface of the biomolecules. 

The percentage of this lower coordinated hydrogen bond decreases as we go towards 

the higher solvation shells. The water molecules near ARG have more percentage of 

lower coordinated hydrogen bonds.  

It is also observed that the number of hydrogen bonds between the water 

molecules present near the ALA residue has an insignificant effect due to the presence 

of different salt whereas; in the case of ARG, the number of hydrogen bonds between 

the water molecules present at the second Figure 3.3(d) and third Figure 3.3(f) 

solvation shells is affected sightly in presence of different salt in case of the SPC/E 

water model. In all the cases, lithium salts showed fewer broken hydrogen bonds 

compared to the other two salt solutions. At a higher solvation shell around 9.0 Å, the 

probability of finding water molecules having four and five coordinated hydrogen 

bonds increases as shown in Figure 3.3(e) and (f). The fraction of water molecules 

having five coordinated water molecules is very low than four coordinated.  
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 These water molecules arise due to the presence of interstitial water molecules 

between the solvation shells (Biswas et al. 2018). The order of salt solution which is  

showing higher coordinated water molecules in the bulk is LiCl > KCl > NaCl. This 

observation corelates with the coordination number results obtained from ab initio 

molecular dynamics (Bankura et al. 2013) and X-ray and neutron scattering studies 

(Mancinelli et al. 2007; Megyes et al. 2008; Soper and Weckström 2006). The trend is 

found to be similar near the Cα of alanine and arginine. To have a better overview of 

the tetrahedral structure of the water molecules we calculated the orientation profile of 

the bulk and interfacial water molecules which is discussed in the next section. The 

AMBER-TIP4P model systems were found to show similar distributions and are 

shown in Figure 3.4. 

 

Figure 3.4: The fraction of water molecules having n number of hydrogen bonds 

within the distances [(a), (b) 4.3 Å] [(c), (d) > 9.0 Å] from Cα of ALA and ARG 

amino acid residues of protein in presence of 1.0 M salt solutions for AMBER-TIP4P 

model systems. The graphs (a), (c) and (b), (d) are around Cα of alanine and arginine 

respectively. 
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3.5 ORIENTATION PROFILE 

To unravel the tetrahedral structure of water molecules, we calculated the 

angular distribution function of the water molecule present near the interface and the 

bulk region of the Cα of alanine and arginine residues in Figure 3.5 for CHARMM-

SPC/E water model system. A small peak around 50º and a broad distribution around 

104.5º are signatures of bulk water molecules as seen in Figure 3.5 (e) and (f). The 

smaller peak can be attributed to the broken or interstitial water molecules and the 

broad distribution around 104.5º is due to tetrahedral water molecules. In Figure 3.5 

(a) and (b), we have plotted the probability distribution P(θO-O-O) of the interfacial 

water molecules within a cut-off 4.3 Å near the Cα of alanine and arginine 

respectively. The maximum distortion in the angle is found for the water molecules 

present near the first solvation shell of Cα of the ALA and ARG amino acid residues 

of the protein. It is interesting to note that the water molecules near the ALA residue 

in the aqueous solution have only one broad distribution ranging from 80º-130º 

(Figure 3.5 (a)). In the presence of ions, the pronouncement of the two peaks is 

observed and the placement of the second peak is found to shift towards higher angles 

indicating deviation from the tetrahedral angle. In the case of ARG, the scenario is 

quite different in the first solvation shell (4.3 Å) when compared to the ALA residue. 

The water molecules present in the aqueous solution are found to be more ordered 

compared to the presence of the ions (Figure 3.5 (b)). The small hump seen in the 

aqueous solution is found to merge onto a broader distribution having a maximum of 

around 125º in the presence of ions. This suggests that the water molecules present in 

this region are highly distorted from the tetrahedral structure in the presence of the 

ions. This can be explained due to the presence of the solvation shell of the ions. 
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Figure 3.5: The normalized probability distribution of <O-O-O angle of oxygen 

atoms of water molecules within the distances [(a), (b) 4.3 Å] [(c), (d) 5.6 Å] and [(e), 

(f) > 9.0 Å] from Cα of ALA and ARG amino acid residues of protein in presence of 

various salt solutions of 1.0 M for CHARMM-SPC/E water model. Graphs (a), (c), (e) 

and (b), (d), (f) are around Cα of alanine and arginine respectively.  

The <O-O-O angle probability distribution of water molecules in the second 

solvation shell at a cut-off of 5.6 Å near the Cα of alanine and arginine are shown in 

Figure 3.5 (c) and (d) respectively. In both cases, the broader <O-O-O angle 

distribution shifts towards 104.5º which indicates the water molecules present in the 

second solvation shell are more tetrahedral. In the case of LiCl, the height of the small 

peak is more pronounced compared to the other salts near the Cα of arginine. This can 

be explained as due to the presence of the higher charge density in Lithium ions, the 

water structure in the second solvation shell of Li is still disrupted.  As we are going 

towards the higher solvation shells, the probability distribution P (θO-O-O) of <O-O-O 

angle is found to be around 104.5º (Figure 3.5 (e) and (f)) showing more bulk-like 

character. For the TIP4P water model (Figure 3.6), the change in the structure of the 

water molecules is found to be less pronounced compared to the SPC/E water model 
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around the interface of the protein. Here also, it is noticed that the interfacial water 

molecules are more disrupted than the bulk water. Next, it will be informative if we 

look into the tetrahedral parameters of the water molecules in different solvation 

shells. 

 

Figure 3.6: The normalized probability distribution of <O-O-O angle of oxygen 

atoms of water molecules within the distances [(a), (b) 4.3 Å] [(c), (d) > 9.0 Å] from 

Cα of ALA and ARG amino acid residues of protein in presence of various salt 

solutions of 1.0 M for AMBER-TIP4P model systems. Graphs (a), (c), (e) and (b), 

(d), (f) are around Cα of alanine and arginine respectively. 

3.6 ORIENTATION TETRAHEDRAL ORDER Sg 

The structure of water molecules near the hydrophilic and hydrophobic residues of 

peptide can be characterized based on the tetrahedral order parameter (Section 2.4.1 

(viii)). The curve for the probability distribution of Sg is plotted in Figure 3.7 for 

different cut-offs for ARG and ALA residues. It can be seen that the distribution of 

the first solvation (Figure 3.7 (a) and (b)) near the amino acid residues are much 

broader compared to the higher solvation shells (Figure 3.7 (c) and (d)). This is due 

to the presence of heterogeneity near the protein surface, which reduces as we go to 
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the higher solvation shells. The distribution is also found to be broader in the case of 

ALA residue compared to ARG. It is interesting to note that for the ALA case, 

initially in the first solvation shell, the Sg values are broader, and have both lower and 

higher values which suggest that the water structure is heterogeneous. In the presence 

of ions, the Sg values are a little less indicating more ordered and tetrahedral 

compared to the aqueous system which reverses in the case of ARG residue. For 

ARG, we find water molecules in the aqueous system, and the presence of KCl is 

slightly shifted towards the lower values (Figure 3.7 (b)). In the case of the 

AMBER/TIP4P case, it is found that the water molecules get more ordered in the 

presence of Li
+
 ions near ALA and ARG. As we move towards the higher solvation 

shell, water molecules in the aqueous system and the presence of LiCl are found to be 

more ordered compared to in presence of K
+
 and Na

+
 ions (Figure 3.7 (c), (d), 

Appendix V). 

 

Figure 3.7: The orientation order parameter of water molecules within the distances 

[(a), (b) 4.3 Å] and [(c), (d) > 9 Å] from Cα of ALA and ARG amino acid residues of 

protein in presence of various salt solutions 1.0 M for CHARMM-SPC/E water 

model. 



58 
 

3.7 VORONOI ANALYSIS 

As already observed that the presence of ions, affects the structure of the water 

molecules near the protein surface, it will be interesting to see their changes in the 

void analysis. We analyzed the voids in water molecules through the Voronoi 

polyhedra (VP) method, which is one of the efficient ways by which we can analyze 

the structural details of a system. Especially, it will be important for the current study 

where the arrangement of the water molecules in the coordination sphere of ions 

differs a lot from the bulk in the presence of salt solution. From a set of configurations 

of atoms, we can generate a tessellation in 3D space, known as Voronoi tessellation 

(Voronoi 1908). The tessellation consists of repetitive units of the VP region of the 

atoms. The units are defined as the regions consisting of all points that are closer to 

the reference atom than to any other atom. The void radius is defined as the distance 

between the vertex of VP and the atom minus the atom radius. The coordinates of the 

oxygen atoms were considered to generate the tessellation, and the Voronoi analysis 

was executed by the algorithm described in refs (Chakraborty and Chandra 2011a; b, 

2012; Tanemura et al. 1983). The plot of the probability distribution of the voids 

present in the LiCl and KCl systems is presented in Figure 3.8.  Void distribution for 

the second solvation shell (< 5.6 Å for Cα) and bulk water (the water outside 12 Å 

from Cα) were calculated for comparison. 

 

Figure 3.8: Probability distribution of radius of vacancies of water molecules in 

different salts solution for (a) CHARMM-SPC/E and (b) AMBER-TIP4P water model 

system. The solid and dashed lines represent ALA and ARG respectively. 
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It can be seen that the systems have quite a large impact on the void 

distribution of the system.  The water molecules near the first solvation shell of the 

ions have broader distribution and higher void radius indicating less dense water 

molecules and more inhomogeneity. It can be also seen that the distribution of water 

molecules near ARG residue is shifted towards the higher void radius compared to 

water molecules near ALA residue which may be due to more fraction of broken 

hydrogen bonds near the ARG residue (Figure 3.8 (b), (d)). In bulk water, however, 

the main peak of the distributions is found to be around an almost similar void radius 

for ARG and ALA; it is observed more in the case of KCl. It is found that the bulk 

water has a lower void radius and especially in the case of lithium implying more 

dense water molecules. A narrower distribution in this region suggests more 

homogeneity. It is interesting to notice here that the bulk water distribution 

corresponding to the KCl system is broader and at a higher void radius concerning the 

LiCl system suggesting more inhomogeneity and less dense water molecules than the 

lithium case. correlates with the The effects are found to be more pronounced in the 

case of SPC/E water compared to TIP4P (Figure 3.8 (b)). Next, it will be interesting 

to relate the structural changes as observed in the previous sections with the 

dynamical properties such as mean square displacement, entropy, and hydrogen bond 

dynamics. 

3.8 MEAN SQUARE DISPLACEMENT 

In the present study, we used the mean square displacement method to calculate the 

diffusion coefficient (Section 2.4.2 (i)). The diffusion coefficients were obtained from 

the slope of MSD in the long-time region for bulk and interfacial water molecules 

(Liu et al. 2023) (Figure 3.9). For the calculation of MSD for interfacial molecules, 

we considered water molecules that are present within 4.3 Å from the ALA and ARG 

residues. When they diffuse in the higher solvation shells, they are not considered 

interfacial water molecules. Similarly, for the calculation of bulk water molecules, we 

considered the water molecules which are present > 9 Å from the ALA and ARG 

residues. The bulk diffusion coefficient is calculated to be 2.53 ×10
−5 

cm
2 

/s, which is 

slightly higher than the reported 2.40 ×10
−5 

cm
2
/s diffusion coefficient for the SPC/E 
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water model (Glättli et al. 2003). This may be due to more inhomogeneous water 

molecules in the current system due to the presence of the protein.  

 

Figure 3.9: Diffusion coefficient of water molecules within the distances [(a), (b) 

4.3 Å] and [(c), (d) > 9 Å] from Cα of ALA and ARG amino acid residues of protein 

in presence of various salt solutions 1.0 M for CHARMM-SPC/E model systems. 

The diffusion values of water molecules around hydrophobic and hydrophilic 

amino acids of the protein are given in Table 3.2. The standard deviation reported in 

the table is calculated through the block average of our simulation trajectory. The 

details are given in Appendix VI, VII. The standard deviation data are found to be 

mainly between the ±0.02-0.04 range. From Table 3.2, it can be seen that the self-

diffusion coefficients of the water molecules are found to be lower in presence of the 

ions. Interestingly, it can be seen that in presence of bigger ions (Na
+
 and K

+
), the first 

solvation shell water molecules are found to be more diffusive compared to the 

smaller ion Li
+
. This can be explained because the water molecules are more tightly 
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bound to the protein surface in case smaller ions like Li
+
 which holds the first 

solvation shell more tightly compared to the other bigger ions. 

Table 3.2: Diffusion coefficient of water molecules around amino acids of 

antimicrobial protein in water, LiCl, NaCl, and KCl in D = (value) x 10
-5

cm
2
/sec. 

System    First Solvation Shell (< 4.3 Å)   Bulk (> 9 Å) 

CHARMM-SPC/E model 

Water (ALA, ARG) 2.45 ±0.04, 2.48 ±0.03 2.51 ±0.03, 2.53 ±0.03 

LiCl (ALA, ARG) 2.22 ±0.08, 2.14 ±0.07 2.39 ±0.03, 2.41 ±0.03 

NaCl (ALA, ARG) 2.36 ±0.04, 2.30 ±0.07 2.43 ±0.03, 2.45 ±0.04 

 KCl (ALA, ARG)   2.41 ±0.05, 2.38 ±0.05 2.36 ±0.05, 2.46 ±0.04 

AMBER-TIP4P model 

Water (ALA, ARG) 3.29 ±0.04, 3.17 ±0.07 3.53 ±0.05, 3.54 ±0.03 

LiCl (ALA, ARG) 2.82 ±0.08, 2.56 ±0.08 3.28 ±0.03, 3.21 ±0.04 

NaCl (ALA, ARG) 2.69 ±0.06, 2.52 ±0.07 3.32 ±0.03, 3.39 ±0.08 

KCl (ALA, ARG) 2.65 ±0.02, 2.51 ±0.05 3.56 ±0.05, 3.50 ±0.03 

As a result, the diffusion of the water molecules is less in the presence of Li
+
. 

The value of the self-diffusion coefficient increases towards the higher solvation shell 

because the influence of the ions diminishes. Further, preferential binding coefficients 

of the cations were calculated (Section 2.4.1 (ix)).The preferential binding coefficient 

of the ions up to 5.6 Å from the protein surface was calculated (Table 3.3). The 

preferential binding coefficient of Li
+
 ions with the protein is more which implies Li

+
 

remains with the protein surface more. But the bigger cations like K
+
 prefer to remain 

with the bulk water. As a result, in the case of bigger ions, the self-diffusion value of 

water is more at the first solvation shell of the protein and does not differ much from 

the bulk value. Our result matches the experimental trend where the binding 

coefficient of Li
+
 ions is more than Na

+
 and K

+
 ions (Aziz et al. 2008; Dong et al. 

2009). 

The results from orientation tetrahedral order, Voronoi analysis and diffusion 

coefficient agrees well with the dynamics of water in highly concentrated salt 

solutions studied using NMR approach (Rezaei‐Ghaleh 2022). 
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Table 3.3: The preferential binding coefficient of the metal cation with the 

protein surface for the CHARMM-SPC/E model system. 

System 0.4M 1.0M 

LiCl (ALA, ARG) 2.39, 2.56 4.62, 10.23 

NaCl (ALA, ARG) 2.13, 1.85 3.02, 2.58 

KCl (ALA, ARG) 2.23, 2.27 0.98, 3.85 

3.9 ENTROPY 

As evident from the diffusion data, the water molecules at different regions behave 

differently, it will be interesting to relate the excess entropy of this different region 

with the diffusion. The excess entropy was calculated by pair correlation entropy S2. 

RDF of Ow-Ow of water around the Cα of residue ALA and ARG of the protein were 

considered for the entropy calculation. The provincial values of S2 can be used to 

evaluate the relation between the hydration layer of the water structure and the 

diffusion (transport properties) of water (Dzugutov 1996).  
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Figure 3.10: The relation between excess entropy and diffusion of water molecules 

within the distances [(a), (b) 4.3 Å] and [(c), (d) > 9.0 Å] from Cα of ALA and ARG 

amino acid residues of protein in presence of various salt solutions 1.0 M for 

CHARMM-SPC/E water model system. 

It can be seen, that the diffusion and the pair correlation entropy (excess 

entropy) of water molecules present near the first solvation shell in the presence of 

LiCl salt solution are low when compared to NaCl and KCl (Figure 3.10). This 

indicates that the water molecules around both the hydrophobic and hydrophilic 

residues are open tetrahedral and low dense in the presence of LiCl salt solution 

(Chopra et al. 2010; Nayar and Chakravarty 2013). At higher solvation shells (outside 

9.0 Å), it is seen that all the solution shows a similar type of behavior. A similar trend 

was found for the AMBER/TIP4P model (Figure 3.11). 

 

Figure 3.11: The relation between excess entropy and diffusion of water molecules 

within the distances [(a), (b) 4.3 Å] and [(c), (d) > 9.0 Å] from Cα of ALA and ARG 

amino acid residues of protein in presence of various salt solutions 1.0 M for 

AMBER-TIP4P model systems. 
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3.10 HYDROGEN BOND DYNAMICS 

In aqueous media, peptide residues are capable of forming hydrogen bonds with water 

and they can also modify the regular water-water hydrogen bond network (Campo a* 

and Raul Grigera 2004; Kumar et al. 2007; Luzar 2000). The presence of different 

types of water in different regions will also affect the hydrogen-bond dynamics of the 

system. Therefore, the continuous hydrogen bond autocorrelation functions were 

calculated as described in Section 2.4.2 (ii). 

Hydrogen bond lifetimes formed between water molecules around the peptide 

for CHARMM-SPC/E and AMBER-TIP4P are given in Table 3.4. For aqueous 

solutions near the protein, the hydrogen bond lifetime is more near the protein surface 

because of the non-availability of the neighboring water molecules to make new 

hydrogen bonds. Therefore, once the hydrogen bond is made, it is preserved for a 

longer time. The hydrogen bond lifetime of the solution increases in the presence of 

the ions. It can be seen that in the first solvation shell near the ALA residue of 

aqueous protein solution and in the presence of smaller ions like Li
+ 

and Na
+
, the 

hydrogen bond lifetime is more; which decreases towards the bulk region. This can be 

explained due to the formation of strong hydrogen bonds between water molecules 

around the peptide residue in the presence of smaller ions. The smaller ions prefer to 

live near the surface of the protein as evident from the preferential binding affinity 

discussed in the diffusion section, and make strong hydrogen bonds with the water 

molecules.  

Table 3.4: Lifetime (τHB) of continuous hydrogen bonds (in ps) formed by water-

water around amino acids of antimicrobial protein in water, LiCl, NaCl, and KCl.  

System    First Solvation Shell (< 4.3 Å)   Bulk (> 9.0 Å) 

CHARMM-SPC/E water model 

Water (ALA, ARG) 0.854, 0.842 0.841, 0.837 

LiCl (ALA, ARG) 0.883, 0.853 0.869, 0.855 

NaCl (ALA, ARG) 0.880, 0.858 0.856, 0.846 

KCl (ALA, ARG)   0.864, 0.837 0.855, 0.841 
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AMBER/TIP4P water model 

Water (ALA, ARG) 0.668, 0.658 0.661, 0.656 

LiCl (ALA, ARG) 0.673, 0.662 0.667, 0.658 

NaCl (ALA, ARG) 0.670, 0.658 0.665, 0.654 

KCl (ALA, ARG) 0.667, 0.657 0.662, 0.653 

For bigger ions such as K
+
, this effect is less due to the size of the ions, 

resulting in less increment in hydrogen bond lifetime in the first solvation shell. A 

similar effect is observed for ARG. The same trend is followed in the AMBER/TIP4P 

water model system but is less pronounced compared to the CHARMM-SPC/E water 

model. These results are well correlated with the diffusion of the water molecules. 

Therefore, it can be concluded that the ions involved with the protein surface 

give rise to low-density water at the interface. The water molecules are strongly 

bonded to these ions and also with themselves due to the electrostatic force of 

interactions of the ions. These make the water molecules less mobile. As a result, the 

entropy of water molecules decreases, and the hydrogen bond lifetime between water-

water increases in presence of the ions. 

3.11 CONCLUSION 

In summary, the structural and dynamical properties of water molecules near the 

hydrophobic and hydrophilic unit of an antimicrobial peptide in presence of LiCl, 

NaCl, and KCl solutions at various concentrations we investigated using MD 

simulation. Two different model systems, namely the CHARMM-SPC/E water model 

system, and the AMBER-TIP4P water model system were studied. The structural 

properties were analyzed in terms of radial distribution functions, the number of 

hydrogen bonds, <O-O-O angle distributions, orientational tetrahedral order 

parameter Sg values. These characteristics were related to dynamical properties like 

diffusion coefficients, excess entropy, and hydrogen bond dynamics. The water 

structure in the first solvation shell is found to be maximumly disrupted and lower in 

density compared to the other solvation shells. The water molecules present 

hydrophilic environment is found to be more disruptive, less dense containing broken 

hydrogen bonds compared to the hydrophobic environment. The probability of broken 
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hydrogen bonds is more in the case of first and second solation shells. The 

tetrahedrality of the water molecules near the protein surface is found to be more in 

presence of Li
+
 ions. Li

+
 being the smallest ion, have more charge density which 

preferentially binds with the protein surface. As a result, the structure of the water in 

the first solvation shell is more tetrahedral due to the strong solvation shell of the Li
+
 

ion. This results to slow diffusion and lower entropy of water molecules which 

increases in the bulk. The bigger ions like K
+
 ions have a lower preferential binding 

affinity towards the protein surface resulting in higher diffusion of the water 

molecules in the first solvation shell. The pairwise entropy, S2, which is the first term 

in the excess entropy, shows a high correlation with the diffusion coefficients of the 

water molecules. We found low excess entropy for the first solvation shell water 

molecules containing Lithium salt and maximum for KCl solutions. This is further 

confirmed by the calculation of the hydrogen bond dynamics of the water molecules 

in the first solvation and bulk.  

  The addition of the salt solutions was found to increase the hydrogen bond 

strength of water compared to that of pure protein water. An increase in the hydrogen 

bond strength in the presence of salt solutions was observed with increasing the salt 

concentration.  In the case of Lithium ions, we found the maximum hydrogen bond 

lifetime in the first solvation shell. The results suggest that the hydrophilic and 

hydrophobic amino acids attribute to the formation of different density regions of 

water molecules in the salt solutions which determines the dynamic property of the 

water molecules. The results of the two different force field combinations showed a 

similar trend; however, the SPC/E water model showed a more pronounced effect 

compared to the TIP4P water model. 
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CHAPTER 4 

INFLUENCE OF ION SPECIFICITY AND CONCENTRATION ON THE 

CONFORMATIONAL TRANSITION OF INTRINSICALLY DISORDERED 

SHEEP PRION PEPTIDE 

The structural sensitivity of IDPs with the ions has been observed experimentally; 

however, it is still unclear how the presence of different metal ions affects the 

structural stability. The present study aims to study the effect of size, charge, and 

ionic concentration on the structure of sheep prion peptide using monovalent and 

divalent cations.  

4.1 BACKGROUND 

Metal ions are known to have a significant effect on the various type of biomolecular 

events by shielding the unfavorable charge repulsion, thus the interaction forces come 

to play in stabilizing the biomolecular processes like protein folding, and protein-

protein associations (Maclean et al. 2002; Song et al. 2007; Tobias and Hemminger 

2008).  However, the role of metal ions in the context of IDP pathogenesis remains 

highly debated due to their ability to modify the electrostatic interaction (Huat et al. 

2019). This attracted both experimental and theoretical attention. Much of the early 

works support that multivalent cations such as Cu
2+

, Zn
2+

, Ca
2+

, Mn
2+

, and Fe
3+

 

promote the aggregation-prone molten globule state of IDPs by binding with the 

charged amino acids at the protein surface (Davies et al. 2011; Fink 1998; Tamamizu-

Kato et al. 2006; Tõugu et al. 2011; Uversky and Fink 2004) or increasing the mean 

residence time of hydration-shell waters (Smith and Cruz 2013). Additionally, the 

transitional metal ions such as Hg
2+

 are reported to favor the transition of the 

unstructured coil to β-sheet conformation for IDPs like tau protein (Luczkowski et al. 

2015). Moreover, Cu
2+

 and Zn
2+ 

exhibit a significant effect on prion misfolding and 

the formation of toxic oligomeric species (Jones et al. 2004; Wadsworth et al. 1999). 

Thus, patients with neurodegenerative disorders are found to have elevated 

concentrations of divalent metal ions (metal dyshomeostasis) in the brain and body 
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fluids (Szabo et al. 2016). In contrast, Mg
2+

 has a comparatively lesser propensity to 

increase the polymorphic behavior of IDPs, thereby reducing their self-aggregation 

(Wicky et al. 2017). Unlike bivalent cations, alkali metal ions such as Na
+
 and K

+
 are 

reported to show a less pronounced effect on the stability of monomeric IDPs or their 

lower-order aggregates. Recent works of Huraskin and co-workers showed that Na
+
 

makes bridging interaction with the carboxylate groups of amyloid fibrils while K
+
 

interacts transiently (Abelein et al. 2016; Huraskin and Horn 2019). However, there 

remains a large knowledge gap in understanding the role of Lithium ions on the 

conformation of IDPs. Lithium salts are known to be used as psychiatric medication 

(bipolar disorder) and many cells or animal studies proved that Li
+
 downregulates the 

abnormal protein aggregation by controlling the off and on pathways of amyloidosis 

(Berntsson et al. 2021). For instance, recent mice studies pointed out that Li
+
 plays 

important role in clearing the lower order and toxic Aβ fibrils from the brain, thereby 

attenuating the neuronal damage (Pan et al. 2018). Moreover, as a congener of Na
+
 

ion, Li
+
 can easily exploit the various sodium transporters such as Na

+
/K

+
/Cl

-
 

cotransporters, Na
+
/H

+
 exchangers, sodium/bicarbonate symporters (NBC), Na

+
/H

+
 

antiporters expressed at the surface of human brain microvascular endothelial cells to 

cross the blood-brain barrier (BBB) (Luo et al. 2018).   This further indicates the 

utilization of lithium as a promising therapeutic agent for neurodegenerative disorders 

(Machado-Vieira et al. 2009). Although the application of various lithium salts 

against prion misfolding and propagation is becoming progressively evident, the 

underline molecular mechanisms of Li
+
 ions to inhibit prion misfolding are far from 

reaching consensus.  

 From the theoretical point of view, the fraction of charged amino acids and the 

net charge of residues are important metrics for understanding the salt-dependent 

conformational transitions of IDPs. The IDPs with a net charge close to zero are often 

found to show salt-dependent expansion or unfolding due to the change in the 

hydrophobic environment (Mao et al. 2010). Additionally, the solubility of the amino 

acids present in the IDP sequence is reported as the key to understanding their 

conformational change which is highly salt-type and salt-concentration dependent 

(Baldwin 1996; Zhou 2005). At low salt concentration, functional folding of IDPs is 
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readily observed due to the dominance of electrostatic screening (Avbelj and Moult 

1995). Whereas, at a high salt regime, the IDPs generally go to a misfolded state and 

prefer self-assembly by salting-out effect (Goto et al. 2017). In order to investigate the 

effect of electrostatic screening or salting-out effect on IDP confirmation at the 

molecular level, previous all-atom implicit solvent and coarse-grain MD simulations 

are available (Dignon et al. 2018; Vancraenenbroeck et al. 2019; Vitalis and Pappu 

2009; Wohl et al. 2021). However, the elucidation of salt-specific interaction along 

with the salt-induced folding/misfolding at atomic resolution has been missing. 

Therefore, there is an urgent requirement to introduce a computational model of salt-

IDP interaction at atomic resolution. 

4.2 SYSTEM SETUP 

The 3D structure of the prion peptide segment 142-166 (PDB ID: 2RMW) was 

retrieved from the solution state NMR model of 26 residues peptide (Bertho et al. 

2008). The amino acid sequence of the peptide is shown in Figure 4.1. A 1 ns MD 

simulation of the peptide at 400 K was conducted for obtaining the unstructured 

conformation as the initial coordinate for our simulations.  

 

Figure 4.1: System of interest for the present study: (A) The secondary structure 

arrangement of cellular prion protein (PrP
C
). The red-colored region is indicating the 

intrinsically disordered region, susceptible to misfolding. (B) The schematic view of 

the amino acid sequence of the intrinsically disordered region. Hydrophobic, polar, 

acidic, and basic residues are colored yellow, sky, green, and brown respectively. 
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All atomistic simulations were performed employing the GROMACS 

(Berendsen et al. 1995; Van Der Spoel et al. 2005) software package and CHARMM 

force field (Best et al. 2012). The N, C-terminal segment of the peptide was kept in a 

zwitterionic state and the peptide was solvated by TIP3P (Jorgensen et al. 1983) water 

molecules in a cubic box of 4.9 nm
3
. The protonation states of the amino acids were 

assigned to the pH of 7. At this pH, three arginine residues were protonated and four 

acidic residues (two Aspartic acids and two Glutamic acids) were deprotonated which 

makes the overall charge of the protein -1. The overall charge of the system was 

neutralized by adding one Li
+
 ion. In order to study the effect of cations on the folding 

of prion peptides, the chloride salts such as LiCl, NaCl, KCl, and MgCl2 were added 

to the system at different concentrations. The details of the simulated salt-peptide 

systems are shown in Table 4.1. In the present work LiCl, NaCl, KCl, and MgCl2 

were considered single point charges, and water molecules were characterized by 

three-point interaction models. The ion parameters (Oliveira and Colherinhas 2020) 

used in the current study are shown in Appendix I. 

Table 4.1: Summary of simulated systems
ǂ ǂ

Cion, NLiCl, NNaCl, NKCl, NMgCl2, Nprotein-atom, 

NW represents ionic concentration, number of LiCl, NaCl, KCl, MgCl2, molecules, 

number of atoms in prion peptide 142-167, number of water molecules respectively. 

*3 is showing number of simulation replicas for each system.
 

System Cion 

(M) 

NLiCl NNaCl NKCl N 

MgCl2 

Nprotein-

atom 

NW Simulation time (ns) 

and sampling interval 

(ps, subscript) 

S1 0 0 - 0 0 440 3710 (30010) *3 

S2 0.3 10 - - - 440 3691 (30010) *3 

S3 0.6 20 - - - 440 3671 (30010) *3 

S4 0.9 30 - - - 440 3648 (30010) *3 

S5 0.3 - 10 - - 440 3691 (30010) *3 

S6 0.6 - 20 - - 440 3671 (30010) *3 

S7 0.9 - 30 - - 440 3651 (30010) *3 

S8 0.3 - - 10 - 440 3691 (30010) *3 
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S9 0.9 - - 30 - 440 3671 (30010) *3 

S10 0.1 - - - 3 440 3710 (30010) *3 

S11 0.15 - - - 5 440 3698 (30010) *3 

S12 0.3 - - - 10 440 3691 (30010) *3 

The equations of motions were integrated using the leapfrog algorithm with a 

time step of 2 fs along with periodic boundary conditions in all three directions (Allen 

and Tildesley 2017). The minimum image conventions were used for calculating the 

short-range Lennard-Jones interaction terms and Particle Mesh Ewald (PME) (Darden 

et al. 1993; Essmann et al. 1995) was employed to treat the long-range electrostatic 

interactions with a nonbonded interaction cut-off of 1.2 nm. The van der Waals 

interaction cutoff was set to 1.2 nm. LINCS (Hess et al. 1997) algorithm was applied 

to constrain the bonds attached to hydrogen atoms of the peptide molecule and the 

SETTLE algorithm (Miyamoto and Kollman 1992) was employed to constrain the 

geometry of water molecules.  The systems were equilibrated in canonical ensemble 

(NVT) followed by the isothermal-isobaric ensemble (NPT) for 20 ns each 

respectively by restraining the solute heavy atoms. The thermodynamic equilibrium of 

the system was ensured by plotting the time evolution of temperature, pressure and 

potential energy as depicted in Figure 4.2. Next, the restrain was removed and the 

peptide molecule was allowed to move freely during the production run of 300 ns. 

Later for hydrogen bond dynamic calculations, we have run the simulation with 1 fs 

timestep for 1 ns from the final trajectory.  In order to assess the robustness of our 

simulation data, three sets of MD simulations were carried out for each system. The 

temperature and pressure of the system were maintained employing Velocity rescale 

(Bussi et al. 2007) (τt=0.1ps) and Parrinello-Rahman coupling algorithm (Parrinello 

and Rahman 1981) (τp=0.2 ps). The VMD (Humphrey et al. 1996) tool was used to 

visualize the folding process of the peptide in different salt.  
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Figure 4.2: Thermodynamic equilibrium graph (A) Time evolution of pressure (B) 

Temperature and (C) Potential energy for 20 ns in all the cases. 

4.3 CONFORMATIONAL TRANSITION OF PRION PEPTIDE IN 

DIFFERENT SALT SOLUTIONS 

To understand the dependency of ionic concentrations and ion specificity on the prion 

peptide folding/misfolding mechanism, the changes in the conformation of the prion 

peptide and the amino-acid interactions responsible for such changes are studied 

during simulation. Although there is a difference in the time evolution of the 

secondary structure in three different replicas for each salt concentration, the final 

structures are found to be similar. The first set of data is discussed here and the rest of 

the additional data is given in Appendix.  

 

Figure 4.3:  (A) The secondary structural arrangement and (B) residue-wise contact 

map of the sheep prion peptide 142-167 in pure aqueous solution. 
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Figure 4.3 shows the maximum populated secondary structures of the peptide 

and contact map in pure aqueous solution. The occupancy of the intra-peptide 

hydrogen bond during the course of the simulation is provided in Appendix VIII. It is 

defined as the fraction of the time the molecules are hydrogen-bonded in the total 

simulation trajectory. It can be seen from Figure 4.3 that in the absence of salts 

solution, the peptide is found to form a beta-hairpin structure at the C-terminal end of 

the peptide. The blue color region perpendicular to the diagonal line further validates 

our observation. 
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Figure 4.4: Time evaluation of Residue wise secondary structure composition 

throughout the 300 ns simulation trajectory. (A) 0 M, (B) 0.3 M LiCl, (C) 0.6 M LiCl, 

(D) 0.9 M LiCl, (E) 0.3 M NaCl, (F) 0.6 M NaCl, (G) 0.9 M NaCl, (H) 0.3 M KCl, (I) 

0.9 M KCl, and (J) 0.1 M MgCl2, (K) 0.3 M MgCl2. 

The time evolution of the secondary structure element in prion peptide is 

shown in Figure 4.4. It is found that the formation of the beta-sheet initiated from 

~30 ns and remains stable up to the end of the simulation.  In the other two sets of 

simulations beta-bridge structure with unstable small α-helix is found which also 

indicates misfolded conformation of peptides prone to toxicity (Appendix IX, X). 

This misfolded structure is majorly stabilized by the hydrogen bond between Tyr162-

Met154 and Ala156-Gln160 with an occupancy value of 82.6% and 79.6% 

respectively. In addition, the hydrogen bond between Asn159 and Ala 156 (45%) also 

stabilizes the hairpin structure during the course of the simulation. The N-terminal 

end of the peptide is mostly unstructured and remains highly extended without the 

presence of salt. Figure 4.5 shows the maximum populated secondary structure in 

various salt types and concentrations. At 0.3 M LiCl solution, the peptide is found to 

fold in the N-terminal end which is the opposite direction compared to its folding in 

pure aqueous solution (Figure 3-A). This is further validated by the time evolution of 

the secondary structure depicted in Figure 4.4, Appendix IX and X where the 

appearance of  α-helix/3-10 helix is found. This observation supports the experimental 

observation of the dual form of the prion peptide at different pH and buffers 

conditions (Bertho et al. 2008). The conformational evolution of the peptide structure 

in presence of 0.3 M LiCl is shown in Figure 4. 
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Figure 4.5: The maximum populated secondary structural arrangement of the prion 

peptide 142-167 correspond to (B) 0.3 M LiCl, (C) 0.9 M LiCl solution, (D) 0.3 M 

KCl solution, (E) 0.9 M KCl solution, (F) 0.1 M MgCl2 solution. 

It can be further noted that the formation of α-helix is initiated from the 

beginning of the simulation due to the electrostatic interaction between the side chain 

of Arg 151, Tyr 150, Tyr 149 and hydrophobic interaction between the side chain of 
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Tyr 149, Met154. This conformation is further stabilized by the π-stacking interaction 

between Tyr 150 and Tyr 149 (Figure 4.6-A, B). The appearance of the beta-sheet 

structure is also found to be initiated at the same time (~30 ns) as seen in pure 

aqueous solution (Figure 4.6-C, D, Figure 4.4-B). However, the beta-sheet is found 

to be interrupted at ~ 85 ns due to the greater interaction of the Li
+
 ion with the N-

terminal end (Figure 4.6-E). It can be seen from Figure 4.4-B that the initially 

formed alpha-helix is interrupted at 73 ns and then the re-folding is propagated from 

the N-terminal end to the C-terminal end. This is due to the binding of Li
+ 

between 

Asp 144 and Glu 146 which essentially screens the electrostatic repulsion between the 

two acidic residues and initiates the folding by dragging the acidic side chains at a 

closer distance. This interaction mainly induces the alpha-helical coiling of the 

peptide at the N-terminal end (Figure 4.6-F) and eventually breaks the beta-sheet 

hydrogen bonds formed at the C-terminal end. 

 

Figure 4.6: The change in the secondary structure arrangement of prion peptide in 0.3 

M LiCl at (A) 2.92 ns, (B) 4.2 ns, (C) 82.4 ns, (D) 85.4 ns, (E) 85.4 ns, (F) 257 ns. 

The Lithium-ion is shown in brown color. 

After the formation of a stable alpha helix, the Li
+
 ion is found to bind with 

only Glu 146, and the association of Asp 144, Glu 146 is interrupted. The C-terminal 
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end is found to be highly unstructured and it formed a loop-like structure that is 

mostly stabilized by the π-π stacking interaction between Tyr163 and Tyr149. The 

helical stability of the peptide is attributed to the hydrogen bonding between 

Met154:Tyr150 and Asn153:Tyr149 residues with a minimum hydrogen bond 

occupancy of ~78.2 % and 78.1% respectively (Appendix VIII). Apart from these 

hydrogen bonds, additional hydrogen bonds such as Tyr149:Tyr145 (72%), 

Tyr150:Glu146 (67%), Arg151:Asp147 (64.3%), Glu152:Arg148 (66.4%) at the N-

terminal end and Asn159:Ala156 (60.4%), Tyr163:Asn153 (66.0%) at C-terminal end 

of the peptide are also found. In Figure 4.7, we have plotted the pair-wise residual 

contact maps of the peptides in various salt solutions which highlight the differences 

in the region-wise contact formed due to the change in the saline environment. The 

cutoff distance of 0.45 nm is chosen to capture the short-range non-covalent intra-

peptide interactions including van der Waals, and hydrogen bonding. The anti-

diagonal blue-colored region shows the residual contacts. It is clear from the contact 

map that the type of salt solution and the salt concentration has a significant effect on 

the residue-residue interaction profile of the prion peptide. The blue region parallel to 

the diagonal line is known to be the signature of the helical conformation of the 

peptide at the N-terminal end residue 144 to 157. This is observed for 0.3 M LiCl, 0.9 

M LiCl, and also slightly in the case of 0.1 M MgCl2. The off-diagonal blue-colored 

region further shows the interaction between the intra-peptide side chains. At a higher 

LiCl concentration (0.9M), a small fraction of the peptide (Tyr150-Tyr155) is found 

to be folded in an alpha-helical state at the N-terminal end. The lesser folding in the 

presence of 0.9 M LiCl concentration is supported by the secondary structure 

evolution shown in Figure 4.4-D. In the other two simulation replicas at the same 

concentration (0.9 M LiCl) transient β-sheet/β-bridge structure (Appendix IX-D) and 

random coil structure were found (Appendix X-D). This result indicates that the 

refolding of prion peptides in cellular conformation is disturbed in high LiCl 

concentrations.  The intra-peptide hydrogen bond seen in 0.9 M LiCl solution, has 

comparatively lower hydrogen bond occupancy which indicates the instability of the 

hydrogen bond to maintain the helical structure of the peptide. 
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Figure 4.7: Visualization of residue-residue contact map (A) 0.3 M LiCl solution, (B) 

0.9 M LiCl solution, (C) 0.3 M KCl solution, (D) 0.9 M KCl solution and (E) 0.1 M 

MgCl2 (F) 0.3 M MgCl2. 
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It is found from Figure 4.5-A that Li
+
 ions (0.3 M concentration) are mostly 

interacting with the N-terminal segment of the peptide, especially with Glu152. These 

results indicate the specificity of Li
+
 concentration that shifts the dynamic equilibrium 

of the peptide from the misfolded to the folded state.  In contrast, it is evident from 

Figure 4.8 that the peptide segment (142-167) is mostly unstructured or polymorphic 

in the presence of Na
+
 ions at 0.3 M (Figure 4.8-A) and 0.9 M (Figure 4.8-B) 

concentration. Nevertheless, a small fraction of alpha-helix, 310-helix, and β-bridge 

conformation is found to be formed at the various location of the peptide in all the 

simulation replicas that contain Na
+ 

(Figure 4.4-E-G, Appendix IX, X-E-G). It can 

be found that Na
+
 ions mostly interact with acidic residues such as aspartic acid or 

glutamic acid like Li
+
 ion.   

 

Figure 4.8:  The secondary structural arrangement and visualization of the contact 

map of the prion peptide 142-166 correspond to the global minima at (A) 0.3 M NaCl, 

and (B) 0.9 M NaCl solution. 
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However, the interaction of Na
+ 

ion is comparatively transient which is not 

efficient in screening the charge repulsion necessary for the alpha-helical folding. In 

the case of a comparatively bigger cation such as K
+
, the peptide is found to form 

hairpin-like loops and beta bridges favorable to forming extended beta-sheet i.e., the 

misfolded state (Figure 4.4-H, I, Appendix IX, X-H, I). The hydrogen bonds found 

in the LiCl solution are missing in the case of KCl solutions. At 0.3 M KCl solution, 

residue pairs Gln160:Pro158 and Arg148:Tyr145 are found to show H-bond 

occupancy of 62.2% and 60% respectively. It can be seen from Figure 4.5-D that the 

K
+
 ions are mostly interacting with the C-terminal Cys167 residue of the peptide. This 

can be explained due to the higher affinity of the K
+
 ion due to its high affinity toward 

the S atom (Duka and Ahearn 2013). Similarly, at 0.9 M KCl solution, the hydrogen 

bonds between Val166: Asp144 and Tyr155:Tyr150 stabilize the hair-pin-like 

structures due to their higher occupancy value (Appendix VIII). The contacts are 

found to be highly disoriented and scattered sparse (Figures 4.5 C and D) which 

indicates the unfolded state of the peptide. The T-shaped π-stacking interaction 

between Tyr-162 and Tyr-145 stabilizes the compact state of the peptide at 0.9 M KCl 

concentration. This result indicates that K
+
 ions have less propensity to fold the 

peptide in its natural form. In the presence of Mg
2+ 

ions, it is found that the peptide is 

folded in the alpha-helical state near two terminal ends which is confirmed by the 

secondary structure profile (Figure 4.4-J, Appendix IX, X-J). The hydrogen bond 

between Tyr155:Val161 (88.3%) stabilizes the C-terminal helix whereas the N-

terminal helix is maintained by the hydrogen bond between Asn153:Tyr149(30.4%), 

Glu152:Arg148 (63.5%), and Arg151:Asp147 (64.9%). The simultaneous π-stacking 

interaction between Tyr145, Tyr149, Tyr150, and Tyr162, Tyr163 increases the 

compactness of the peptide. It can be noted here that the helical structure is quite 

small compared to what is observed in the Lithium chloride salt case. Further, we 

calculated the residue-wise coulombic interaction of the ions in all concentrations and 

depicted in Figure 4.9 to validate our results discussed above. It can be found that at 

0.3 M LiCl concentration the N-terminal residues such as Asp 144, Glu 146, Asp 147, 

Asp 152, and C-terminal residue Cys 167. In higher LiCl concentration the interaction 

of Li
+
 ion is comparatively less (Figure 4.9-A). The interaction of Na

+
 and K

+
 ions 

has significantly less interaction with the peptide which causes an imbalance in charge 
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neutrality of the peptide to restrict the polymorphic nature. It can be noted here that 

Na
+
 has interacted with a greater number of residues where the K

+
 ion interacts 

selectively with the peptide residues (Figure 4.9-B, C). Furthermore, the Mg
2+

 ion is 

found to have intermediate interaction as seen in Figure 4.9-D.  

 

Figure 4.9: Bar plot of the Coulombic interaction energy (A) Li
+
-amino acid residue 

(B) Na
+
- amino acid residue (C) K

+
- amino acid residue (D) Mg

2+
-amino acid residue 

in different salt solutions. 

The compactness of the structure can be observed in the probability 

distribution of the RMSD and Rg of the prion peptide is plotted in Figure 4.10. The 

time evolution and the convergence of the above-mentioned properties for all the 

simulation sets are shown in Appendix XI. In the absence of salts, the distribution of 

peptide-backbone RMSD and Rg are found to cover a broad region and is more 

populated towards the higher values (Figure 4.10- A, B). 
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Figure 4.10: Probability distributions of structural parameters depiction on salt 

concentrations dependence: (A) backbone-RMSD (B) radius of gyration. 

The broader distribution of RMSD and Rg indicates a large collection of the 

peptide conformations or the polymorphic nature which is more prone to toxicity in 

the absence of an ionic environment. In the presence of LiCl, the peptide is found to 

deviate increasingly from the initial unstructured conformation resulting in two peaks 

due to the     transition in the peptide conformation (Figure 4.10-A).  The shift in 

the probability distribution of peptide-backbone Rg values at lower values indicates 

the folding of the prion peptide in a very compact state. The most compact state of the 

prion peptide is found in 0.1 M MgCl2 concentration Figure 4.11 (C, D) and the most 

stable structure is formed at 0.3 m LiCl (narrow peak). At higher LiCl concentration 

the compactness of the peptide is comparatively lesser as shown in Figure 4.11. This 

is due to the lower extent of secondary structure modification in higher LiCl 

concentrations as discussed in the earlier sections. The presence of KCl is found to 

have a minor effect on the conformational transition from the unstructured state 

resulting in a higher population of the peptide-backbone RMSD towards the lower 

value which signifies the lesser evolution from the unstructured state. However, the 

broad probability distribution of Rg indicates a less compact state in the presence of 

KCl. The effect of salt on the protein structure can be better viewed by the Free 

energy landscape (FEL) plots which we will be discussing in the next section. 
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Figure 4.11: Probability distributions of structural parameters depiction on salt 

concentrations dependence: (A) Backbone-RMSD and (B) Radius of gyration (C) 

secondary structure arrangement of 0.1 M MgCl2 (D) Distribution of Rg. 

4.4 FREE ENERGY LANDSCAPE (FEL) 

The potential energy surface or free energy landscape of intrinsically disordered 

proteins is believed to be highly multi-dimensional. Due to the lack of reference 

structural conformation, it is notoriously difficult to construct the energy landscape of 

IDPs in terms of reaction coordinates such as RMSD or Rg. Therefore, it is necessary 

to take a different approach to analyze the complex multidimensional data generated 

from the MD simulation of IDPs. Recent reports on the dynamics of IDPs suggest that 

the principal component analysis (Venugopal et al. 2021) (PCA) or multidimensional 
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scaling (MDS) (Sanches et al. 2022) method is comparatively efficient to explain the 

statistical sampling of IDPs in the phase space. First two principal components i.e., 

PC1 and PC2 were considered as the reaction coordinates to generate the free energy 

surface of the intrinsically disordered prion peptide in the presence of various salt 

solutions (Figure 4.12).  The convergence of the two RCs is measured in terms of 

cosine content (Khan et al. 2017) and is given in Table 4.2. It is believed that the 

cosine content below 0.5 shows the convergence of the trajectories. It can be found 

from Table S2 that values are below 0.5 indicating the convergence of the trajectories. 

The last 200 ns of the simulation trajectory were considered for the calculations. The 

principal components are found in the covariance matrix.  The free energy data can be 

obtained using the Boltzmann inversion of the 2D-probability distribution of chosen 

reaction coordinates defined as                      , where kB is the 

Boltzmann constant, T is the temperature and Pmax is the maximum probability.  

Table 4.2: The cosine value of PCs 

System Cosine of PC1 Cosine of PC2 

0.3 M LiCl 0.274 0.00048 

0.6 M LiCl 0.281 0.0043 

0.9 M LiCl 0.361 0.0032 

0.3 M NaCl 0.412 0.0081 

0.9 M NaCl 0.481 0.0612 

0.3 M KCl 0.341 0.0014 

0.9 M KCl 0.432 0.0175 

0.1 M MgCl2 0.237 0.0023 

0.3 M MgCl2 0.462 0.0062 

It can be seen from Figure 4.12 that the projections or sampling points of the 

prion peptide are widely spaced in the most saline environment except for some 

specific salt concentration. This indicates the role of specific ionic strength to restrict 

the conformational sampling of the IDPs. In a purely aqueous environment (Figure 

4.12-I) the projection is found to span from -6 to 6 along the PC1. The lower free 
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energy density has corresponded to the structure is found to be the extended beta-

sheet conformation. Moreover, the free energy value is dynamic which indicates a 

more spread-out energy surface where the peptide conformations can float the entire 

phase space obtained from our MD simulation. In contrast, at 0.3 M LiCl solution, the 

sampling projection is found to be restricted mostly to the negative value of PC1 and 

PC2 (Figure 4.12-A). This observation is according to the funnel-like energy surface 

as seen in globular proteins and the structure corresponding to the lower free energy 

value is found to be an alpha helix, as it exists in its cellular conformation. Further, 

the increment in LiCl concentration (0.9 M) is found to increase the sampling of the 

peptide significantly which ultimately generates a more spread-out energy surface 

(Figure 4.12-B). 
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Figure 4.12: The free energy landscape of prion peptide (142-167) at (A) 0.3 M LiCl, 

(B) 0.9 M LiCl, (C) 0.3 M NaCl, (D) 0.6M NaCl, (E) 0.3 M KCl, (F) 0.9 M KCl, (G) 

0.1 M MgCl2, (H) 0.3 M MgCl2 and (I) aqueous solutions. 

It is evident from Figures 4.12-C and D that Na
+
 ions are not successful in 

restricting the polymorphic nature of the peptide. In the case of Na
+
 ion, the fraction 

of helical content is comparatively less as seen in the case of Li
+
 ion.  The lower free 

energy region corresponds to the structure shown in Figure 4.8-A, B. Similarly in the 

case of KCl, a border distribution is found in both the concentration, indicating the 

structural heterogeneity of the peptide that is prone to aggregation (Figure 4.12-E, F). 

Further, we found the restriction of the conformational ensemble in the case of 0.1 M 

MgCl2 solution. The low free-energy region is indicating a compact helix-loop-helix 

structure (Figure 4.12-G). Next, the increment in Mg
2+

 concentration is found to 

increase the structural randomness of the peptide as seen in Figure 4.12-H.  

Thus, it can be summarized that Li
+
 ions at some specific concentration have 

the ability to shift the dynamic equilibrium towards the natural alpha-helical state of 

the peptide. The higher charge density of Mg
2+

 ions shows a lesser extent of alpha-

helical compact structure at a lower concentration. The peptide showed polymorphic 
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behavior in Na
+
 and K

+
 ions in a lower concentration. At a higher concentration of all 

types of ions, the disorderness of the conformation of the peptide increases. To 

understand the process in further detail, we calculated the effect of ion concentrations 

on the protein-protein hydrogen bonds and protein-water hydrogen bonds.  

4.5 NUMBER OF HYDROGEN BONDS AND TRANSITIONAL ORDER 

PARAMETER 

The effect on the structure of the protein can be better understood if we explore the 

environment in which the peptide is residing. This can be done if we explore the 

extent of intrapeptide, water-peptide hydrogen bonding, and heterogeneity of 

interfacial water molecules in various salt concentrations to assess the stability of the 

peptide. In Figure 4.13-A, we have plotted the number of water-peptide hydrogen 

bonds (with error bar) and the number of intra-peptide hydrogen bonds for interfacial 

water molecules with variations in the concentration for the different salt solutions. 

The water molecules that are present within 5 Å from the carbonyl groups of the 

protein backbone were considered as interfacial water molecules. It is decided from 

the RDF of protein-water shown in Appendix XII-E. There is not much change in the 

number of hydrogen bonds except at 0.3 M LiCl and 0.15 M MgCl2. The protein 

water hydrogen bond is decreased at 0.3 M LiCl salt. The protein is found to be 

maximumly dehydrated at 0.3 M LiCl when it forms the alpha helix and 

consequently, the number of intra-peptide hydrogen bonds increased at this 

concentration (Figure 4.13-A). At a higher concentration of LiCl, the number of 

protein-protein hydrogen bonds and the protein-water hydrogen bond remain constant 

as there are no major structural changes observed at this concentration. For a similar 

reason, no major change is observed for KCl at all concentrations. K
+
 ion being a 

bigger cation than Li
+
 prefers to live more inside water and interact less with the 

protein molecule resulting in no substantial change in the protein structure. The 

behavior of the Na
+
 ion is similar to the potassium ion. Mg

2+
 on the other hand, 

affects the structure of the protein at a much lower concentration, up to 0.15 M. The 

polyvalent ions induce more pronounced effects than monovalent ions at the same 

concentration. The structure of the IDP is found to be sensitive toward the type of ion 

at lower concentrations showing different secondary structures. At higher 
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concentrations, the structure of the protein is unaltered for the different salt 

concentrations of similar activity. Therefore, in the case of MgCl2, we see a change in 

the number of protein-protein and protein-water hydrogen bonds up to 0.15 M.   

 

Figure 4.13: (A) Scatter plot number of Hydrogen bond (NHB) between the water-

peptide and intra-peptide with salts solution concentrations with error bars. (B) 

Probability distribution of tetrahedral parameter Sg for different LiCl concentrations. 

A similar result is found in the case of the free energy surface plotted between 

protein-protein and water-protein hydrogen bonds. It is evident that when the structure 

of the protein is alpha-helix the number of protein-protein hydrogen bonds increases 

and the number of protein-water hydrogen bonds decreases (Figure 4.14-A, B, G, H). 

In the case of Na
+
 and K

+
, there is not much difference as there is not much change in 

the secondary structure of the protein. 
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Figure 4.14: The free energy landscape of prion peptide (142-167) at (A) 0.3 M LiCl, 

(B) 0.9 M LiCl, (C) 0.3 M NaCl, (D) 0.6 M NaCl, (E) 0.3 M KCl, (F) 0.9 M KCl, (G) 

0.1 M MgCl2 and (H) 0.3 M MgCl2 solutions. 

At 0.3 M LiCl concentration, we found that water around the protein surface is 

more tetrahedral compared to other cases as shown in Figure 4.13-B. The lesser water 

content on the protein surface makes the water structure more tetrahedral, and less 

imperfect. The tetrahedrality of the water molecules can be measured in terms of Sg 

values (Section 2.4.1 (viii)). 
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It is evident from the above discussion that the size of the ion and the charge 

density on the ion surface has a major role in the structural modification of 

intrinsically disordered prion peptide. Thus, it can be summarized that the cations 

with optimum charge density help in the natural folding of the peptide by increasing 

the hydrogen bond and stacking interaction between the residues at lower 

concentrations. Next, it will be interesting to calculate the binding preference of the 

ions with the protein and the effect of the solvent molecules at these concentrations.  

4.6 PREFERENTIAL BINDING OF THE METAL ION WITH PROTEIN 

SURFACE 

The preferential binding coefficient is known to be an important quantity to measure 

the specificity of the ionic interaction with the peptide molecule. As it is already 

observed that lithium ions show a different effect on the prion peptide structure and 

that too at lower concentrations in comparison to the other three ion types (Dilip.H.N. 

and Chakraborty 2020; Singh and Chakraborty 2021). Li
+
 ions have different 

affinities on the protein surfaces which is due to their smaller size and unit positive 

charge. To quantify this effect, we calculated the Preferential binding coefficient 

(Newman 1994) between the ion-protein, ion-water, and protein-water.  The structure 

of the protein and solution can be related to the thermodynamic properties of the KB 

integral (Section 2.4.1 (ix)).  

In Figure 4.15, we have shown the preferential binding coefficient of ion-

protein, protein-water, ion-water, and ion-counter ion at the interface of the protein 

surface (5 Å from the carbonyl group of the backbone of the protein) with respect to 

the concentration of the salt solution. Li
+ 

has a more preferential binding affinity 

towards the protein surface compared to the other salts. For Li
+
, the preferential 

binding affinity of ion-protein decreases as the concentration increases initially, then 

it becomes almost constant at higher concentrations (Figure 4.15-A). The preferential 

binding affinity of the protein-water increases in the same region and ultimately it 

becomes almost constant at higher concentrations. Therefore, it shows that at 0.3 M, 

when Li
+
 ion forms alpha-helix with the prion peptide, the protein-ion interaction is 

maximum and protein-water interaction is minimum. It can be explained that, as the 
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concentration of the salt increases, the concentration of the counter ion Cl
-
 also 

increases, which increases the interactions of the Li
+
 ions with the Cl

-
 ions resulting in 

to decrease in the ion-protein interactions. As a result, the preferential binding 

coefficient of the Li
+
 towards the Cl

-
 increases drastically (at 0.9 M) when the ion 

stops interacting with the protein (Figure 4.15-D). This increases the protein-water 

interactions initially and later becomes constant.  

 

Figure 4.15: The Preferential binding coefficients (PBC)     within a cutoff of 5.0 Å 

in (A) LiCl (B) KCl (C) MgCl2 for Ion-protein (Solid line), protein-water (Dash line), 

and (D) Ion-chlorine and Ion-water in different salts solutions. 

For the K
+
 ion, all the three preferential binding coefficients are almost 

constant since it interacts with the protein very little. The K
+
 and Cl

-
 interactions, 

however, increase with the concentration. It can be noted here that in the case of K
+
 

ion, the preferential binding coefficient of the protein and water is more compared to 

K
+
 ion-protein which implies that because of its bigger size, K

+
 ion is more associated 

with the water compare to the protein surface in both lower and higher concentrations. 

It likes to lie outside of the protein surface and so in the presence of K
+
 ions no major 
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change in the secondary structure of the IDP is observed. In the case of divalent cation 

(Mg
2+

), more preferential binding affinity with the protein surface is found at a low 

concentration, at 0.15 M which decreases as the concentration increases. The 

maximum observed here in the     is at a lower concentration compared to Li
+
 due to 

the high charge density of Mg
2+

 ions. One of the major reasons behind less interaction 

of the Mg
2+

 ions with the protein surface considered in this study with respect to the 

Li
+
 ions is due to its +2 charge, which is hard to get stabilized with the single valency 

of the O
-
 atoms on the surface of the carboxylic groups of the prion protein. 

Moreover, Mg
+2

 is reported to have a high affinity toward water molecules forming 

Mg(OH)6 complex (Shanker and Bandyopadhyay 2017). If the charge on an IDP 

protein surface is more and can accommodate Mg
2+

 ions by the adjustment of the 

amino acids, the preferentially binding affinity of the Mg
2+

 ions towards the protein 

can be more, which is observed in the case of bigger biomolecular systems. In 

Appendix XII, the radial distribution function and preferential binding graph for 

protein-ions, ions-water, and protein-water by taking the center of mass as a function 

of interatomic distance for systems are shown. Further, the water-ion, water-water, 

and ion-ion interaction energy were calculated to show the efficiency of the chosen 

force-field (Gee et al. 2011; Saravi and Panagiotopoulos 2021) to capture the 

interactions at a high salt-concentration regime as depicted in Figure 4.16. At higher 

salt concentrations the increment in water-ion and ion-ion interaction restricts their 

interaction with a protein molecules. Next, we calculated the survival probability of 

the ions in the next section. 
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Figure 4.16: Graphs showing the Coulombic interaction energy of (A) Ion-water (B) 

Water-Water (C) Ion-Ion in different peptide salt solutions and (D) activity 

coefficients of the salts at various concentrations. 

We have also calculated the activity coefficients of the salts as suggested and 

plotted it against the concentration of the salt solution. Figure 4.16 (D) contains the 

ionic activity and concentration of cations in each simulation. It is found that at higher 

salt concentrations the activity coefficient is decreasing. Our plots agree well 

qualitatively with the reported values with other simulation results and we have 

compared two data from the KB derived ion parameter shown in the star point. The 

other data cannot be compared due to the different concentration ranges chosen. The 

comparison of the data and the trend of the plots shows that the parameters used for 

the ions are reasonable. 

4.7 SURVIVAL PROBABILITY AND HYDROGEN BOND LIFETIME 

Survival probability (SP) is an important quantity for characterizing the relaxation 

dynamics of metal cations on the surface of the protein (Section 2.4.2 (iii)). It gives 

information about the probability of an ion staying on the surface of a protein 

molecule or inside the protein pocket (Debnath et al. 2010).  The calculated beta 

values are given in Table 4.3.  
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Table 4.3: The relaxation time (τ) and stretching exponential coefficient (β) after 

fitting by KWW equation given in table.  

System τ (ps) β 

0.3 M LiCl 47.08 0.828 

0.9 M LiCl 44.81 0.768 

0.3 M NaCl 42.52 0.772 

0.9 M NaCl 41.26 0.847 

0.3 M KCl 38.82 0.755 

0.9 M KCl 41.16 0.817 

0.1 M MgCl2 18.62 0.781 

0.3 M MgCl2 28.91 0.720 

It can be seen that beta values range around 0.7-0.847 for most of the systems 

which indicates the relaxation process is heterogeneous in nature therefore, we 

calculated the survival probabilities of the ions both at the interface of the protein and 

the bulk water. The metal ions within a cut-off of 5.0 Å from the carbonyl group of 

the protein backbone were considered at the interface (decided from RDF Appendix 

XII-A) and if they are present at > 1 nm away from the protein backbone, they are 

considered in bulk. The survival probabilities for a long-time window duration of 200 

ps were evaluated. The relaxation trend of survival time is given in Table 4.4. As 

already evident from Table 4.4 the survival probability of the Li
+ 

ion at the interface 

of the protein is maximum. It is clear from the survival probability that the Li
+
 ions 

stay 80.98 ps near the protein surface, which stabilizes the alpha-helix structure of the 

protein. As the ion concentration increases, the lifetime of the ion on the protein 

surface decreases. At high concentrations, all the ions show a similar survival 

probability of around 11-7 ps which can be attributed to the high salt effect where the 

ions no longer interact with the protein surface. Their electrostatic effect is screened 

by the presence of the solvent molecules and the counterions. The survival probability 

of the ions at the bulk however increases, with the increase in the concentration of the 

ions which shows that the interaction between the ions and the bulk water increases as 

the concentration increases. 
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Table 4.4: The relaxation trend of survival time of cations during the simulation with 

standard error. 

System Interface (ps) Bulk (ps) 

0.3 M LiCl 80.37 ± 0.52 42.78 ± 0.60 

0.6 M LiCl 22.36 ± 0.22 40.87 ± 0.30 

0.9 M LiCl 9.08 ± 0.19 43.32 ± 0.51 

0.3 M NaCl 11.75 ± 0.40 32.98 ± 0.08 

0.9 M NaCl 10.09 ± 0.23 38.35 ± 0.41 

0.3 M KCl 14.08 ± 0.18 26.41 ± 0.72 

0.9 M KCl 7.50 ± 0.53 35.76 ± 0.48 

0.1 M MgCl2 13.42 ± 0.64 6.795 ± 0.33 

0.3 M MgCl2 7.02 ± 0.77 17.82 ± 0.28 

To find out the solvation structure of the water molecules near the protein, the 

hydrogen bond lifetime of the water molecules near the protein surface and the bulk 

water were calculated (Section 2.4.2 (ii)). In Table 4.5 we calculated the hydrogen 

bond between protein nitrogen and oxygen of water, protein oxygen and hydrogen of 

water, and the water-water hydrogen bond at the interfacial water around the protein. 

We have considered interfacial molecules up to a cut-off value of 0.5 nm for the 

calculation of protein-water hydrogen bond lifetime. 

Table 4.5: The lifetime (τHB) of continuous hydrogen bonds (ps) formed between 

protein-water and water-water in the presence of all salt solutions including the 

standard errors.  

System Lifetime of 

hydrogen bond 

between donor of 

protein and acceptor 

of water (ps) 

Lifetime of 

hydrogen bond 

between acceptor 

of protein and 

donor of water (ps) 

Lifetime of 

hydrogen bond 

between Ow-

Hw1/Hw2 (ps) 

0 M 0.973 ± 0.013 1.145 ±0.009 0.860 ±0.006 

0.3 M LiCl 1.223 ± 0.018 0.934 ± 0.001 0.866 ± 0.002 
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0.6 M LiCl 1.017 ± 0.004 0.921 ± 0.012 0.874 ± 0.001 

0.9 M LiCl 0.957 ± 0.004 0.915 ± 0.030 0.877 ± 0.001 

0.3 M NaCl 1.059 ± 0.014 1.053 ± 0.004 0.868 ± 0.003 

0.9 M NaCl 1.002 ± 0.018 1.036 ± 0.027 0.872 ± 0.001 

0.3 M KCl 1.047 ± 0.012 1.040 ± 0.012 0.865 ± 0.007 

0.9 M KCl 0.912 ±0.011 0.938 ± 0.010 0.873 ± 0.006 

0.1 M MgCl2 0.957 ± 0.027 1.056 ± 0.015 0.877 ± 0.005 

0.3 M MgCl2 0.882 ± 0.003 1.003 ± 0.021 0.884 ± 0.007 

In the interfacial region, we have more error bars due to the presence of a 

lesser number of molecules. It can be found that the protein water hydrogen bond 

lifetime decreases with the increment of the ionic concentration whereas the water-

water hydrogen bond lifetime increases with the concentration of the ions. It is found 

that the lifetime of protein water hydrogen bond is highest in the case of 0.3 M LiCl 

solution. Due to the higher survival probability of the ions at the protein surface, the 

hydration water carried by ions makes a stronger hydrogen bond with the peptide 

which increases the lifetime of this non-covalent interaction. This also indicates a 

well-defined hydration layer around the protein required for a stable folded state. In 

contrast, the lesser lifetime of protein water hydrogen bond indicates a less stable 

hydration layer around the protein in the presence of Na
+
, K

+
 ions. At higher salt 

concentrations the decrease of the protein-water hydrogen bond indicates the 

disruption of the hydration layer which ultimately causes the polymorphic protein 

structure.  

4.8 CONCLUSION 

Lastly, to conclude the ion-specific differences in the structural changes of the IDP 

can be linked to the preferential binding affinity of the ions and the solvation of the 

protein with the water. The IDP is found to be maximumly solvated at 0 M 

concentration; where it forms the β-sheet structure. At lower ionic concentrations, due 

to the favorable interaction of the Li
+
 ion with the protein residues, it prefers to stay at 

the surface of the protein, thus stabilizing the folding of the protein to the α-helical 
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state. At this stage, the number of the protein-water hydrogen bond is less which 

increases the protein-water hydrogen bond lifetime due to the loss of hydrogen bond 

cooperativity. The strong electrostatic force of interaction of the ions also adds up to 

increasing the protein-water hydrogen bond lifetime. This lifetime decreases with the 

increasing ionic concentration as the water molecules get more involved with the ions 

which increases the water-water hydrogen bond lifetime. As the concentration of the 

ion increases, the ion-water and ion-counter ion interactions increase that shielding 

the ion-protein interactions, and hence ion-specific affinity of the IDP protein is lost. 

Bigger cations like K
+
 ions prefer to live inside the water more and hence have a 

lesser effect on the protein conformation. The residue-wise interaction plots validate 

this hypothesis. Further, Li
+
 ions were found to interact more with Asp 144, Glu 146, 

Asp 147, Asp 152, Cys 167 residue whereas K
+
 was found to interact with Cys 167. 

With the increase in the concentration of the ions, this interaction decreases. As a 

result, the survival probability of the ions also decreases. Higher charge density ions 

like Mg
2+

 find it hard to get stabilized on the surface of the protein for a lower charge 

protein and hence shows little effect on the conformation at a very lower 

concentration of the salt. The changes observed here are at lower concentrations. The 

strength of the specific interactions of ions with the protein surface is found to depend 

on the concentration of the salts. The free energy profile of the protein shows that in 

presence of 0.3 M LiCl and 0.1 M MgCl2, the IDP acquires a compact landscape. This 

study shows the importance of alkali metal ions on the structure of the proteins. The 

binding of the ions to residues at the protein surface at a physiological salt 

concentration is important for protein folding and hence, they can be proved to be 

beneficial for the treatment of neurodegenerative diseases. 
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CHAPTER 5 

INSIGHT INTO DISORDER-TO-ORDER TRANSITION IN SHEEP PRION 

PEPTIDE 

Understanding the factors that govern the conformational ensemble of IDPs and the 

mechanisms of disorder-to-order transitions gained a great interest in the field of 

protein science. Here, AMD and REMD simulations were used to obtain insights into 

different conformational ensembles and the transition from disorder to order state. 

5.1 BACKGROUND 

Intrinsically disordered proteins or protein regions (IDPs, IDPRs) are the proteins that 

do not contain singularly equilibrated 3-dimensional (Dyson and Wright 2005). The 

changes in their conformational structure are known to have significant effects on 

biological functions such as transcription, cell growth, and gene expression (Wright 

and Dyson 2015). Unlike globular proteins, IDPs consist of higher charge residues in 

the sequence which favors disordered conformations due to local or long-range charge 

repulsion. Hydrophobic amino acids are fewer to stabilize the hydrophobic cores with 

larger side chains of IDPs/IDPRs. IDPs/IDPRs are capable of undergoing structural 

transitions to achieve more ordered conformation while binding with other cellular 

partners.  The degree of folding/disorder-to-order conformations depends on the 

binding moiety such as other proteins or supramolecular assemblies (Uversky 2013). 

The perturbation in the conformation of IDPs depends on various factors like the 

alteration of solvent composition, temperature, pH, post-translational modification, 

and mutations (Uversky 2009). The IDPs and IDPRs are very much accessible for 

posttranslational modifications, by peptide-peptide interaction within IDPs/IDPRs 

inside the human proteome (Darling and Uversky 2018). The conformational 

disorder-to-order transition of IDPs can have important functional consequences, as it 

allows them to interact with specific partners and carry out their biological roles. 

 Understanding the factors that govern the conformational ensemble of IDPs 

and the mechanisms of disorder-to-order transitions gained a great interest in the field 
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of protein science. The vast conformational space of IDPs votes a great challenge as 

the structural transitions are triggered by external physical factors and the binding 

partners. Experimental techniques have limitation in probing some aspects of the 

conformational space. For example, small-angle X-ray scattering (SAXS) provides 

information on the overall shapes and sizes of IDPs (Kachala et al. 2015), but not at 

the atomic level. Similarly, the NMR technique shows the secondary chemical shifts 

which carry residue-specific information but are still unsuccessful to assign the 

degrees of freedom of IDPs (Jensen et al. 2014). The experimental technique is still 

unsuccessful to define the conformational transition from disordered to ordered and 

vice versa. Molecular dynamics (MD) simulations offer an attractive approach for 

IDPs, with an atomic representation for each conformation. The large simulation time 

is able to determine the vastness of conformation sampling of the IDPs but the higher 

computational cost of such long trajectories restricts the simulation in nanoseconds to 

a few microseconds time scale. Therefore, the computation of IDPs or large peptides 

are still computationally challenging at physiochemical conditions by MD 

simulations. The MD simulations are not always consistent with the experiment, 

either because of insufficient sampling or some drawbacks to the force fields 

(Bhowmick et al. 2016). The use of biasing potential or reweighting the ensemble of 

the MD simulation helps to correlate the results with experimental observation 

(Crehuet et al. 2019; Fisher et al. 2010). IDP undergoes a multi-funnel-free energy 

landscape which reveals more stable conformations. In atomistic molecular dynamics 

(AMD) it is difficult to sample all possible states of the conformations which are 

trapped in a deep well of the free energy space. Therefore, these conformations can be 

efficiently sampled by enhanced sampling methods such as REMD (Replica exchange 

molecular dynamic). The configurational states sampled by using replica-exchange 

molecular dynamics (REMD) have been used as a useful tool for the assessment of 

protein folding (Espinoza-Fonseca 2009). An important outcome of REMD 

simulations is that it allows extended sampling of the free energy space to obtain the 

IDP conformational changes extensively. It helps the peptides to overcome the free 

energy barrier. However, Molecular dynamics (MD) simulations generate continuous, 

atomic-level trajectory data for studying the structural and dynamic properties of 

disordered regions of the protein (Castro et al. 2019).  The study aims to gain insights 
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on the conformational evolution of sheep prion with the change in temperature and to 

find the driving force behind these structural changes. 

 In this chapter, the temperature-induced structural changes in prion peptide 

IDP were examined using individual molecular dynamic simulation and also validated 

it with REMD calculation. The structures of the peptide sampled by MD simulation 

showed inter and intra-molecular stabilizing forces in conformations with higher 

mobility of the residues. The conformational changes have been investigated mainly 

in terms of the changes in secondary structure, contact map analysis, surface 

exposure, hydrogen bonds, and intermolecular interactions. Results obtained from the 

present investigation provide a deeper understanding of residue mobility and factors 

affecting the conversion of IDP from a disordered to an ordered state and vice versa. 

 

Figure 5.1: 3-D structure of prion peptide segment (PDB ID: 2RMW) showing N- 

and C- terminal residues. 

5.2 SYSTEM SETUP 

The initial coordinates of IDP (prion peptide segment 142-166, PDB ID: 2RMW) 

(Bertho et al. 2008) were obtained as mentioned in Section 4.2 (Figure 5.1). Then, the 

peptide was solvated by TIP3P (Jorgensen et al. 1983) water molecules in a cubic box 

of length 4.76 nm. The overall charge of the system was neutralized by adding 

counter ions. The effect of temperature on the folding-unfolding nature of prion 

peptides was studied using MD simulations at a temperature range of 290 K- 330 K. 

The details of the simulated peptide systems are shown in Table 5.1. Further, REMD 

simulations (290-330 K) are performed for 600 ns. 
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Table 5.1: Details of the simulations NIDP and Nwater represent the corresponding 

number of prion peptide units and water molecules in the simulation box. 

System /Temp (K) NIDP NWater Simulation Time (ns) 

1/ 290 1 3513 1000 

2/ 300 1 3513 1000 

3/ 308 1 3510 1000 

4/ 320  1 3510 1000 

5/ 330 1 3510 1000 

Atomistic Molecular Dynamics Simulations: All simulations were performed in the 

GROMACS (Berendsen et al. 1995; Van Der Spoel et al. 2005) software package 

with CHARMM-36 force field (Gil Pineda et al. 2020; Oliveira and Colherinhas 

2020). The leapfrog algorithm with a time step of 2 fs along with periodic boundary 

conditions was used in all three directions (Allen and Tildesley 2017). The short-

range Lennard-Jones interaction and Particle Mesh Ewald (PME) (Darden et al. 1993; 

Essmann et al. 1995) were employed to treat the long-range electrostatic interactions 

with nonbonded interaction within a cut-off of 1.2 nm. The LINCS (Hess et al. 1997) 

algorithm was applied to constrain the hydrogen bond atoms of the peptide molecule 

and the SETTLE (Miyamoto and Kollman 1992) algorithm was employed to 

constrain the geometry of water molecules. The systems were equilibrated in the 

isothermal-isochoric ensemble (NVT) followed by the isothermal-isobaric ensemble 

(NPT) for 20 ns each respectively. The 1 μs production run has been done for every 

temperature. All the simulations were performed thrice to check the reproducibility of 

the results. A total of 15 μs production has been done. The temperature and pressure 

of the system were maintained employing Velocity rescale (Bussi et al. 2007) 

(τt=0.1ps) and Parrinello-Rahman coupling algorithm (Silvestrelli and Parrinello 

1999) (τp=0.2 ps) respectively. The time average thermodynamic properties have 

given in Appendix XIII. The VMD (Humphrey et al. 1996) tool was used to visualize 

the folding process of the peptide at different temperatures.  
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Replica Exchange Molecular Dynamics (REMD): The peptide systems have been 

solvated with 3513 water molecules of the TIP3P model in a cubic box. The energy 

minimization of the system has been carried out using a steepest-descent algorithm 

before molecular dynamics simulations. REMD is used to enhance conformational 

sampling by allowing the crossing of energy barriers between the conformations from 

lower temperatures to higher temperatures. 10 replicas within the temperature range 

of 290−330 K (Table 5.2) were used and attempted an exchange at every 10 ps in 

order to achieve an average exchange rate of 15%.  For all these simulations, the 

position-restrained NVT equilibration has been run for 5 ns using a V-rescale 

thermostat. The NVT production has been carried out for 600 ns for each replica. In 

all the simulations, the particle mesh Ewald method has been used to describe the 

long-range electrostatic interactions with 0.16 nm grid spacing. Leapfrog integrator 

with the integration time step of 2 fs has been used to solve Newton’s equation of 

motion and trajectories have been saved at every 10 ps. 

Table 5.2: The temperature obtained from the exchange probability for replicas. 

S.No. Temperature (K) 

1 290.0 

2 294.3 

3 298.7 

4 303.1 

5 307.5 

6 312.0 

7 316.6 

8 320.9 

9 325.7 

10 330.0 

5.3 STRUCTURAL CHANGES AND SECONDARY STRUCTURE 

ANALYSIS 

The secondary structure analysis has been done to understand the temperature 

dependency of the conformational evaluations of the sheep prion peptide during the 
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simulations. The residue-residue (amino-acids) and solvent-residues interactions are 

responsible to change the conformation from disordered to ordered conformation of 

the IDPs. The time average secondary structure for the intrinsically disordered peptide 

was calculated by DSSP analysis at different temperatures Figure 5.2. The other two 

sets are given in Appendix XIV. 

 

Figure 5.2: Time evaluation of residue-wise secondary structure composition 

throughout the simulation trajectory at all 5 temperatures. 

 It can be seen that the secondary structure is dominated by random coil 

conformation during the initial phase of the simulation. At lower temperatures (290 

K), the IDP is found to be in α-helix form towards the C-terminal end whereas the N- 

terminal is a random coil (Figure 5.2(a)), and after 450 ns it was continuously found 

to be in alpha-helix conformation. At the 300K temperature, the IDP formed β-sheet 
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(Figure 5.2(b)) mainly near the C-terminal, but at 308 K and 320 K α-folded helix 

formed near the N-terminal residues (Figure 5.2 (c-d)). In the case of 330 K, the IDP 

was again found to be β-sheet and this β-sheet is found to be shifted towards the N-

terminal from C-terminal after 700 ns (Figure 5.2 (e)). 

 

Figure 5.3: The probability distribution of the secondary structural parameters (a) 

RMSD, (b) Rg, and (c) SASA. 

 In Figure 5.3, the structural parameters are calculated in terms of RMSD, Rg, 

and SASA. This gives information about the changes in the IDP structure. The IDP 

changes from the disordered to a particular ordered conformation under different 

temperatures. The two peaks of RMSD distribution at 290 K are mainly due to the 

existence of two different conformations. The presence of beta-sheet and α-helix is 

observed at the same time and later 310-helix or α-helix after 600 ns (Figure 5.2(a)). 

 At 300 K Figure 5.3(a) shows the broad distribution of the RMSD probability 

due to the formation of Beta-sheet towards the C-terminal side and random motion in 
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N-terminal side residues. In the case of 308 K and 320 K, the peptide was found to be 

a compact distribution of RMSD due to formation of the formation of α-helix at the 

N-terminal side. At 308 K, three peaks are seen due to changes in the α-helix position.  

The peak at 320 K is compact due to the formation of an extended α-helix structure. 

At 330 K, the different peaks are showing the formation of more than one 

conformation. The probability distribution of the radius of gyration shows the 

compactness of the peptide (Figure 5.3(b)). At 290 K, 308 K, and 320 K the peptide 

is more compact compared due to the formation of Alpha-helix. At 300 K and 330 K, 

the peptide is forming the beta-sheet and the beta bridge which is less compact 

compared to α-helix. Moreover, the structural rearrangements are characterized by the 

decrement in SASA. It shows the total surface accessibility by the water molecules 

(Figure 5.3(c)). At lower temperatures (290 K), the SASA value is more due to the 

interaction of solvent in the hydrophilic region (143-152) of the IDP. This region 

makes α-helix at higher temperatures, and therefore, the SASA reduces. It can be seen 

that the alpha helix structure has fewer SASA values than the B-sheet structure at 300 

K and 330 K which is similar to the trend seen in RMSD and Rg value which further 

confirms that the a-helix structures are more compact. 

5.4 REMD SIMULATION AND THERMODYNAMIC ANALYSIS OF 

CONVERGENCE 

The REMD data convergence is checked by investigating the equal occupancy rule of 

replicas at each temperature shown in Figure 5.4 (a). By REMD simulations we have 

obtained a probability distribution function of potential energy and structural 

parameters for a set of temperatures as shown in Figure 5.4. In Figure 5.4(a), it can 

be seen that a significant amount of potential energy overlaps in the coverage of 

probability distribution between two adjacent temperatures Ti and Ti + 1. This confirms 

that the 15% acceptance ratio is suitable for replica exchange. The root-mean-square 

deviation (RMSD) distribution as a function of temperature obtained from REMD 

simulation is also shown in Figure 5.4(b). It observed that the average RMSD 

increases as temperature increases, indicating that the population of the changes in 

IDP conformations increases. The radius of gyration (Rg) distribution as a function of 
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temperature obtained from REMD simulation is shown in Figure 5.4(c). The average 

radius of gyration increases as temperature increases. 

 

Figure 5.4: (a) The probability distribution functions of the potential energy obtained 

from the REMD simulation are shown for all 10 replicas. Significant overlaps are 

observed between neighboring temperatures. The distribution functions of the (b) 

RMSD and (c) radius of gyration obtained from REMD simulation. 

 The thermodynamics equilibrium achieved by each replica is plotted in Figure 

5.5(a). The 1-D free-energy profile projected for all the replicas to obtain well-defined 

conformations is shown in Figure 5.5(b). The time average secondary structure for 

the sheep prion peptide from the REMD simulation trajectory was calculated by 

DSSP analysis for each replica Appendix XV. A set of free-energy minima (replicas 

1, 3, 7, and 9) can be defined along the free-energy profile. These minima represent 

the IDP stable conformations with a larger population of secondary structures during 

the REMD simulations. These structures are shown along the free-energy profile over 

the radius of gyration and RMSD reaction coordinates in Figure 5.5 (c). The 
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intrinsically disordered peptide encounters various disordered-to-ordered 

conformations transition states between extended and compact structures. 

  

 

Figure 5.5: (a) Time average temperature evaluation of each replica and (b) 1-D free-

energy profile projected for replica- 1, 3, 7 and 9 and (c) corresponding peptide 

structures showing disordered-to-ordered conformations with the free energy change 

(ΔΔG) in kJ/mol. 

5.5 WATER CONTENT AND SECONDARY STRUCTURE PERCENTAGE 

IN DIFFERENT TEMPERATURES 

The percentage of secondary structure content alpha-helix and beta-sheet with respect 

to temperature has been plotted in Figure 5.6. The water content per residue of the 

peptide with temperature was calculated and plotted it in the inset of Figure 5.6 (a). 

This will give an overview of how the hydration structure of the peptide varies with 

the change in the secondary structure and the temperature. It can be seen that in 

general, the water content is lesser in the case of the α-helix structure, and the water 
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content of the beta-sheet is found to be more (Nishimoto et al. 2019). It is found that 

at higher temperatures of 308 K and above, the secondary structures ( α-helix and β-

sheets) are mainly formed with the hydrophilic residues at the N-terminal; whereas at 

the lower temperature at 290 K and 300 K, they are formed involving the hydrophobic 

residues at the C-terminal. Therefore, at lower temperatures, the hydrophilic residues 

are free to interact with water resulting in higher water content at 290 K and 300 K. 

At 300 K temperature, the IDP sequence formed the beta-sheet with the higher water 

molecules compared to the beta-sheet formed at 330 K. At 308 K, 315 K, and 320 K 

temperatures the prion peptide formed in an alpha-helix state where the water 

molecules are very less compared to other temperatures. 

 
Figure 5.6: % of α-helix (Black dots) and β-sheet (Red dots) with temperature. 

Number of water molecules per residue with temperature visualized in the inset. 

 Therefore, it can be inferred from Figure 5.6 that the percentage of α-helix 

increases with the loss of water near the protein surface, and the beta-sheet structures 

involve more water molecules near the protein surface visualized in the inset. 

Interestingly, the REMD simulation data shows a similar trend, the percentage of α-

helix (replica-1, replica-7) was observed when the water content is lower around the 

peptide while the β-sheet/bridge (replica-3, replica-9) forms when the water content is 

more near the peptide surface (Table 5.3). Next, it will be interesting to examine the 

interaction of the residues with the temperature which guides the formation of the 

different secondary structures of the peptide at different temperatures. In the next 

section, the residue-residue contact map is discussed. 
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Table 5.3: Number of water content dependence of secondary structure distributions. 

Replica No. Water molecules % of α-helix % of β-sheet/bridge 

Replica-1 185 9 1 

Replica-3 240 0 7 

Replica-7 140 18 0 

Replica-9 243 0 11 

5.6 CALCULATION OF CONTACT MAP 

One of the most powerful features of cross-correlation is the ability to correlate pairs 

with other pairs of interest or external perturbations with the contact map. This allows 

precise identification of key interactions (between residues or groups of residues) 

responsible for some macroscopic quantity. We can easily find out the major and 

minor interaction networks between the residues by projecting the distances on 

residues using the given formula,           
   

  
 , where Mi is the correlation 

time series with a residue-residue (rij) distance and Rc is cut off. We have plotted the 

pair-wise residual contact maps with a cutoff distance of 0.45 nm, the cut-off was 

chosen to capture the non-covalent intra-peptide interactions including van der Waals, 

and hydrogen bonding. The anti-diagonal blue-colored region in Figure 5.7 shows the 

residual contacts. It is clear from the contact map of the IDP that the temperatures 

have a significant effect on the residue-residue interaction profile of the prion peptide. 

The blue region parallel to the diagonal line is the signature of the helical 

conformation and the off-diagonal (cross line to diagonal) blue region indicates the β-

sheet/bridge.  

 At 290 K (Figure 5.7 (A)), IDP shows more residual interaction in the 

hydrophobic and amphipathic regions (II and III - between residues 10-20 and 17-25) 

in the initial time frame (10 ns).  After the alpha helix is made between residues 16-

21, the interaction is reduced to mainly the C-terminal residues (residue no 16-25). 

The α-helix is stabilized throughout the simulation after 450 ns, and the alpha helix 

shifted towards C-terminal by making the residual interaction between res-22, and 

res-18 with the off-diagonal residues (residues 6-14). Also, it is clear from Figure 

5.13(a) where it shows that regions I and III have more solvated compared to 300 K. 
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Figure 5.7: Visualization of a residue-residue contact map with different 

temperatures and time frames. 

 Experimentally, it has been reported that this peptide forms β-sheet at neutral 

pH.  At 300 K, the hydrophobic core opens up exposing more residues to 
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neighbouring residues which results in the extension of the inter-residue interaction 

through non-covalent interactions. In Figure 5.7 (B), IDP was found to have some 

interaction between the N-terminal residues (residues 1-10 R-I) and C-terminal 

residues (residues 20-25 R-III) initially. A stable bridge sheet is found to exist from 

40 ns between the residues-14 to residue-18 of the IDP which extends to residues 12-

21 (towards the C-terminal) after 70 ns and stabilized up to 1μs simulation. Also, it is 

found that, at 300 K temperature, the hydrophobic region (R-II) of the IDP molecule 

was solvated which indicated that the water density was found to more compared to 

amphipathic region (R-III). Figure 5.13 (b) shows that R-II is more solvated than 290 

K, which may have extended the interaction between R-III. There are three proline 

residues towards the C-terminal ends in which one is located in the globular domain. 

Due to the higher mobility of these prolines, the residues from 12-21 (mostly in R-II) 

showed more flexible hinge which makes the residue more soluble in water thereby 

forming a stable beta sheet at 300 K. Thus, the secondary structure of peptide not only 

depends on the interactions of residues, but also on the hydration structure of 

involving residues. At 308 K, the inter-residue interactions are found to be mainly 

shifted from the C-terminal (10 ns) towards the N-terminal (30 ns) resulting to form a 

stable alpha helix between residue 2-11 (Region II). This helix is found to be stable 

throughout the simulation. After 70 ns, we observe the beginning of some extended 

interactions between the hydrophobic residues (Residues 18-22, R-II). Similar 

observations are seen for 320 K (Figure 5.7 (D)). Thus, the secondary structure of 

peptide is not only depending on the interactions of residues but also on the hydration 

structure of involved residues.  

At 330 K, the IDP has a random intra-residual interaction compared to inter-

residual interaction in the initial time frame (10 ns) and found to be unstructured 

(Figure 5.7 (E)). At 70 ns the IDP was found to be in the 310-helix state and after 120 

ns the 310-helix state and a transient into β-sheet/bridge is found. After 210 ns, a stable 

β-sheet/bridge structure is observed almost throughout the peptide i.e., at the C-

terminal residues as well as near the N-terminal end  because of the random atomic 

fluctuations. The prion peptide was found to be more or less equally solvated in all 

three regions and the density of the water molecules is higher compared to other 
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temperatures.  Nevertheless, the IDP was found to be in a small fraction of α-helix, 

310-helix, and β-bridge conformation at different temperatures in various locations of 

the peptide. In conclusion, the structure of the IDP is found to be affected by the 

density of water at different temperatures showing different secondary structures 

(Nishimoto et al. 2019). We have calculated the residue contact map from the 

enhancement sampling simulation trajectory (REMD) and found a similar trend as 

observed in individual simulations in Figure 5.8. It will be more interesting to 

calculate the various prominent conformations from disorderliness conformations to 

orderliness conformations. Therefore, network analysis was done to find out the 

prominent conformation at various temperatures during the simulation. 
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Figure 5.8: Visualization of residue-residue contact map for replica-1, 3, 7, and 9  

5.7 PROMINENT CONFORMATIONS OF THE IDP 

To get an overview of different conformations for the calculations, the most 

prominent conformations for each temperature were identified based on the frequency 

of its existence in the whole trajectory, and network analysis was done to find out how 

close or different these clusters are related to each other; i.e inter-connectivity 

between the conformations. A maximum of 250 conformations were considered for 

each analysis. Two conformations obtained from the simulation trajectory are 

considered to be connected if d (t, tʹ) < 2.5 Å. Since we compared the change in the 

conformation for all the temperatures, we preferred RMSD criteria 5.0 Å where we 

get two prominent conformations for 300 K.  The conformational dynamics of the 

IDP change due to the thermal fluctuations in the side chain atoms of the peptide. The 

major conformations of prion peptide were extracted from 1μs trajectory for each 

temperature using the Gromos clustering method (Daura et al. 1999). The prominent 

structure has been chosen from the cluster in which the conformation exists more than 

60 ps. The network distribution at different temperatures is given in Figure 5.9 with 

communities represented in different colors. The prominent conformations are fewer 

as the temperature increases. This can be explained as, with the increase in 

temperature, the conformations are more random and transient. Therefore, the number 

of prominent stable structures reduces with temperature.  

 At lower temperatures, 290 K more stable prominent structures are found than 

the higher temperatures (Figure 5.9 (a)). The different color shows a different 
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community of structures. The nodes present in different communities have different 

structures. At higher temperatures, many communities with fewer connections are 

observed which explains that sharp differences in the structure happened during the 

structural transition/conformational evolution. It can be noticed here that for sampling 

the IDP conformations at different temperatures, the number of communities is 

constant from 308 k to 330 K.  

 

 
Figure 5.9: Network distributions of most prominent conformations of intrinsically 

disorder prion peptide for 1 μs simulation trajectory at different temperatures in 

TIP3P water model. 

300 K showed only two communities which have more interconnections 

(Figure 5.9 (b)) which suggests that at this temperature, the structures are inter-

convertible and related. The rise in temperature helped the easy transition between the 

structures. At this temperature, the formation of the beta-sheet is observed and there is 

no other changes in the structure except the side chain fluctuations. At 290 K, there is 

a change in the structure from a random coil to a 310-helix to the alpha helix. At 



116 
 

higher temperatures (308 K, 320 K, and 330 K) also such different structures are 

found, therefore there we have different communities. These are more distinct 

separated communities, and the connection between the communities was less 

(Figure 5.9 (c-e)). This indicates that structure was found to be less or moderately 

interchangeable between the communities. The free energy change in IDP 

conformations shows the stability of the prominent structure in each community. The 

free energy change was calculated by RMSD-based calculation (Anandakrishnan et 

al. 2019) which is given by,                 , where kB is the Boltzmann 

constant (8.3145 × 10
-3

 kJ/mol) and P(RMSD) is the probability of conformations 

with RMSD. The change in the free energy of the prominent conformation is shown 

in Table 5.4. 

Table 5.4: Free energy of the prominent conformation for intrinsically disordered 

prion peptides. 

Temperature (K) Color Energy (kJ/mol) 

290 Magenta 

Green 

Cyan 

orange 

-1.042 

1.016 

1.082 

2.172 

300 Blue 

red 

-0.894 

1.483 

308 Magenta 

Green 

Cyan 

orange 

-0.816 

-0.746 

-0.065 

0.346 

320 Magenta 

Green 

Cyan 

Yellow 

-0.868 

-0.063 

0.197 

0.127 

330 Magenta 

Green 

Cyan 

Yellow 

-0.195 

-0.825 

1.042 

2.195 

 It is found from Table 5.4 that the negative ΔG values at every temperature of 

the IDP were found to be stable in conformation in the secondary structure such as α-

helix, 310-helix, and β-sheet/bridge state. Figure 5.10 shows that the magenta color 
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community shows the stable conformation (α-helix) in which the nodes are more 

connected to each other with -1.042 kJ/mol at 290 K. At 300 K, 308 K, and 320 K, the 

ΔG values are clustered between -0.89 to 0.062 kJ/mol, and this free energy shows 

that the disordered conformation of IDP is found to be in ordered alpha-helix and 

beta-sheet. At 300 K, the free energy of the blue community is found to be -0.894 

kJ/mol which shows the stable beta-sheet conformation. At higher temperatures, 308 

K, and 320 K, the IDP shows some stable conformation with the negative free energy 

changes -0.816 (Magenta), and -0.748 (green) kJ/mol in the obtained communities. 

 

 

 

Figure 5.10: The stable conformation evolved in different communities at different 

temperatures with the lowest free energy changes. ΔG values in given in kJ/mol. 
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5.8 FREE ENERGY SURFACE (FES)  

The principal component analysis discloses the high amplitude collective motion in 

MD simulation trajectories, through the eigenvectors of the covariance matrix of the 

positional fluctuations of the atoms, which was calculated on protein alpha carbons 

(Cα) using individual MD simulation trajectories. To describe the dimensionality of 

the crucial subspace, the fraction of total fluctuation/motions is described by reducing 

the dimension and computed as the sum of the eigenvalues included with the 

eigenvectors (Amadei et al. 1993). The cosine content (ci) of the principal component 

(PC) can be extracted from covariance analysis and ranges between 0 and 1. The 

cosine value tells about the convergence of the sampling data from the MD simulation 

trajectory, if the cosine value is below 0.5 then the system converges and the higher 

value represents random motions (Hess 2000; Venugopal and Chakraborty 2022). The 

evaluation of cosine contribution for the first eigenvectors is sufficient to give a 

reliable idea of the protein behavior. The cosine content was calculated on the first 

principal components of every simulation trajectory (Appendix XVI). It is evident 

that the 1 μs simulation trajectory showed the convergence of the conformational 

sampling of every individual replicated simulation.  
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Figure 5.11: The free energy surface using as reaction coordinates of the principal 

components (PC1) along the (PC2) of the MD simulation trajectory at different 

temperatures. 

 The first two principal components i.e., PC1 and PC2 were considered as the 

reaction coordinate to generate the free energy surface of the intrinsically disordered 

prion peptide at different temperatures in Figure 5.11. It can be seen that the 

projections or sampling points of the prion peptide are widely spaced in the case of 

300 K, and 330 K temperatures due to the formation of β-sheet/bridge, leading the 

more thermal fluctuation and the solvation of the IDP. In contrast, the FEL 

corresponding to alpha helix structures is more compact (290 K, 308 K, 320 K) 

Figure 5.11 (a,c,d). The lower free energy corresponds to the structure is found to be 

more spread and leads to the extended beta-sheet conformation at 300 K. This can be 

observed from the Figure 5.3(a-b) the RMSD and Rg values were found to be higher 

at 300 K. The free energy surface value is comparatively higher  which indicates a flat 

energy surface where the peptide conformations can float the entire phase space 

(Singh et al. 2022) obtained from our MD simulation Figure 5.11 (b). Moreover, the 

free energy surface of the PCA calculation suggested that at lower temperatures at 

300 K, the more positional motion was found and reduced after forming a secondary 

structure α-helix at higher temperatures 308 K, and 320 K Figure 5.11 (c-d). The 

peptide is less compact at 300 K compared to 308 K, 320 K temperature therefore the 

water molecule are near to the hydrophobic residues of the peptide. At 330 K the free 

energy surface is more spread out due to the random motion of the residues Figure 

5.11 (e). The free energy surface calculated for REMD simulation trajectory from the 
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last 200 ns and found that the replica-1 (290 K), replica-3 (300 K), replica-7 (323 K), 

and replica-9 (329 K) found in the lesser wide-spaced leading with ordered structures 

in Figure 5.12. The replica-1 was found to be in α-helix toward the C-terminal side, 

replica-3, replica-9 β-sheet/bridge, and replica-7 were in α-helix toward the N-

terminal side. Next, it will be interesting to see the solvation effects on the structural 

conformations of the prion peptide at different temperatures.   

 

 

Figure 5.12: The free energy surface using as reaction coordinates of the principal 

components (PC1) along the (PC2) for replica-1, replica-3, replica-7, and replica-9 of 

the REMD simulation trajectory. 

 Additionally, the free energy surface can be explained based on the solvation 

structure of the peptide at different secondary structure regions, due to the fluctuation 

in the residues which are dependent on the solvation structure. Therefore, in the next 

section, the study of solvation structure has been done at various temperatures. 
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5.9 HYDRATION SHELL STRUCTURE 

The hydration shell structure was quantified by calculating the radial distribution 

function (Nguyen and Pettitt 2015) (RDF) of water oxygen atoms around the oxygen 

atoms of protein Figure 5.13. We selected the peptide in three different regions 

hydrophilic (region-1), hydrophobic (region-2), and amphipathic (region-3) region. 

The position of the first two solvation shells was found to be at a distance r ∼ 2.8 Å 

and 5.8 Å respectively from the protein surface. 

 

 

Figure 5.13: The RDF is a function of the distance r between an oxygen atom of 

water and the oxygen atoms of prion peptide at different temperatures in all three 

regions. 
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 The first solvation shell shows a higher density compared to the second 

solvation shell. At lower temperatures (290 K) the hydrophilic region-1 and 

amphipathic region-3 were found to be more solvated compared to hydrophobic 

region-2 (Figure 5.13 (a)). At 300 K temperature, the hydrophobic region-2 of the 

IDP molecule was solvated which indicated that the water density was found to more 

compared to amphipathic region-3 (Figure 5.13 (b)). When we increased the 

temperature from 308 K to 320 K the peak height of the first solvation shell of 

hydrophilic region-1 decreased showing the dewetting of this region. The weak 

hydrogen bond between the peptide and the water molecules allows to development of 

the secondary structure here and which leads to a decrease in water density and 

solvation (Figure 5.13 (c-d)). In the case of 330 K temperature, the prion peptide was 

found to be more or less equally solvated in all three regions and the density of the 

water molecules become low compared to lower temperatures. The structure of the 

IDP is found to be affected by the density of water at different temperatures showing 

different secondary structures. Further, to find the correlation between the secondary 

structure formed and the number water content we calculated the number of hydrogen 

bonds and the interaction energy for some specific peptide regions in the next section. 

5.10 NUMBER OF HYDROGEN BONDS AND INTERACTION ENERGY 

In Figure 5.14 (a), the number of peptide-peptide hydrogen bonds (with error bar) 

and the number of intra-peptide hydrogen bonds for interfacial water molecules with 

variations in the temperatures were plotted. The water molecules that are present 

within 5 Å from the carbonyl groups of the protein backbone were considered as 

interfacial water molecules. It is decided from the RDF of oxygen of protein and 

oxygen of water shown in Figure 5.13. It can be seen that the protein-water hydrogen 

bond is decreased and peptide-peptide increased when the IDP transient from 

disordered to ordered conformation. The protein is found to have lesser protein-water 

hydrogen bonds at 308 K, 315 K, and 320 K when it forms the α-helix and 

consequently, the number of intra-peptide hydrogen bonds increased at these 

temperatures in Figure 5.14 (a). This is because the number of residues (11 residues) 

involved in making the secondary structure at this temperature is more. The protein is 

found to be more hydrated when it folds into the β-sheet/bridge structure and 
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consequently, the peptide-peptide hydrogen bond is found to be less. It can be noted 

that the number of residues involved in the b-sheet is generally lesser than the alpha 

helix. To further clarify this issue, we further considered two different segments in the 

peptide that forms alpha helix and β-sheet at different temperature. The first segment 

we considered from residue 15 to 18 present at the C-terminal which formed alpha 

helix at 290 K, β-sheet at 300 K, and unstructured at 320 K, and the other segment we 

considered from residue 6 to 12 which was unstructured at 290 K, folded alpha helix 

at 308 K and 320 K, β-sheet at 330 K.   

 

Figure 5.14: (a) Number of hydrogen bonds between the peptide-peptide and peptide-

water (b) the interaction energy between the peptide-peptide and peptide-water of the 

IDP segment formed α-helix at 290 K, β-sheet at 300 K and unstructured at 320 K (c) 

the interaction energy between the peptide-peptide and peptide-water of the IDP 

segment formed α-helix at 308 K, 320 K whereas at 290 K it is unstructured and 330 

K making beta-sheet. 
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 It observed at 290 K when the peptide formed α-helix, it is less solvated. The 

beta-sheet structures are found to be more solvated. From Figure 5.14 (b) it is 

observed that the intra-peptide interaction energy where the IDP segment is forming 

the α-helix at 290 K was found more compared to β-sheet/bridge at 300 K and 

unstructured at 320 K forms in the same position of IDP segment. The interaction 

energy between the water-peptide was found to be less in ordered α-helix 

conformation compared to β-sheet/bridge and unstructured state. 

 The residues at the N-terminal are hydrophilic in nature, therefore the water-

peptide interaction energy is found to be more. These residues were found to make 

alpha helix at 308 K and 320 K, where the water-peptide interaction energy is found 

to be less than the beta-sheet structure formed at 330 K. Further, the lifetime of the 

protein-water hydrogen bond from the time correlation function of continuous 

hydrogen bond were calculated as defined in Section 2.4.2 (ii).  

Table 5.5: The lifetime (τHB) of continuous hydrogen bonds (ps) formed between 

protein-water and water-water in the presence of all salt solutions including the 

standard errors.  

Temperature 

hydrogen bond Life-time 

between peptide-peptide (ps) 

hydrogen bond Life time bond 

between peptide-water (ps) (<5.5Å) 

S1 S2 S3 SD S1 S2 S3 SD 

290 K 7.01 7.85 7.35 0.422 0.48 0.49 0.47 0.010 

300 K 6.32 7.05 6.85 0.377 0.45 0.43 0.44 0.010 

308 K 8.45 8.55 8.85 0.208 0.42 0.42 0.41 0.006 

320 K 9.35 8.95 8.35 0.503 0.35 0.34 0.35 0.006 

330 K 7.87 7.77 6.95 0.505 0.31 0.32 0.31 0.006 

*S1, S2 and S3 are individual simulations. 

 In Table 5.5, the hydrogen bond between the intra-peptide and the peptide-

water hydrogen bond in the interfacial water around the protein was calculated 

(Bandyopadhyay et al. 2005; Luzar and Chandler 1996; Singh and Chakraborty 

2021). The interfacial molecules up to the second solvation shell (cut-off value of 

<5.5 Å) were considered for the calculation of protein-water hydrogen bond lifetime. 
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From Table 5.5, it is observed that the hydrogen bond lifetime of the peptide (donor)-

peptide (acceptor) was found to be more when the IDP transient into the alpha-helix 

conformation of the IDP compared to the beta-sheet. The peptide is found to be in 

alpha helix structure at 290, 308, and 320 K temperatures. At 300 K and 330 K, it is 

found to be in a β-sheet structure. The hydrogen bond lifetime between the peptide 

and water molecules was however found to decrease with an increase in temperatures. 

At lower temperature (290 K) hydration layer around the sheep prion peptide have 

more hydrogen bond lifetime. At higher temperatures 325 K and 330 K, the lesser 

hydrogen bond lifetime of peptide water indicates a less stable hydration layer around 

the IDP surface. It is evident from the above discussion that the IDP is more sensitive 

under the thermodynamic conditions and residue-residue interaction network to 

change the conformation from a disordered to an ordered state. 

5.11 CONCLUSION  

Lastly, to conclude we have performed AMD and REMD simulations to obtain the 

conformational transitions of IDP from a disordered to an ordered state. It should be 

noted that the results of both atomistic molecular dynamics and REMD simulations 

showed similar results showing the robustness of the simulated trajectories. The 

multivariate statistical analysis and principal component analysis method efficiently 

showed the atomic motion responsible for the conformational transition of the IDP 

under different conditions. To the best of our knowledge, this is the first study to 

show the residue specificity involved in disordered-to-ordered structural transitions 

and vice versa. The hydrophobic region (C-terminal) of the IDP was found to be 

alpha-helix at 290 K which changed to beta-sheet at 300 K due to changes in 

fluctuations in the residues of the peptide. The RDF and the contact map of the 

residues showed that the peptide hydrophilic region (N-terminal) was found to be 

solvated more at lower temperatures whereas growth in the interaction was found to 

be in the case of hydrophobic residues. This led to the formation of the alpha helix at 

the C-terminal. With the temperature rise, the hydrophobic residue got more solvated, 

and the hydrophilic residues at the N-terminal got dewetted shifting the formation of 

the alpha helix at the N-terminal. At a very high temperature around 330 K, the 

random motion of the peptide was found to make a beta-sheet structure. The network 
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analysis correlated well with the structural transition of the peptides at a given 

temperature. The free energy corresponding to the stable conformation in a particular 

community was found to be the lowest. It is found the FEL for the alpha helix 

conformations is less widely spaced compared to the beta-sheet structures. The PCA 

free energy surface showed at 290 K, 308 K, 315 K, and 320 K are found to be 

compact to the less Rg and RMSD values. The intra-peptide number of hydrogen bond 

value was found more during the formation of alpha-helix and less in the beta-sheet 

with a higher peptide-peptide and lower peptide-water hydrogen bond lifetime. The 

interaction energy of peptide-peptide was found less due to the solvation of the 

peptide in the case of the beta-sheet. The peptide-peptide hydrogen bond lifetime of 

the alpha-helical structure was found to be more compared to the beta-sheet structure. 

 The REMD calculation showed a similar structure as reported by the AMD 

simulation. The higher temperatures (replica-9) indicate the formation of β-rich 

conformation of PrP
Sc

-like structures and alpha-helix in replica-7 at 320 K. Replica 1 

(290 K) and 7 (316 K) show the alpha helix structure and replica-3 (299 K), replica-9 

(326 K) folded into beta-sheet. The antiparallel β-rich states a toxic oligomer is 

concerned in sheep prion peptide. Thus, in future directions to understand the 

mechanism of oligomerization of these disordered peptides, machine learning 

techniques can be used to understand the disordered-to-ordered conformations. 
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CHAPTER 6 

TEMPERATURE-DEPENDENT CONFORMATIONAL EVOLUTION OF 

SARS COV-2 RNA GENOME BASED ON RMSD AND INTERHELICAL 

ANGLE CLUSTERING USING NETWORK ANALYSIS 

Understanding the dynamics of the SARS CoV-2 RNA genome and its dependence on 

temperature is necessary to fight the current COVID-19 crisis. Computationally, the 

handling of large data is a major challenge in the elucidation of the structures of 

RNA. Network Analysis based on RMSD and interhelical orientation are analyzed to 

effectively sample different RNA conformations. 

6.1 BACKGROUND 

Large-scale conformational changes of biomolecules give necessary hints regarding 

their structure and activity at the cellular scale. Determining these structural changes 

has remained elusive both experimentally and theoretically. Over the past few 

decades, with the development of cryo-electron microscopy and other crystallography 

techniques, multiple snapshots of large and flexible systems were found. As this data 

got accumulated, theoretical methods became indispensable to understanding how 

different conformers interconvert to carry out biological functions (Huggins et al. 

2019). The potential of pathogenic RNA viruses to adapt to various environmental 

factors poses a great threat to disease control and management. Current limitations in 

the experimental procedures to understand the RNA structure-dynamics-function 

relationship affects the process of vaccine and drug discovery which targets viral 

RNA genome (Rodrigues et al. 2020). This creates the need for theoretical 

investigation of the structure-function relation of this macromolecule. 

 The study of the folding-unfolding-misfolding mechanism and energy 

landscape of biomolecules gives meaningful information regarding the microstates of 

the system which governs its stabilization and biological functions. However, several 

challenges stand in using energy landscapes of macromolecular systems like RNA to 

relate with the structure and dynamics to function. One big problem in handling such 

a big system is the handling of the data. Because of this drawback, coarse-graining of 
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the biomolecules is becoming more popular at the expense of the atomistic detail of 

the simulations. On the other hand, atomistic molecular dynamic simulation can give 

us proper detail of a process but computation of the long trajectories of the 

macromolecular system is computationally prohibitive. In addition to that, long and 

multiple simulations are required to ensure proper sampling of the data. One very 

important characteristic of proper sampling of the data is we should not miss out on 

any important information which is happening during the process of the evolution of 

the trajectories; at the same time, we cannot focus on very minute details of such big 

systems because that will create unnecessarily large data which are of insignificant 

use. ENM (Elastic Network Model), on the other hand, is a coarse grain technique, 

where they map nucleotides onto a reduced set of particles that are bonded to all of 

their neighbors within a predefined cutoff radius by elastic potentials. These 

techniques are good at defining structures nearby the equilibrium states but cannot 

scan conformational evolutions of a system with frequent bond breaking and 

formation (Bahar et al. 2010; Fuglebakk et al. 2013; Haliloglu et al. 1997). Therefore, 

there is a need for an unbiased technique that can sample the conformations of large 

bio-molecular systems well and will also allow larger displacement transitions. To 

provide conformational flexibility to fold RNA helical stems, there exists at least one 

connecting segment comprising one or more unpaired nucleotides called linking 

nucleotides forming n-way junctions in the molecule. Three-way junctions are quite 

often found in functionally important RNA species (Butcher and Pyle 2011). 

Interhelical angles have been previously used for the clustering of RNA 

conformations using Euler angle calculation (Bailor et al. 2010; Dickson et al. 2014; 

Sim and Levitt 2011). But as it is known that the structure of the RNA is quite 

dynamic and is very sensitive to the change in temperature, the probability of 

retention of the native stems base pairs throughout the trajectory is quite low (Šponer 

et al. 2017). This poses the problem of consistency in mapping interhelical angles 

when the helix denatures or renatures. Therefore, we need an angle parameter that can 

sample configurations at higher temperatures and help us to compare those results 

with the lower temperature. In this chapter, network analysis method was introduced 

that can sample big data sets effectively to identify the most prominent conformations 

of the macromolecules like RNA, which existed during the process of 
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evolution/denaturation and can also show how these conformations are connected to 

each other. 

6.2 SYSTEM SETUP 

SARS-CoV-2 RNA FSE (PDB ID: 6XRZ (Zhang et al. 2021) was simulated in 

GROMACS (Abraham et al. 2015) 2018.4 using CHARMM27 (MacKerell et al. 

1995) force fields at six different temperatures namely, 288 K, 303 K, 318 K, 333 K, 

348  K, 363 K (Table 6.1). For detailed analysis, we compared the results of RNA 

simulations using two water models: the SPC/E model and the modified TIP3P 

model. 

Table 6.1: Summary of the simulated system using CHARMM force field. 

System 
Temperature 

(K) 

No of 

RNA 

No of 

water 

No of 

ions 

Time 

(ns) 

RNA in 

SPC/E 

water 

model 

288 

1 32669 87 250 

303 

318 

333 

348 

363 

RNA in 

mTIP3P 

water 

model 

288 

1 32669 87 250 

303 

318 

333 

348 

363 

 The CHARMM27 force field has been validated for RNA, DNA, and 

oligonucleotide and higher conformational flexibility is observed with this force field. 

Overall the structural results obtained were similar to those from the CHARMM36 

force field (Baker et al. 2011; Foloppe and MacKerell, Jr. 2000). These temperatures 

were selected based on the experimentally reported thermal denaturation temperature 
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of the SARS-CoV (Darnell et al. 2004). The simulations were solvated using SPC/E 

(Mark and Nilsson 2001) water model in a periodic cubic box with a distance of 9 Å 

from the box boundary. The RNA molecule is less stable in the TIP3P water model 

than in SPC/E at lower temperatures (Singh et al. 2021). Na
+
 ions were added to 

neutralize the charge of the system. The energy was minimized by the steepest 

descent algorithm with a maximum of 50000 steps. LINCS constraints (Hess et al. 

1997) were used to restrain the bond involving hydrogen atoms. NVT equilibrations 

were carried out for 10 ns using the V-rescale temperature coupling method (Bussi et 

al. 2007) with a time step of 2 fs. This was followed by NPT equilibrations of 10 ns 

with a time step of 2 fs at 1 atm using the Nose-Hoover thermostat (Martyna et al. 

1992) and Parrinello-Rahman pressure coupling (Parrinello and Rahman 1981) 

scheme respectively. The particle mesh Ewald method (Essmann et al. 1995) was 

used to calculate the long-range electrostatic interactions with a Fourier spacing of 

0.16 nm. The short-range van der Waals cut-off was fixed to 1.2 nm. Finally, NPT 

production runs were performed for 250 ns, until the RMSD converged for all the 

systems (Appendix XVII). The simulations were replicated and the results are 

provided wherever necessary. 

6.3 RMSD CLUSTERING AND NETWORK ANALYSIS 

The conformations for network analysis were obtained by an in-built clustering 

algorithm in GROMACS software using RMSD as the criterion. A cut-off value of 

1.5 Å RMSD was selected to distinguish between 11500 structures extracted from the 

250 ns trajectory saved at a time interval of 0.02 ns for each temperature. The 

selection of a proper cut-off is crucial as a lower cut-off value gives too many 

conformations, which may lead to irrelevant results; while a larger cut-off value 

neglects the finer details of the conformations. The total number of conformations 

increases due to the random motion of the atoms with the rise in temperature (Figure 

6.1, Appendix XVII). 
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Figure 6.1: Distribution of the number of conformations with temperature. 

Figure 6.2: Network distributions of most prominent conformations at different 

temperatures (d(t, t’) < 7.5 Å). 

 In this process, the presence of conformations that existed for smaller time 

scales and also for longer time scales were observed. To ensure the selection of 
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diverse conformations for the calculations, the most prominent conformations from 

each temperature were identified based on the frequency of their existence in the 

whole trajectory, and network analysis was performed. The conformations that existed 

for ≥120 ps were considered to determine the interconnectivity between the 

conformations. Two conformations are considered to be connected if d (t, t’) < 7.5 Å. 

This criterion was chosen because the PDB ID taken has a resolution of around 6.9 Å. 

Therefore, it is better not to choose a cut-off value much lesser than 6.9 Å. The 

network analysis for both d(t, t’) < 7.5 Å and < 6.5 Å were performed. 

 

Figure 6.3: Network distribution of most prominent conformations at different 

temperatures (cut-off value: 6.5 Å). 

 The representations plotted using d(t, t’) < 7.5 Å are shown in Figure 6.2 

which gives us the information about the evolution of the structures and their 

connectivity. Different colours represent different communities. At lower 

temperature, 288 K shows only one community which indicates that the conformation 

of the RNA molecule has not changed considerably in contrast to the higher 
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temperatures. With rise in temperature up to 348 K, there is an increase in the number 

of communities, suggesting different conformations. Change in the d(t, t') value to 6.5 

Å did not change the trend of the analysis (Figure 6.3). This can be explained based 

on the following observations. We have seen in literature that, for 56nt (nucleotide) 

RNA pseudoknot, the RMSD between predicted & native structure is 7.4 Å (Shi et al. 

2018) and for SARS Virus pseudoknot of 47nt is 7.4 Å (Hajdin et al. 2010). The 

standard deviations predicted for these calculations are found to be 1.8 ± 0.3 Å 

(Hajdin et al. 2010). Thus it can be concluded that the results obtained from changing 

the values of d (t1, t2) from 7.5 Å to 6.5 Å, does not affect the trend of analysis. We 

can see that the blue community obtained using d (t1, t2) = 7.5 Å is similar to the total 

of blue and aqua communities obtained using d (t1, t2) = 6.5 Å. As per the standard 

deviation, these two can be considered as similar. This is applicable to other cases too. 

Therefore, d(t, t’) < 7.5 Å were fixed as the criteria. Selecting a much higher cut-off 

value reduces the number of different conformations and masking of finer detail 

information. 

 The separation between the communities gives information about the different 

conformations. These conformations are structurally different and can have the same 

or different energies. The free energy of the highest connected conformation 

corresponding to a particular community is given in Table 6.2 and is calculated by 

                 where       is the probability distribution (Maisuradze et al. 

2010).  For instance, the cyan and blue communities at 318 K have similar ΔG values, 

meaning two very different conformations have similar energies. If a community is 

densely populated and well connected, it shows that conformation existed there is 

stable and will have lower energy. Scarcely populated and scattered communities at 

348 K and 363 K (say, orange) have higher ΔG values, showing unstable 

conformations. Two overlapping communities can have similar ΔG values, as seen at 

318 K and 348 K for cyan-blue-green and blue-green communities respectively. At 

348 K and 363 K, there is a clear separation between the outer ring communities and 

inner ring communities. This suggests that there is a considerable change in the 

conformation of RNA at higher temperature, which is very much different from the 

initial reference structure. The RNA has formed some stable structures which cannot 



134 
 

revert to the initial structures. The blue community in this temperature is found to be 

stable during the simulation. 

Table 6.2: Network analysis of conformations with respect to temperature. 

Temperature 

(K) 

SPC/E model mTIP3P water model 

Conformation 

ID 

Energy 

(kcal/mol) 

Conformation 

ID 

Energy 

(kcal/mol) 

288 1 (blue) -1.71 1 (blue) -2.570 

303 

24 (green) 

47 (orange) 

114 (blue) 

1.22 

-2.45 

-2.43 

75 (green) 

194 (blue) 

352 (cyan) 

408 (red) 

455 (magenta) 

2.451 

-1.728 

-0.907 

-2.178 

1.810 

318 

179 (cyan) 

184 (blue) 

230 (orange) 

243 (green) 

-3.72 

-3.70 

-1.08 

-3.30 

3 (cyan) 

53 (blue) 

124 (red) 

330 (green) 

2.042 

-2.590 

-1.835 

-1.827 

333 

128 (orange) 

133 (green) 

207 (cyan) 

247 (blue) 

-2.12 

-2.84 

-0.61 

-2.63 

8 (cyan) 

25 (magenta) 

35 (red) 

80 (green) 

164 (blue) 

-1.209 

0.084 

-0.734 

-2.235 

-3.148 

348 

3 (brown) 

10 (orange) 

18 (cyan) 

26 (pink) 

56 (green) 

86 (blue) 

-0.78 

3.26 

-1.47 

-0.78 

-1.01 

-1.13 

28 (grey) 

43 (blue) 

61 (pink) 

94 (green) 

127 (magenta) 

152 (cyan) 

189 (yellow) 

196 (red) 

225 (orange) 

-0.862 

0.616 

-0.023 

-0.023 

0.076 

-0.008 

-0.096 

-1.435 

2.052 
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363 

2 (orange) 

8 (green) 

43 (blue) 

9.94 

3.62 

-2.37 

6 (magenta) 

43 (cyan) 

67 (red) 

170 (green) 

263 (blue) 

-3.36 

-4.171 

-1.400 

-2.443 

-4.180 

 For the mTIP3P water model, we observed an increase in the number of 

conformations with the increase in the temperature up to 348 K. At 363 K, there is a 

decrease in the number of conformations. The conformation of the RNA was found to 

disrupt completely in this temperature and not much change in the structure was 

observed. The network distribution for the mTIP3P water model is shown in Figure 

6.4. Overall, there is an increase in the number of conformations in each community 

compared to the SPC/E model. The free energy of prominent structures corresponding 

to each community is in Table 6.2. In the mTIP3P model, it is observed that the 

denaturation process of RNA structure is initiated from lower temperatures as low as 

303 K.  

 

Figure 6.4: Network distribution of most prominent conformations at different 

temperatures in the mTIP3P water model. (cut-off value: 7.5 Å). 
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6.4 INTERHELICAL ANGLE METHODOLOGY 

RNA helices were identified around the junction as H1, H2, and H3 as shown in 

Figure 6.5. We identified three angles around the junction. It is found that the 76
th

 

base is present at the center of the molecule/junction, and thus the phosphate atom of 

this base was chosen as the vertex point (O). Similarly, the phosphate atoms of the 

58
th 

(P), 8
th

 (Q), and 86
th

 (R) bases, which are the most distant bases of H1, H2, and 

H3 stems respectively, were taken as endpoints. The angle between these points was 

calculated as shown in Figure 6.5. For all conformations extracted, these three 

interhelical angles were thus calculated: ∠A = ∠POQ, ∠B = ∠QOR, and ∠C = ∠POR.  

 

Figure 6.5: The angles ∠A, ∠B, and ∠C between three stems- H1, H2, and H3 are 

identified around the junction point of the SARS-CoV-2 RNA Genome. 

Next, a network was constructed between the conformations with the help of nodes 

and edges. A particular conformation is denoted by a node. Two conformations are 

said to be related or connected if the difference between all the three respective angles 

of two conformations or nodes is less than 10°. We define A, B, and C as 
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     ∠   ∠  ,      ∠   ∠   and      ∠   ∠   where i and j are the 

different conformations. 

 The structural evolution of the RNA based on the change in the ∠A, ∠B, and 

∠C, thus it would be interesting to see their distribution with the temperature. In 

Figure 6.6, the probability distribution of the angles is plotted. The angle distribution 

of ∠A and ∠C mainly spread from 75° to 180°; however, ∠B is between 0-180°. This 

indicates that there are a greater number of relative orientations of the stem near the 

junction especially between H2- H3 stems. The angle distribution of ∠B and ∠C 

becomes broader with the increase in the temperature up to 348 K. For ∠A, however, 

we do not find any specific trend. Maximum variation is noticed in the case of 348 K. 

The distribution for 363 K is found to be narrower than 348 K, showing a more 

compact and less random structure in comparison to 348 K. In the case of 363 K, the 

RNA seems to have obtained a conformation where the H2 and H3 stems are closer 

together as compared to the native structure (Figure 6.6(b)), and is maintained as 

such for a longer period. 

 

Figure 6.6: Distribution of angles (a) ∠A, (b) ∠B and (c) ∠C at six different 

temperatures. 
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 If A, B, C are less than 10°, two conformations are joined by edges, but if 

any one of the angle differences is more than 10°, the conformations remain 

unconnected. In this way, adjacency lists for each temperature were made using 

Python script. Four ranges of cutoff with angle differences of ±5°, ±10°, ±20°, and 

±30° were tested to set the edge criteria. The Force Atlas layout (Jacomy et al. 2014)  

was implemented to visualize the networks. It is a force-directed layout that simulates 

a physical system in order to spatialize a network. In this algorithm, connected nodes 

tend to aggregate together and the ones not connected by edges are drawn apart. 

These forces create a movement that converges to a balanced state. The final layout of 

nodes helps in the interpretation of the data. In Figure 6.7, the network distribution 

for the conformations by using different angle difference cutoffs at 303 K is shown.  

 

Figure 6.7: Network distribution of SARS-CoV-2 RNA FSE conformations with 

angle difference A, B, C cut-off (a) ±5°, (b) ±10°, (c) ±20° and (d) ±30° at 303 

K. 
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 As it is evident from Figure 6.7 at ±5°, many communities are found to be 

formed with very few edge connections and the communities are not well segregated. 

As we increase the angle cut off to ±30°, the total number of communities decreases, 

and the number of nodes in a community increases. The number of communities 

present at 303 K with cutoffs ±5°, ±10°, ±20°, and ±30° is respectively 50, 13, 4, and 

2. Two broad and distinct communities were observed in the case of ±30° cutoff, 

which masked the smaller communities. The value of the module class percentage can 

be chosen as a parameter for selecting a good angle criterion. It describes the 

percentage of nodes (or configurations) present in a particular community. In 

Appendix XIX the module class percentages of each community at a different angle 

cutoff are shown. 

 

Figure 6.8: Network distribution of conformations with ±20° as angle cutoff at 

various temperatures: (a) 288 K, (b) 303 K, (c) 318 K, (d) 333 K, (e) 348 K, and (f) 

363 K. 

 It can be seen that when the number of communities is high, the class 

percentages decrease, which is apparent in the case of a ±5° cut-off. A network with 

too many communities results in insignificant differences between the communities. It 
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is, therefore, recommended that at least two major communities present in the 

network distribution should have modularity above 10% which ensures sampling of 

the communities of considerable differences. The value of the class percentage of the 

largest community at 303 K at ±30° cut-off is 55% which is quite high.  It is advisable 

that if two or more module classes show a class percentage higher than 30%, then a 

lower cut-off value should be considered. We did not consider ±5° and ±30 ° for 

conformation sampling since the module class percentages are not ideal, and will not 

yield proper information. Angle cut off of ±10°and ±20° shows better classification. 

In the case of ±20° cutoff, 4 major communities were found with a considerable 

module class percentage in all temperatures except 318 K, which shows that there is a 

less observable difference between the total number of communities (Figure 6.8). 

Therefore, we selected ±10° cutoff as our angle criteria and will be presenting the 

results corresponding to this cutoff (Figure 6.9 and Appendix XX).  

 From Figure 6.9, it can be seen that at 288 K, the number of communities was 

found to be 1 which increases to 6 visible major communities at 303 K, 7 at 318 K, 8 

at 333 K, 9 at 348 K, and 5 at 363 K. The number of major communities increases 

with temperature and the maximum is seen at 348 K. It can be mentioned here that 

when we took RMSD as our criteria for sampling the RNA conformations, the 

number of communities also increased with the temperature, and the maximum is 

seen in case of 348 K (Singh et al. 2021). The distinct separated communities at 303 

K show that the conformations are quite different from each other. The molecule is 

taking on new and diverse conformations. At 318 K, the communities are quite 

interlinked with each other which spread apart at 333 K, where the more connected 

communities are joined by the smaller intermediate conformations. At 348 K and 363 

K, we however find discrete communities. The conformations are interlinked with 

each other at 318 K and 333 K; which however is less at 348 K and 363 K. At 363 K, 

the conformations of the RNA are mainly interlinked between 3 communities that 

together form a clique and separate from the smaller ones, which is again indicative of 

a particular angle range that is more prevalent. At higher temperature, the 

communities are found to be more disconnected. 
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Figure 6.9: Network distribution of conformations with ±10° as angle cutoff at 

various temperatures: (a) 288 K, (b) 303 K, (c) 318 K, (d) 333 K, (e) 348 K, and (f) 

363 K. 

6.5 CHANGES IN MINOR AND MAJOR GROOVES 

The RNA structural variation in each community with respect to temperature can be 

distinguished by base pair twists and the width of minor-major grooves. The common 

RNA A-form helix is characterized by a narrow major groove and a wider minor 

groove (Frugier and Schimmel 1997). The groove widths are measured from 

phosphate to phosphate, including the diameter of phosphate groups (El Hassan and 

Calladine 1998). It is evident from Figure 6.10 that the representative conformations 

from each community are structurally different based on base pair groove width. It is 
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found that the number of identified base pairs varies within the communities for each 

temperature.  

 

Figure 6.10: Scatter plot of groove width vs. base pairs for 5 different temperatures in 

SPC/E water model. 
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 At 303 K, the three communities identified have different structures based on 

the groove width. At 318 K and 333 K, cyan community has a different structure 

while orange-green-blue communities have overlapping base pairs with variation in 

minor-major grooves. It can be seen that the major groove is wider for 318 K than 333 

K indicating a structural change from common RNA A-form helix. For higher 

temperatures, 348 K and 363 K, the outer and inner ring communities have different 

minor and major groove positions, indicating a structural evolution. This is further 

supported by the twist angle, which measures the rotation of base pairs along the 

helical axis. The base pair twist angles are calculated and averaged with error based 

on the presence of minor-major grooves in the RNA structure. The standard twist 

angle for A-form of RNA is 32˚ ± 8 which is retained in lower temperatures, 288 K 

and 303 K. At higher temperatures, the twist angle is either more twisted or less 

twisted for the communities with large deviations in the values suggesting the 

evolution of conformations different from the A-form (Figure 6.11). The scatter plots 

show that the network distribution has effectively distinguished the communities 

having structural variation. 

 



144 
 

 

Figure 6.11: Distribution of base pair twist angle with respect to the presence of 

minor-major grooves in RNA structure. 

 For the mTIP3P water model, we observed an increase in the number of 

conformations with the increase in the temperature up to 348 K. At 363 K, there is a 

decrease in the number of conformations. The conformation of the RNA was found to 

disrupt completely in this temperature and not much change in the structure was 

observed. The network distribution for the mTIP3P water model is shown in Figure 

S6. Overall, there is an increase in the number of conformations in each community 

compared to the SPC/E model. The conformations from each community have 

different structures based on twist angle and minor-major groove distance as evident 

from Appendix XXI. In the mTIP3P model, it is observed that the denaturation 

process of RNA structure is initiated from lower temperatures as low as 303 K. At 

almost every temperature we found the structure is denatured (the helix structure is 

destroyed) at a longer simulation run which is evident from the major-minor groove 

distance. Experimentally, it is found that SARS coronavirus gets denatured and 

converted to be non-infectious above 330 K (Duan et al. 2003). Even though, SARS 

CoV-2 is genetically distant from SARS coronavirus, SARS CoV-2 shares 79% 

genomic identity with SARS CoV (Lu et al. 2020). Therefore, we focussed our 

calculations mainly on the SPC/E model in the following sections. The difference in 

the RNA structure is noticed due to the presence of different parameters in the SPC/E 

and mTIP3P water models. 



145 
 

 

Figure 6.12: Porcupine plot showing the degree of fluctuation during the course of 

simulation. 

 Next, the thermal fluctuations in the RNA structures which lead to these 

conformational changes were identified (Haider et al. 2008). In Figure 6.12, the 

degree of magnitude and direction of the fluctuations in RNA by porcupine plots with 

respect to atom C1’ is shown. The highlighted base pairs represent the variation of the 

native closed base pair distribution in the final conformation of RNA with 

temperature. Any change in the color of the base pairs with respect to the 288 K 

structure is due to a change in the distance between the base pairs.  Lesser fluctuations 

and more native closed base pair at 288 K and 303 K indicate that native 

characteristics of RNA are preserved at this temperature. At 288 K, most of the closed 

base pairs (80%) lie in lower energy region-I (blue); whereas we can see the 



146 
 

emergence of different colors with the rise of the temperature. At higher temperatures 

(333 K and above) the number of the closed native base pairs is found to be reduced 

drastically due to higher fluctuations resulting to the breaking of bonds between the 

base pairs and the opening of stem-2 pseudoknot. The existence of the non-native 

base pair is seen at higher temperatures leading to partial stabilization (Figure 6.13).  

 

Figure 6.13: Mispairing/ non-native base pairs formed at A) 333 K B) 348 K and C) 

363 K. 

 The distance criteria for closed base pairs can be further confirmed by the free 

energy surface plotted using N1-N3 and C1’-C1’ distances of the base pairs in RNA 

as the reaction coordinates (Figure 6.14). The native structure of RNA and the final 

conformations of each temperature are considered in the calculation. The minimum 

energy region corresponds to the closed base pairs in RNA are divided into regions I 

to IV. It can be seen that at lower temperatures, 288 K (black dots) and 303 K (red 

dots), the base pairs lie mostly in the allowed region. At higher temperatures, such as 

348 K (orange dots) and 363 K (magenta dots), the base pairs are scattered and mostly 
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lie outside the allowed region. This shows that the characteristic distance 

corresponding to a closed base pair corresponds to some specific N1-N3 and C1’-C1’ 

distance ranges irrespective of temperature. However, the open base pair can have any 

distance range outside the allowed region. 

 

Figure 6.14: Free energy surface plotted using N1-N3 and C1’-C1’ distance (nm) as 

reaction coordinates. The blue to yellow contour regions corresponds to the closed 

base pairs present in RNA which can be divided into region I to V. The base pair 

distance from the final structure of RNA for all the temperatures was plotted in 

different color dots to check the presence of native, non-native, and opened base 

pairs: native (maroon), 288 K (black), 303 K (red), 318 K (green), 333 K (blue), 348 

K (orange) and 363 K (magenta). 

6.6 SECONDARY STRUCTURE OF RNA 

To study the variation in the secondary structure of the RNA during the simulation, 

the base RG76 that was taken as a vertex was used to calculate the chi angle and sugar 

angles at all temperatures (Appendix XXII). Chi angle (χ) is the backbone torsion 

angle between the nucleoside sugar and nitrogenous bases and sugar angles (V0, V1, 

V2, V3, V4) are torsion angles about the 5 bonds of the ribose ring. The native RNA 
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structure was found to have χ = -110.56° and sugar angles as V0=13.28°, V1=-31.42°, 

V2=-23.35°, V3=-19.18°, V4=-6.64°. We have plotted these distributions at different 

temperatures in Figure 6.15. It can be seen that the distribution of the χ angle for all 

temperatures is spread from -100° to -180°, corresponding to the anti-conformation, 

and in 333 K and 348 K χ angle is confined between -110° to -130° (Figure 6.15(a)). 

The sugar angles also show the same trend as seen in Figure 6.15(b-f), where 333 K 

and 348 K conformations remain confined to a smaller range of angle deviation as 

opposed to other temperatures which are spread apart. It can be noted here that at 

these temperatures we observed the interlinking of the angles and rapid changes in the 

conformation were seen according to the conformational dynamics. 

 

Figure 6.15. Distribution of (a) χ angle and sugar angles (b) V0, (c) V1, (d) V2, (e) V3, 

(f) V4 of base RG76 of RNA at six different temperatures. 
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6.7 NATIVE BASE-PAIR OPENING/ DENATURATION OF RNA 

Since the communities are mainly distributed based on the structural parameters, 

therefore there is every possibility that two conformations can have the same or 

different energies. The structure of the RNA structure is very dynamic therefore, it is 

better to study the multiple energy states accessible to RNA at a particular 

temperature. The energy range where these states exist will give an overview of how 

these states are different at different temperatures. In Figure 6.16(a), we have shown 

the energy distribution of the most prominent structures with temperature. The free 

energy of the most prominent structures is calculated using           
      

  
  

where kB is Boltzmann constant, T is temperature, and fo is the fraction of open bases.  

 

Figure 6.16: Scatter plot of free energy vs temperature (a) free energy of RNA from 

(native + non-native) base pairs for each community, (b) distribution of the total free 

energy with temperature. 

 The combined effects of native and non-native base pairing in RNA were 

considered to calculate the free energy for each community. Further, we calculated the 

total energy of the RNA for each temperature by taking the contribution from each 

community at a particular temperature using           
 
 where, i = (1, 2, 3, …, n) 

community, Pi and Ei are the probability and energy of each community. Figure 6.16 

(b) shows the distribution of the total free energy with temperature.  
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 ∆G value calculated for 288 K is found to be -1.6 kcal/mol, while at 303 K, 

the most prominent structures have ∆GN+nN value between the range -1.04 and 0.37 

kcal/mol, which indicate that almost (50-60%) RNA structure is maintained its native 

structure at this temperature. At 318 K and 333 K, the ∆GN+nN values are clustered 

between -0.27 to 0.37 and -0.11 to 0.57 kcal/mol respectively. As we go to higher 

temperatures, the free energy increases dramatically for 348 K and 363 K indicating 

that the RNA has been denatured considerably. A maximum of 95% native base pairs 

have opened up while 10-15% base pairs have formed newly at 348 K and 363 K 

respectively. The structure of the RNA has adapted new conformations which are 

prevalent at higher temperatures. At 363 K, the native conformation of RNA has 

refolded to other structures by forming non-native bonds which is evident from the 

energy of representative structures chosen from network distribution (Figure 6.16 

(a)). Earlier, this kind of observation was found in the hyper stable RNA tetraloop 

under multiple temperature and pressure conditions (Miner et al. 2016). From Figure 

6.16 (b), the total free energy ∆G value at 303 K is found to be -1.32 kcal/mol which 

suggests that the structure is stable and is not denatured. It can be seen that the 

denaturation initiated from 318 K, where ∆G value is around 0. The total free energy 

value at 348 K and 363 K is found to be 6.75 and 8.71 kcal/mol respectively. 

 Therefore, ∆∆G value observed for RNA with 88 nt between 288 K and 363 K 

is found to be 10.31 kcal/mol. Experimentally, the denaturation energy of SARS 

CoV-NP (isolate BJ01) in urea and guanidine hydrochloride is found to be 3.6-7.2 

kcal/mol and 4.1-7.8 kcal/mol respectively (Luo et al. 2004). Also, these values 

correlate well with the unfolding energy between folded and unfolded states of similar 

RNA structures such as E.coli α mRNA pseudoknot (~16 kcal/mol, 112 nt) 

determined by calorimetry/UV hyperchromicity (Gluick and Draper 1994) and human 

telomerase RNA telomerase (4.5-6.6 kcal/mol, 54 nt) determined by FRET analysis 

(Holmstrom and Nesbitt 2014; Theimer et al. 2003). 

6.8 PRINCIPAL COMPONENT ANALYSIS 

Principal component analysis (PCA) was carried out to determine the most important 

functional motions of the RNA leading to conformational evolution. PCA was 



151 
 

performed for C5’ backbone atoms of RNA on the MD trajectory. The principal 

components, PC1 and PC2, which form the major motions, were taken as the reaction 

coordinates to construct the Free Energy Landscape (FEL). Both the components, 

PC1 and PC2, of evolved conformations showed high positive and negative 

correlations with the average structure for each temperature (Figure 6.17). The free 

energy minima represent the stable states of the system while the energy barriers 

indicate the presence of transient states. It can be seen that FEL constructed for each 

temperature shows a good correlation with the network distribution for prominent 

structures obtained from clustering analysis. The separation between the communities 

provides information about the conformations which are structurally different and can 

have the same or different energies. The interconnections between the communities 

are well defined in the free energy surface for each temperature. 303 K shows two 

well-defined lower and higher energy regions where the former corresponds to the 

inter-connected communities and the latter corresponds to the separated communities 

in network distribution. At 318 K, the presence of widely spread FEL supports the 

densely connected network seen in the network distribution. At the temperatures, 333 

K and 348 K, the FEL is discrete and separated which shows the inter-conversion 

between the structures is unfavorable due to the high energy barrier between the 

conformations.  At 363 K, the most prominent structures are connected to each other 

which corresponds to a low energy region in the FEL. The separated communities 

have higher energy and show a high negative correlation with the average structure. 
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Figure 6.17:  Gibbs free energy landscape for RNA at different temperatures. FEL 

obtained from MD trajectory for all the six systems using the reaction coordinates as 

the projection of C5’ atoms onto the first two principal components. 

6.9 HYDROGEN BOND LIFETIME OF BASE PAIRS 

 To see the stability of a conformation, we calculated the change in G: C base 

pair distance. Since these base pairs are present throughout the RNA, any change in 

their base pairing distance can give us information about the stability of a 

conformation. We focussed on the radial distribution function (RDF), g(r), of three 

intramolecular hydrogen bonds between guanine (G) and cytosine (C) namely, N4H---

O6, N1H1---N3 and N2H---O2. As it is evident from the figures the first peak mainly 

lies within 2.9 Å followed by the second peak around 3-4 Å. The presence of sharp 

peaks at low temperatures indicates strong hydrogen bonds between the G: C base 

pairs, whereas the reduced peak height at higher temperatures (348 K and 363 K) 

indicates lesser hydrogen bond strength Figure 6.18. The RDFs indicate the high 

stability of the G: C base pair at low temperatures as compared to high temperatures. 
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Therefore, we defined a G: C base pair as being unchanged if the distance between 

any of the three hydrogen bonds present in G: C is less than or equal to 2.9 Å and 

changed otherwise.  

 

Figure 6.18: Radial distribution functions of different atoms of G:C base pairs with 

respect to temperature in SPC/E water model (a) N-H1(b) O2-H2 and (c) O6-H4. 

 

 

Figure 6.19: Radial distribution functions of different atoms of A: U base pairs with 

respect to temperature (a) N1-H3 (b) O4-H61/62. 
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 Next, the base pair opening lifetime of A: U base pairs of RNA were 

calculated. The fluctuations of the RNA backbone induce changes in the hydrogen 

bond lifetime of A: U base pairs which provide an idea of RNA structural dynamics. 

The hydrogen bond lifetime is the main result that can prove the stability of the 

nucleic acid, protein, and peptide structures (Alves et al. 2021). The cut-off (2.5 Å) 

for calculating the hydrogen bond lifetime has been selected based on the radial 

distribution function of A: U base pair atoms N1—H3 (2.5 Å) and O4—H61/H62 (2.54 

Å) as shown in Figure 6.19. 

Table 6.3: The lifetime of the G:C and A: U base pair in RNA molecule. 

Temperature 
G: C Base-pair HB 

lifetime (ps) 

A: U Base-pair HB 

lifetime (ps) 

288 K 5850.30 4200.96 

303 K 4429.83 3102.05 

318 K 2723.55 2309.53 

333 K 2096.19 2090.34 

348 K 876.60 1095.43 

363 K 1181.91 982.30 

 It is evident from Table 6.3 that as the temperature increases, the SG:C value 

decreases, indicating frequent changes in the conformations. However, it can be 

noticed that at 363 K, the SG:C value is higher than 348 K indicating conformational 

stability due to the formation of non-native base pairs in the SPC/E model. The 

hydrogen bond lifetime of the A: U base pairs are given in Table 6.3. This value show 

a good agreement with the open pair lifetimes of DNA/RNA base pairs which are in 

the range of 10 ns to hundreds of nanosecond (Várnai et al. 2004). The base pair 

opening mechanism can be determined by the dynamics of the hydrogen bond. The 

hydrogen bond which has a shorter lifetime breaks initially while the higher lifetime 

shows comparative stability. The data shows that the lifetime of the base pair opening 

of RNA is decreased by rising the temperature. At low temperatures, 288 K and 303 

K, the hydrogen bond dissociation time is higher compared to high temperatures 348 
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K and 363 K. The results suggest that at higher temperatures the base pairs opening is 

faster as compared to lower temperatures energetically favorable structures. It is 

found that the range of the timescale obtained from hydrogen bond dynamics is 

comparable to the conformational lifetime calculated at higher temperatures. Hence, it 

is clear that the sub-nanosecond value of the conformational lifetime is indicative of 

the structural dynamics of the base pairs. Further, the intercorrelations between the 

prominent structures were drawn using a configurational tree to check whether the 

prominent structures at each temperature are visited at multiple temperatures or not 

(Figure 6.20). 

 

Figure 6.20: Configurational correlation tree showing the interconnection of 

prominent structures at different temperatures. Only the interconnections between the 

communities of different temperatures have been shown for clarity. The color of the 

communities is the same as shown in network distribution. 

6.10 CONCLUSION 

Finally, to conclude we presented the conformational evolution of the SARS CoV-2 

by network analysis, which gives us information about the connectivity of the 

conformations and the existence of the most probable conformation of RNA at a 

particular temperature. The groove width and the twist based on minor-major grooves 

clearly show that the clustering method can efficiently distinguish the temperature-

dependent conformational evolution. The ∆G value of the long-lived conformation 

shows stabilization of the RNA at 363 K with respect to 348 K due to the formation of 



156 
 

non-native contacts in the SPC/E water model. In this model, it is seen that in the 

temperature range from 303 K to 318 K, the ∆G value is comparable; the RNA shows 

similar activity in this region while at higher temperatures; the structure of RNA 

changes a lot due to the formation of the non-native contacts which determines its 

stability. The lifetime of the prominent conformations which have ≤ ±10° difference 

in their inter-helical angle was found to decrease with the increase in temperature 

initially up to 333 K and after which it increased. The maximum interlinking between 

the communities and minimum conformation lifetime are observed at 333 K and 348 

K. This shows that maximum transitions between the conformations occurred at these 

temperatures. At higher temperatures, increased random motion of the atoms breaks 

the native bonds between the native base pairs, at the same time increasing the 

probability of formation of new non-native bonds due to an increase in collision 

frequency between the two residues which gives stability to the RNA structure at the 

higher temperature. The prominent structures were found to exist at multiple 

temperatures from the configurational correlation tree. The free energy values G 

calculated between 288 K and 363 K match well with the experimentally reported 

unfolding energies of structurally similar RNA pseudoknots. The RNA conformation 

in the mTIP3P water model denatures at a lower temperature.  
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CHAPTER 7 

SENSITIVITY OF THE RNA CONFORMATIONS ON THE WATER 

MODELS: EFFECT OF THE HYDRATION SHELLS 

Various force fields and water model potentials influence significantly RNA 

conformations. The polyanionic nature of RNA attracts the water molecules and the 

counter ions which in turn affects their stability. The influence of the hydration shell 

on the SARS-CoV-2 RNA genome at different temperatures was analyzed using SPC/E 

water and modified TIP3P water in combination with different force fields CHARMM 

and AMBER. 

7.1 BACKGROUND 

The water is considered “an integral part of the nucleic acid structure” as it assists the 

folding of RNA and takes part in non-covalent interactions (Westhof 1988). The 

linear unbranched polymer of nucleotide units in RNA is composed of sugar units, 

phosphate groups, and nitrogen bases (A, C, G, and U) (Wang and Farhana 2022). 

The charged phosphate groups are the principal sites for hydration as well as for 

maintaining charge neutrality in an aqueous solution. The interactions of nucleic acids 

with water and solvent molecules are stronger than the proteins due to the polyanionic 

nature of RNA and DNA (Fingerhut 2021). The negative charges present on the 

backbone are shielded by positive ions (Na
+
, Mg

2+
) that help the RNA molecule to 

conserve its native conformation (Fischer et al. 2018). The electrostatic interaction 

with Mg
2+

 ions stabilizes RNA via inter-groove coordination of Mg
2+

 ions with the 

phosphate group leading to correlations in the structure of the sugar-phosphate 

backbone and ions (Fingerhut et al. 2021; Schauss et al. 2021). The electrical 

interactions in-between the charged molecular groups, water molecules and counter 

ions have a fundamental role in the stabilization of RNA. The negative-charged 

phosphate group of the RNA backbone induces the accumulation of the counterions in 

the first few solvation shells of the RNA. The distribution of  K
+
 and Cl

− 
ions around 

the surface of DNA oligomer also make influence on structural and dynamic 
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properties (Lavery et al. 2014). This affects the dynamical changes in the 

macromolecular structure of the biomolecule. The role of the solvent-separated ion 

pair on the stability of the folded structure of RNA has been discussed abundantly, but 

the role of intimate ion pairs and their effect on the hydration shell of RNA defining 

its 3D structure is largely unknown.  

 The interface of RNA in a biological system can be considered a complicated 

many-body problem. The phosphate groups of RNA-backbone form hydrogen bonds 

with hydration water as well as it gets polarized by the fluctuation in electric fields 

arising from the surrounding environment. The fluctuation in polarization is due to the 

first two hydration shells which are evident from the 2D-IR spectrum of DNA at 

different hydration shells and counter ion concentrations (Siebert et al. 2016). Only, a 

few studies have been done on the role of intimate ion pairs and the polarising effect 

of water molecules on RNA stabilization (Cuervo et al. 2014; Fingerhut et al. 2021). 

Therefore, there is a dire need of understanding interfacial electrostatics and their 

effect on the stability of the RNA system. The structural and conformational stability 

of RNA at the atomic level can be studied using atomistic molecular dynamics 

simulations. The effect of the electrostatic forces of ion-pair and its solvation shell can 

be studied by using different force fields and water model potential. The usage of 

non-polarizable water force- fields (FFs), by construction, cannot take into account 

the strong polarization. But the use of polarizable water models in studying the 

biomolecular system is affected by the fact that they are not fully compatible with the 

commonly used force-field parameters of biomolecules such as CHARMM, AMBER, 

etc. One way out is to perform the ab-initio molecular dynamics study but it also 

suffers from the drawback of huge computational expensiveness (Cassone et al. 2019, 

2020). Considering this, the commonly used water models are non-polarisable water 

models such as SPC/E and TIP3P. However, the highly approximate nature of these 

kinds of water models and the indirect treatment of polarisation effects, the dynamics 

of the biomolecules such as RNA will depend on the interaction between the RNA-

water, RNA-ion, and ion-water and these interactions are dependent on the force field 

parameters (Šponer et al. 2018). For binding of the cations, while ab initio molecular 

dynamics can help in studying the binding mechanism, local distribution of the 
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charge, and their impact on the water structure at the binding site; classical molecular 

dynamics is more useful in studying the long-term dynamics of the system such as 

residence time of the ions near the cavity of the RNA/DNA. 

 Water is described by several model potentials such as SPC/E, mTIP3P, 

TIP4P (Mark and Nilsson 2001), etc. having different parameterizations and different 

dielectric constants. Therefore, the use of different water model potentials can affect 

the structural and dynamical aspects of simulated biomolecules such as proteins 

(Venugopal et al. 2022) and RNA. Water molecules of different model potentials can 

be considered as a medium having different polarizability that can affect the structure 

and stability of the biomolecules. In this study, we performed MD simulations of the 

SARS CoV-2 RNA genome at six different temperature ranges between 288 K to 363 

K with different water model potentials. We chose the commonly used force field like 

CHARMM27, AMBER-ff99bsc FFs, and the commonly used model potential of the 

water molecules such as SPC/E, and modified TIP3P to check their combination on 

the structure and dynamics of SARS CoV-2 RNA. This RNA genome has practical 

importance in drug discovery in the ongoing global pandemic.  Efforts are continuing 

to develop efficient vaccines and drug candidates against the covid-19 pandemic 

using computer-aided methods (Das and Chakraborty 2020; El Hassab et al. 2020). 

Frameshift Stimulation Element (FSE) from the RNA genome helps the virus to 

compact the larger genetic information into shorter segments during translation 

(Neupane et al. 2020). Thus it can be considered an ideal target for the inhibition of 

RNA replication enzymes in viruses (Zhang et al. 2021). As the temperature and 

pressure rise, the folded potential energy of SARS CoV-2 in the aqueous atmosphere 

increases leading to instability. Experimentally, the coronavirus RNA genome was 

observed to be stable from 20°C to room temperature (Alfaro‐Núñez et al. 2022; Liu 

et al. 2021) and it gets denatured at above 45
°
C.  Given this experimental fact, a 

systematic study of this RNA can be done at a different temperature to check which 

combination of force fields and water model better describes the stability of the RNA 

with the experimental result and the effect of the interfacial water behind such 

stability. 
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7.2 SYSTEM SETUP 

The same systems prepared in the previous chapter were used to analyze the effect the 

hydration shells on RNA conformations. Additionally, MD simulations were 

performed using AMBER99bsc force field in a modified TIP3P water model at six 

temperatures (288 K, 303 K, 318 K, 333 K, 348 K, 363 K) (Table 7.1). The 

simulations follow the same procedure as described in the previous chapter. The time 

evolution of potential energy, temperature, and pressure of the systems ensured the 

thermodynamic equilibrium (Appendix XXIII). The insights into the structural and 

dynamical properties of RNA and water have been analyzed by considering the last 

200 ns simulation trajectory of the RNA-water system. 

Table 7.1:  Simulation details: NRNA number of RNA, NWM number of water 

molecules, *a is showing the temperature range (288, 303, 318, 333, 348, and 363 K).  

System NRNA, NWM and Water model Force field  Simulation time  

Set 1 1, 32669, SPC/E CHARMM27 250 ns *a 

Set 2 1, 32669, mTIP3P CHARMM27 250 ns *a 

Set 3 1, 32669, mTIP3P AMBER99bsc 250 ns *a 

 7.3 PROBABILITY DISTRIBUTION OF STRUCTURAL PROPERTIES 

The primary changes in structural properties, Root Mean Square Deviation (RMSD), 

and radius of gyration (Rg) of RNA genome with the rise in temperature are shown in 

Figure 7.1. The RMSD distribution for both water models SPC/E and mTIP3P in 

CHARMM force field are shown in Figures 7.1 (a), (b), and that of AMBER-

mTIP3P is shown in Figure 7.1 (c) respectively. It is found that at lower temperatures 

such as 288 K and 303 K the RMSD of the RNA molecule has a broad distribution of 

probable structures and at higher temperatures (except 348 K) the sharp probability 

distribution of RMSD shows less collection of RNA structures. As the temperature 

rises to 348 K, the RMSD probability distribution shifts towards the higher value and 

becomes broader which shows more changes in RNA structures. At 363 K, the 

structure is less dynamic with respect to 348 K largely due to the confined change in 

conformation of the RNA genome. 
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Figure 7.1: The probability distribution of RMSD (a), (b), (c) and Rg (d), (e), (f) for 

SPC/E and mTIP3P water models for the SARS-CoV-2 genome at various 

temperatures. 

 The mTIP3P water model is found to show higher RMSD distribution in the 

case of both the CHARMM and AMBER force fields compared to the SPC/E water 

model. This shows the RNA molecule undergoes more conformational changes in the 

mTIP3P water model than in the SPC/E water model. Both water models showed a 

broader and higher RMSD distribution at 348 K. To have further details about the 

stability of the RNA structure, we calculated Rg values in Figures 7.1 (d), (e), and (f). 

The measure of Rg value can give information regarding the compactness of the RNA 

structure. It can be seen that the SPC/E water model gives a better trend than the 

mTIP3P water model. It is found that for the CHARMM force field, the probability 

distribution is broader as we go towards higher temperatures (348 K and 363 K). The 

narrow peak of the probability distribution of the radius of gyration of the RNA at 

lower temperatures shows the compact conformation of the RNA. The compactness of 

the RNA molecule reduces due to the thermal fluctuations at higher temperatures. 

There is also the probability of the formation of misfolded structures at higher 

temperatures; which can give rise to a compact structure leading to a lesser Rg value 
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at the higher temperature. This phenomenon is mainly observed for 333 K and above 

in the case of CHARMM-SPC/E and at 363 K for CHARMM-mTIP3P. At 348 K, in 

CHARMM-mTIP3P, the high value and broader distribution of Rg value is found due 

to the base pair opening. In the case of AMBER-mTIP3P, Rg values are higher and 

broader at 288 K, and 333 K temperatures. At temperatures 348 K, and 363 K, Rg is 

low and has less broad distribution compared to 288 K and 333 K temperatures. To 

have more insights, we have calculated the native and non-native contacts of the base 

pairs at every temperature as shown in Figure 7.2. RNA molecules tend to form more 

non-native base pairs at high temperatures compared to the low temperatures as can 

be seen in Figure 7.2. The RNA structure showed 20 native base pairs for 

CHARMM-SPC/E and CHARMM-mTIP3P model whereas, only 18 native base pairs 

are observed for the AMBER-mTIP3P model at 288 K. 

 

Figure 7.2: The scatter plot of the native and non-native base pairs with different 

temperatures. 

 The native base pairs are found to decrease with the rise in temperatures. At 

363 K, 8 and 5 native base pairs are observed for SPC/E and mTIP3P water models 

respectively. The presence of non-native base pairs is less at lower (288 K, and 303 

K) temperatures in SPC/E compared to mTIP3P. This difference is evident at the 

higher temperature in mTIP3P than the SPC/E water model. Therefore, there is a 

possibility of getting the RNA structure more compact due to the formation of non-
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native base pairs at higher temperatures. This explains the observation of Figure 7.1 

at higher temperatures (363 K) where the RMSD and Rg values are smaller for 363 K 

than 348 K. In undergoing this course of transformation, the structural changes of 

RNA occurred from A conformation to Aʹ conformation’ at higher temperatures. 

Further, we have calculated the change in the dihedral angles to have more insight 

into the conformational change of the RNA. 

7.4 FREE ENERGY LANDSCAPE (FEL): THE CONFORMATIONAL 

CHANGES WITH BASE PAIRS 

It will be interesting to study the changes in the RNA conformations in different water 

models based on the changes in dihedrals. The conformational analysis suggested that 

the base pair hydrogen bonding and base pair stacking in RNA can be distinguished 

using bond angles. In this case, two order parameters or reaction coordinated (RCs) 

are due to their suitability to explain the conformational changes. 

Figure 7.3 shows 2D-FEL obtained between the backbone dihedral (C3ʹ-C4ʹ-

O4ʹ) and pentose sugar angle (C1ʹ-C2ʹ-O2ʹ) near the base region i.e., C2ʹ-endo of RNA. 

Experimentally, it is observed that the conformational states of the RNA hairpins are 

isolated by free energy barriers ≥2 kcal/mol (Sarkar et al. 2009; Stancik and Brauns 

2008). In general, the free energy surface significantly depends on the variation of 

bond angles in RNA conformation. At the lower temperatures (288 K, 303 K, and 318 

K)  in the CHARMM-SPC/E water model, the sugar pucker bond angle (C1ʹ-C2ʹ-O2ʹ) 

is 107° in Figure 7.3A (a-c), which is almost same as for native conformation (Olson 

et al. 2001). At higher temperatures, it shifted towards a very lower value (20°) 

Figure 7.3A (d-f). It can be seen that at 348 K, and 363 K the sugar pucker bond 

angle is more spread indicating conformational heterogeneity due to changes in base 

pairs of RNA molecules. The appearance of another minimum around 100° leads at 

363 K is due to the non-native base pair that occurred due to the misfolding of the 

RNA leading to the stabilization of the molecule. In the case of the CHARMM-

mTIP3P water model, the free energy landscape at 288 K, and 303 K showed a 

minima around 109° of sugar pucker bond angle in Figure 7.3B (a-b). It can be seen 

that in Figure 7.3B (c-d) at 318 K and 333 K, the conformation got changed and 
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shifted towards a lower value of 60°. It shows that the RNA molecule has changed 

from its native conformation. At 348 K and 363 K the FEL was found to be more 

spread out in both backbones (C3ʹ-C4ʹ-O4ʹ) and pentose sugar angle (C1ʹ-C2ʹ-O2ʹ) 

directions. The RNA molecule showed more dynamic behavior in CHARMM-

mTIP3P compared to CHARMM-SPC/E. Similarly, a transient behavior is seen in 

AMBER-mTIP3P (Figure 7.3C). At Higher temperatures, the FEL is more spread out 

in both directions compared to CHARMM-SPC/E water. Hence, it is clear that in the 

CHARMM-mTIP3P the RNA molecule has more transient conformations. This can 

be related to the changes in hydrogen bonds in base pairs and stacking. Next, the 

changes in O2ʹ-O2ʹ at every temperature have been calculated. 
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Figure 7.3: Free energy landscape of bond angles (A) CHARMM_SPC/E, (B) 

CHARMM-mTIP3P (C) AMBER-mTIP3P at different temperatures (a 288 K, b 303 

K, c 318 K, d 333 K, e 348 K, f 363 K). The FEL is obtained by considering reaction 

coordinates as bond angles of sugar parker phosphate constituents. 

7.5 CHANGES IN O2′- O2′ DISTANCE IN THE RNA 

The 2′-hydroxyl group controls RNA conformational properties. The 2′-hydroxyl 

group orientation can alter the natural flexibility of the phosphodiester bond in the 

backbone of RNA (Denning and MacKerell 2012). Figure 7.4, shows the distribution 

of O2′···O2′ distances (sugar pucker) of the RNA genome using the CHARMM-

SPC/E and CHARMM/AMBER-mTIP3P water models. It was found that at 288 K, 

the average distance between the O2′···O2′ was around r = 6.75 Å CHARMM-SPC/E 

water model (Figure 7.4 (a)). With the temperature rise, the probability distribution 

of the average distance between O2ʹ···O2′ is shifted toward a higher value.  At 333 K, 

348 K, and 363 K we found broader distribution due to the formation of new 

native/non-native base pairs in the RNA molecule. A similar trend is observed in the 

case of the CHARMM-mTIP3P water model. The higher solvation of the RNA 

molecule in the TIP3P water model leads to the opening of the base pairs stacking 

resulting in the shifting of the probability distribution curves of the O2ʹ-O2ʹ distance 

to the higher values for the CHARMM-mTIP3P. At higher temperatures, in RNA 

molecules, the nitrogenize bases do not have stable overlaps between neighboring 

base pairs in both the water models. 
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Figure 7.4: The probability distribution of the O2′···O2′ distance at various 

temperatures in (a) CHARMM-SPC/E (solid line), CHARMM-mTIP3P (dotted line), 

and (b) AMBER (solid line)/CHARMM-mTIP3P (dotted line) water models. 

 The probability distribution of hydrogen bonds between the O2ʹ of RNA and 

the hydrogen of the water molecules is depicted in Figure 7.5. It is evident that the 

distribution of hydrogen bonds decreases as the temperature raised from 288 K to 363 

K i.e., the structural properties of water molecules around the surface is changed in 

both water models. In the case of the AMBER-mTIP3P system, Figure 7.4 (b) no 

definite trend is seen. At lower temperatures, the O2ʹ···O2′ distance has a low value 

compared to higher temperatures. The probability distribution at 318 K, and 363 K 

shows a lower value of O2ʹ···O2′ distance than 333 K and 348 K. The probability 

distribution O2ʹ···O2′ distance has broader distribution at 333 K and 348 K 

temperatures in the AMBER-mTIP3P water model. It is evident that the selection of 

the water model and force field has a clear effect on the stability of the RNA 

structure. Therefore, in the next section, we have included the study of the solvation 

structure of RNA with the effect of different water models. 
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Figure 7.5: Probability distribution of hydrogen bond between O2ʹ-water (a) 

CHARMM-SPC/E (b) CHARMM-mTIP3P and (c) AMBER-mTIP3P models. 

7.6 EFFECT OF THE WATER MODEL AND FORMATION OF ION PAIR 

CHARMM-SPC/E and CHARMM-mTIP3P results were chosen to further discuss the 

solvation structure of the RNA. The chosen water models have also a lot of 

differences in their dielectric constant. A solvent with a higher dielectric constant can 

solvate the polar groups more. The effect of temperature and force field on the 

polarization properties of water can be understood from the dipole moment value of 

the water and the dipole moment fluctuations of the RNA molecule. The calculated 

dipole moment of SPC/E water is 2.30 D and for mTIP3P water is 2.35 D. It is known 

that water molecule has higher dipole moment and dielectric constant which changes 

with temperature. The effect of a higher dielectric constant is, that it can screen out 

the charges effectively resulting in better solvation of the polar groups. Therefore, the 

changes in the dielectric constant of the water and its influence on the ion-pair 
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formation help to study the effect of the water model on the stability of the RNA 

molecule. With the rise in temperature, the dielectric constant of the water decreases 

for both the model potential (Cuervo et al. 2014) which is evident from Figures 7.6 

(a). The dielectric constant in mTIP3P is higher compared to the SPC/E water model. 

Therefore, the RNA molecule is supposed to be more polarised in the mTIP3P model, 

due to the interaction of the water molecule. The polar groups of the RNA genome are 

more solvated leading to the distortion of the structural parameters. 

 

Figure 7.6: Figures (a) the dielectric constant of water and (b-c) are showing the 

dipole moment fluctuation for RNA molecules in CHARMM-SPC/E and CHARMM-

mTIP3P respectively. 

 The dipole moment fluctuation of the RNA molecule is plotted in Figures 7.6 

(b) and (c). It is found that with the increase in temperature, the polarisation value 

increases. This is because, with the increase in temperature, the compactness of the 

RNA decreases, as a result the structure of the RNA gets more solvated and hence 

more polarised. It can also be seen that, in both the models, at 348 K, the RNA 
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molecule has a higher polarization value, higher than 363 K. This can be related to the 

higher RMSD and Rg values of the RNA structure at this temperature, which suggests 

that the RNA is less compact and more accessible to the water molecules. At higher 

temperatures above 348 K, i.e., 363 K, the RMSD and Rg value decreases due to the 

formation of a stable misfolding structure of the RNA. Such a phenomenon has been 

observed for RNA tetraloop experimentally (Miner et al. 2016). This decreases the 

fluctuations in the dipole moment value of the RNA structure more.  In mTIP3P, the 

RNA molecule has a higher dielectric constant at higher temperatures than the SPC/E 

water model and after 180 ns it got converged (Lavery et al. 2014) in both water 

models. The polar groups of the RNA genome are more solvated in the mTIP3P water 

model. As a result, in the SPC/E system, the positively charged Na
+
 ion (counter-ion) 

will like to be found more around the negatively charged phosphate groups compared 

to the mTIP3P systems. The effect of a higher dielectric constant is, that it can screen 

out the charges effectively resulting in better solvation of the polar groups. Therefore, 

the changes in the dielectric constant of the water and its influence on the ion-pair 

formation help to study the effect of the water model on the stability of the RNA 

molecule. To find this, the coordination number of the oxygen atoms of the phosphate 

group around Na
+
 ions for both water models we calculated and is given in Table 7.2. 

Table 7.2: Coordination number of the oxygen atoms of the phosphate group of the 

RNA molecule around Na
+
 ions within 6.0 Å cut-off (decided from RDF Figure 7.8) 

from the phosphate group. 

System 
CHARMM-SPC/E CHARMM-mTIP3P 

Na
+
-O(PO4

-
) O(PO4

-
)-O(Water) Na

+
-O(PO4

-
) O(PO4

-
)-O(Water) 

288 K 3 55 2 57 

303 K 3 52 2 54 

318 K 3 50 3 52 

333 K 3 49 3 50 

348 K 4 46 4 48 

363 K 4 44 4 45 
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The coordination number of the oxygen atoms of the phosphate group of the 

RNA molecule around Na
+
 ions at 288 K for SPC/E water is 3 and that of mTIP3P 

water is 2. The main difference in the coordination number was found at lower 

temperatures mainly at 288 K and 303 K. This coordination number increases with the 

temperature changes. The coordination number of the water molecules near the 

oxygen of the phosphate group of RNA is however more for the mTIP3P water 

model. This shows that the RNA molecule is more solvated in the mTIP3P model and 

has less contact ion pair. This coordination number decreases with a rise in the 

temperature. The dielectric constant of the water decreases in both force fields with 

the increase in temperature, therefore the probability of the formation of ion pair 

between the Na
+
 ions and the phosphate group increase. At higher temperatures, the 

water molecules that are involved inside the cavity, however, move apart and the 

RNA structure becomes dewetted. 

 There is a tendency for the ions to be found inside the cavity of the big 

biomolecular systems like RNA (Pan et al. 2014). These ions are present along with 

water molecules and stabilize the RNA by water-mediated hydrogen bonds. The 

population of the Na
+
 ions strongly interact with the oxygen of the phosphate group. It 

will be interesting to see the free-energy barrier heights of the monovalent cations Na
+
 

from the phosphate group of the RNA. Next, metadynamics were performed to 

calculate the free energy barrier.  

7.7 METADYNAMICS 

To calculate the free-energy barriers associated with the unbinding of Na
+
 from the 

phosphate group of the RNA molecule, well-tempered metadynamics (Cassone et al. 

2020) simulations have been conducted by the PLUMED-2.3.3 (Tribello et al. 2014) 

patch with the GROMACS. 

The metadynamics has been performed at lower (288 K) and higher (363 K) 

temperatures for SPC/E and mTIP3P water models Figure 7.7. The inter-atomic 

distance between cationic specie (Na
+
) and the nearest phosphate group of RNA was 

selected as a collective variable (CV) to perform the metadynamics. For CHARMM- 

SPC/E and CHARMM-mTIP3P water model systems, the initial Gaussian potential 
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heights of 0.5 kcal mol
−1 

which is deposited along the relevant CV(s) were considered. 

The deposition rate of the potential hills was set to 50 fs, corresponding to 100 time-

steps, and the Gaussian width σ = 0.03 Å, 0.02 Å used for SPC/E and mTIP3P water 

model respectively. The bias factor has been chosen equal to 10.0, and 8.0 in the 

combination of simulated temperatures for SPC/E and mTIP3P respectively. At lower 

temperatures the bias-free energy (-23.0 kcal/mol) is more to unbound the cation from 

the stable site of RNA compared to a higher temperature (-17 kcal/mol) in the 

CHARMM-SPC/E water model. In the case of CHARMM-mTIP3P water model, at a 

lower temperature, the bias-free energy is found to be -20.0 kcal/mol and at a higher 

temperature, the bias-free energy is -11.0 kcal/mol. It is evident that the bias-free 

energy is more in SPC/E compared to the mTIP3P water model. Overall, at the lower 

temperature, the ions are near to the phosphate group of RNA molecule with higher 

bias-free energy compared to the higher temperature. This observation is more 

prominent in CHARMM-SPC/E compared to CHARMM-mTIP3P water model. The 

significant difference in the free energy at 363 K for SPC/E and mTIP3P may be 

attributed to difference in polarization and solvation of RNA at higher temperature. At 

363 K, the higher dielectric constant of TIP3P water molecules guides the solvation of 

the RNA molecule which prevents strong Na
+
-phosphate ion pair formation. This 

leads to weaker electrostatic interactions which results the lesser unbinding energy in 

mTIP3P water model compared to SPC/E water model. 
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Figure 7.7. Free-energy bias deposited along the reaction coordinates (the inter-

atomic distance between Na
+
 - PO4

- 
group) to unbind. The solid line shows 288 K and 

the dashed line is 363 K. 

It is clear from the above discussions that the water models have important 

effects on the solvation structure of the biomolecule that can ultimately help in the 

stability of the biomolecule. Therefore, it is significant to study the hydration structure 

of the RNA in the presence of these ions. The distribution of the water molecules 

around the RNA is discussed in the next section. 

7.8 RADIAL DISTRIBUTION FUNCTION 

Solvation plays a crucial role in determining the secondary and tertiary structure of 

RNA molecules. It helps to stabilize the secondary structure of the RNA. The counter 

ions present in the cavity of the RNA impact directly the solvation structure of the 

RNA. Therefore, the intermolecular RDF of PO4
-
-Na

+
 and O1P-Ow in both 

CHARMM-SPC/E and CHARMM-mTIP3P water model systems were calculated 

(Figure 7.8). The solvation peak heights of phosphate sodium RDFs are found to 

increase with the rise in temperature for both CHARMM-SPC/E and CHARMM-

mTIP3P water models Figures 7.8 (a), (b). However, the peak height of O1P-Ow 

distribution was found to be decreased with the rise in the temperature for both 

CHARMM-SPC/E and CHARMM-mTIP3P water models Figures 7.8 (c) and (d). 

In this case, the first peak is found to be highest and sharp at around 2.75 Å, 

and the second and the third peaks are broader. The RDF of O1P-Ow shows that the 

higher solvation shells vanish with the rise in the temperature indicating that the 

interaction of water with oxygens of the phosphate group vanishes as the temperature 

rises. From the two RDFs, the distribution of sodium ions near the phosphate group is 

more compared to the water molecules at higher temperatures. This suggests that the 

ion -ion pair interaction is more at higher temperatures. This situation is favored by 

the lower dielectric constant of the water molecules. The presence of water molecules 

and the counter ion near the phosphate group will affect the orientation of the water in 

the hydration shell of RNA molecules. 
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Figure 7.8: RDF of (a-b) phosphate group of RNA with Na
+
, (c-d) O1P-Ow at various 

temperatures in CHARMM-SPC/E (a, c) and CHARMM-mTIP3P (b, d) water 

models. 

 Further, the RDFs of Ow-Na in Figure 7.9, RG_N2-Ow RG_O6-Ow, RC_N4-

Ow, and RC_O2-Ow in Appendix XXIV were plotted. It is found that the water 

structure is more disrupted around the nitrogen atom of the RNA molecules. RDFs 

corresponding to mTIP3P water models show a similar trend and are shown in 

Appendix XXIV. The arrangement of the water molecules, present at the interface 

will be affected by the presence of the contact ion pair near the RNA. Therefore, it 

will be worthwhile to check the arrangement of the interfacial water molecule and 

their effect on the stabilization of RNA.  
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Figure 7.9: The radial distribution function of the (a) oxygen of water with Na
+
 

CHARMM-SPC/E (b) oxygen of water with Na
+
 CHARMM-mTIP3P. 

7.9 SOLVATION STRUCTURE OF THE RNA 

The water structure near the RNA surface can be identified based on the local 

orientational tetrahedral parameter (Sg) which is based on the four nearest water 

oxygen (Ow) neighbours (Section 2.4.1 (viii)). The Sg parameter for the water 

molecules at the interface (cut-off value < 6.0 Å from the RNA base pairs; selected 

from the RDF Appendix XXIV) of the RNA genome is shown in Figure 7.10. It can 

be seen that the distribution of the Sg value near the RG and RC (Figure 7.10 (a) and 

(b)) have broader distribution at 288 K, 303 K, and 318 K compared to 333 K, 348 K, 

and 363 K in CHARMM-SPC/E water model. These differences are less pronounced 

in the case of the mTIP3P water model. This can be explained as RG and RC contain 

more nitrogen and oxygen atoms as the electronegative group, they are more 

surrounded by the counter Na
+
 ions.  These ion pairs attract the water molecules to 

form stable trapped water molecules hydrogen bonds. The water molecules are 

trapped near the O2ʹ oxygen and hydrogen bond forms between the intracavity water 

molecules (Figure 7.5). It is already seen that at 288 K and 303 K, the coordination 

number of phosphate-Na
+
 ion pairs are more (Table 7.2). 
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Figure 7.10: Local Orientational tetrahedral parameter of water near the interface of 

nucleic acids of RNA genome RG, RC, RA, and RU (a), (b), (c), and (d) respectively 

at different temperatures. The solid line for CHARMM-SPC/E and the dotted line for 

CHARMM-mTIP3P. 

 In the case of SPC/E, due to the lower dielectric constant, these ion-pair are 

more compact. These ion pairs attract a stable hydration layer near the RNA interface 

mainly at lower temperatures. This hydration layer is heterogeneous and consists of a 

non-tetrahedral (Sg > 0.35) structure of interface water. As a result, a broader 

distribution is seen in the SPC/E water model for lower temperatures. At higher 

temperatures, the hydration shell of the water molecules near the ion pairs is broken 

due to the random motion of water molecules.  Therefore, Sg distribution is 

transformed to narrow and sharp, this indicates a uniform distribution solvation 

structure. In the case of the mTIP3P water model, the presence of such ion-pair is less 

due to a higher dielectric constant, and hence the hydration shell is more 

homogeneous (Sg <0.35). 
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Figure 7.11: Orientational tetrahedral order Parameter of water molecules around the 

interface of nucleic acids of the SARS-CoV-2 RNA genome RG, RC, RA, and RU 

(a), (b), (c), and (d) respectively at different temperatures in AMBER-mTIP3P. 

 The Sg value for the AMBER-mTIP3P water model has been calculated and is 

given in Figure 7.11. The non-tetrahedral behavior of the interfacial water molecules 

are generally because of High-Density Water (HDW) having interstitial water 

molecules in their hydration shell (Biswas et al. 2018). The distribution of the 

interfacial water molecules for the mTIP3P water model is found to be more 

homogeneous in the mTIP3P water model and tetrahedral in comparison to SPC/E. 

Also, Sg parameter for the bulk water was calculated and shown in Appendix XXV. 

 To gain more insight, the voids distribution of the interface and bulk water at 

various temperatures were plotted. The void distribution (Biswas et al. 2018; 

Chakraborty and Chandra 2012) of the interface (Figure 7.12a) water molecules 

corresponding to higher temperatures have a tail region that clearly suggests lower 

homogeneity and less dense water molecules. It can be seen that the bulk water has a 
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lower void radius and the distribution becomes narrower; suggesting more dense 

water molecules and more homogeneity (Figure 7.12b). At lower temperature, it is 

observed that the SPC/E model have a lower void radius compared to the mTIP3P 

water model. This shows that at lower temperatures, the water molecules are higher 

coordinated in the SPC/E water model.   

 

Figure 7.12: Void probability distribution of water molecules at different 

temperatures (a) interface (b) bulk. The solid line shows CHARMM-SPC/E and the 

dotted line for the CHARMM-mTIP3P water models system. 

 The fraction of the number of hydrogen-bonded water molecules are given in 

Figure 7.13. The fraction of higher coordinated water molecules is found to be more 

at lower temperatures in the SPC/E water model. Next, it will be interesting to see the 

dynamics of water molecules near the RNA interface and bulk water. 
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Figure 7.13: The fraction of water molecules having n number of hydrogen bonds in 

the interface (a-b) and bulk (c-d). (a-c) CHARMM-SPC/E and (b-d) CHARMM-

mTIP3P water models.  

7.10 DIFFUSION OF THE WATER MOLECULES 

The diffusion coefficients are obtained by the fitting of linear equation of Mean 

Square Displacement and are calculated using equation 2.35. The MSD curve for bulk 

and interfacial water molecules is shown in Figure 7.14. The diffusion coefficient of 

the SPC/E water in bulk is found to be 2.82 ×10
−5

 cm
2
/s, which correlates with the 

reported experimental value of 2.76 ×10
−5

 cm
2
/s (Easteal et al. 1989). The diffusion of 

bulk water at different temperatures for this water model is found to be similar to the 

reported experimental values (Holz et al. 2000). The MSD values for mTIP3P water 

are found to be much higher (Table 7.3). The diffusivity of the water molecules 

increases with an increase in temperature for both water models. The strong hydrogen 

bonds of the water molecules near the RNA interface lower temperature leads to a 

lower value of diffusion coefficient. Therefore, it becomes important to calculate the 

strength of hydrogen bonded water molecules near the interface of RNA. 
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Figure 7.14: Mean Square Displacement of water molecules (a-b) interface around 

the SARS-CoV-2 RNA genome and (c-d) bulk at various temperatures for both 

CHARMM-SPCE (a-c) and CHARMM-mTIP3P (b-d) water models. 

Table 7.3: Diffusion coefficient (D) of water molecules around the interface of RNA 

in SPC/E and mTIP3P water models, D = (value) x 10
-5 

cm
2
/sec. Error reported as SD 

of individual simulations. 

Temperature 

(K) 

CHARMM- SPC/E CHARMM- mTIP3P 

Interface (< 6.0 Å) Bulk (> 8.0 Å) Interface (< 6.0 Å) Bulk (> 8.0 Å) 

288 0.99 ± 0.13 2.01 ± 0.01 3.01 ± 0.12 4.70 ±0.16 

303 1.38 ± 0.12  2.82 ± 0.05 3.21 ± 0.15 5.21 ± 0.08 

318 2.08 ± 0.20 3.62 ± 0.06 3.84 ± 0.18 6.54 ± 0.21 

333 2.70 ± 0.16 4.74 ±0.12 4.91 ± 0.23 7.47 ± 0.17 

348 2.88 ± 0.25 5.93 ± 0.14 5.15 ± 0.26 8.06 ± 0.32 

363 3.82 ± 0.13 7.21 ± 0.02 6.47 ± 0.36 9.88 ± 0.42 

7.11 HYDROGEN BOND LIFETIME 

The hydrogen bond lifetime between the RNA and the water molecules is given in 

Table 7.4. Two molecules are hydrogen-bonded if the distance between the hydrogen 

bond acceptor and donor is < 2.5 Å (Section 2.4.2 (ii)). The value of hydrogen bond 

lifetime for the SPC/E water model is higher compared to the mTIP3P water model. 

The difference is more at lower temperatures. This shows the hydration shell near the 

RNA interface is more stable for the SPC/E model. At higher temperatures, the 

random motion of the water molecules around the RNA surface leads to the breakage 
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of hydrogen bonds leading to a lower hydrogen bond lifetime. The higher hydrogen 

bond lifetime in SPC/E can be attributed due to the presence of sodium ions at the 

RNA interface. Therefore, it will be interesting to check the residence time of the Na
+ 

ion on the interface of the RNA.  

Table 7.4: The hydrogen bond lifetime of the RNA-water. 

Temperature (K) Interface Lifetime (ps) SPC/E Interface Lifetime (ps) mTIP3P 

288 2.42 1.46 

303 1.63 0.93 

318 1.58 0.78 

333 0.97 0.73 

348 0.91 0.61 

363 0.53 0.48 

7.12 SURVIVAL PROBABILITY 

Survival probability (SP) gives an idea about the ion staying on the surface or inside 

complex environments such as peptides proteins, nucleic acids (Section 2.4.2 (iii)). 

The cut-off of 6.0 Å from the phosphate group of interfaces of RNA we selected to 

define the presence of sodium ions (decided from RDF Figure 7.8). The relaxation 

time was calculated for a long-time of 80 ps window duration. The calculated beta 

values are given in Table 7.5. 

Table 7.5: The survival probability of Na
+
 around the RNA. 

Temperature 

(K) 

CHARMM- SPC/E CHARMM-mTIP3P 

Time (ps) β -value Time (ps) β -value 

288 23.37 0.52 17.77 0.53 

303 17.40 0.63 10.77 0.58 

318 16.81 0.62 9.94 0.63 

333 9.93 0.51 9.67 0.64 

348 7.34 0.42 6.54 0.54 

363 5.92 0.69 4.62 0.58 
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The beta values range from 0.4 – 0.7 indicates the relaxation of sodium ions 

near the surface of RNA is heterogeneous in nature. In the case of CHARMM-SPC/E, 

the residence time of the Na
+ 

ion near the RNA is more at lower temperatures 

compared to the CHARMM-mTIP3P water model. At higher temperatures, the SP 

value of Na
+ 

near the RNA molecule is decreased for both models. The higher 

residence time of the Na
+
 ion near the RNA can also contribute to the higher 

hydrogen bond lifetime. To further clarify this, we calculated the interaction energies 

of the RNA-ion and RNA-water shown in Figure 7.15. In the case of CHARMM-

SPC/E, the interaction energy of RNA-Na
+
 is higher compared to CHARMM-

mTIP3P. This indicates that the sodium ions are nearer to the RNA molecule in 

CHARMM-SPC/E compared to CHARMM-mTIP3P.  

 

Figure 7.15: The interaction energies of the (a) RNA-water and  (b) RNA-ion. 

7.13 CONCLUSION 

To conclude, we performed the MD simulation study of the SARS-Cov2 RNA 

genome at different temperatures with SPC/E and mTIP3P water model potentials to 

understand the effects on the structural properties of RNA, hydration shell, and 

stability. The RNA structure was found to be more dynamic in the mTIP3P water 

model. The RNA structure has undergone more structural changes leading to broader 

RMSD distribution in this model potential. An increase in temperature involves the 

breaking of native base pairs and the making of non-native base pairs affecting the 

stability of the RNA molecule. AMBER-mTIP3P combination showed the maximum 
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formation of non-native contacts. The dihedral angle distribution also showed 

maximum transient conformations for this water model. It is evident that the selection 

of the force field and water model has a significant role in maintaining the stable 

conformation of the RNA. Further, this study showed that the RNA molecule is more 

denatured and solvated in the mTIP3P water due to its higher dielectric constant. The 

main difference between the SPC/E and mTIP3P water models is the way by which 

the potential parameters for these water models were obtained. In the SPC/E model, 

the addition of a “self-polarisation term” (Leontyev and Stuchebrukhov 2010) leads to 

better performance of the potential model. We found a higher survival probability of 

Na
+
 ions at the RNA interface for the SPC/E water model giving rise to higher 

interaction energy between RNA-Na
+
 for the CHARMM-SPC/E water model. Due to 

the presence of the ions near the RNA interface, the solvation structure is also 

affected. We found the presence of inhomogeneous, non-tetrahedral water at the 

interface at 288 K and 303 K. These water molecules are higher coordinated and have 

lower void space than the bulk water molecules. They have a lower diffusion 

coefficient and have higher hydrogen bond lifetime. The effect is more prominent in 

the SPC/E water model. At higher temperatures, due to the random displacement of 

the molecules, the system becomes more homogeneous. In short, the RNA structure 

was found to be maximum stable in the SPC/E water model. This can be related to the 

existence of the ion-counter ion pair due to the lower dielectric constant of the SPC/E 

water model that in turn affects the hydration shell of the RNA interface. 
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CHAPTER 8 

SUMMARY AND CONCLUSION 

This chapter constitutes the summary of the current research work and the major 

conclusions obtained from the research. This also includes a brief scope regarding 

future work which can effectively give an idea of the biological process. 

8.1 SUMMARY 

This work addressed importantly the structure and dynamic properties of water near 

the hydration shell and bulk in the presence of metal ions. The interaction of metal 

ions with the intrinsic disorder peptides (IDPs) and their folding and unfolding in the 

presence of ions were studied. Insight to the residue specificity on the disordered to 

ordered transition at different temperatures. Another important work constitutes the 

structural evolution of the SARS-CoV-2 RNA genome at thermodynamic conditions. 

This overall study can help to obtain the 3D structure of the peptide and nucleic acids 

and help in drug delivery in the biological process. A detailed summary of the whole 

research work has been pointed out below. 

 Molecular dynamics simulation of an antimicrobial peptide in the presence of 

metal ions with varying concentrations has been performed. 

 The structure and dynamics of the prion peptide and the interfacial water have 

been done in the presence of monovalent and divalent metal ions and under 

different temperatures. 

 Structural properties of water near interface and bulk are investigated by 

radial distribution functions, fraction of hydrogen bonds, and orientation 

profile whereas dynamical properties are studied by survival probability, 

hydrogen bond lifetime and diffusion coefficient. Thermodynamic properties 

are calculated by Kirkwood-Buff Integral and excess entropy.  

 The secondary structure changes of the IDP are found to be more sensitive in 

the presence of ions. 
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 The influence of monovalent and divalent cations at different concentrations 

has been taken to calculate the free energy landscape of the 

unfolding/refolding process of the sheep prion peptide. 

 To understand the factor affecting ions on prion peptide, the intra-peptide, 

and inter-peptide hydrogen bonds have been calculated. To understand the 

interaction of the ions with the prion peptide surface, preferential binding has 

been calculated.  

 The dynamics of the folding/unfolding have been calculated in terms of 

hydrogen bond lifetime, diffusion coefficient, and survival probability. 

 The conformational changes mainly in terms of the changes in secondary 

structure, contact map, surface exposure, hydrogen bonds, and interaction 

energy has been calculated.  

 The clustering has been done to find out the conformations of the SARS 

CoV-2 RNA genome at different temperatures. 

 Network analysis (a kind of Machine learning) has been used to see the 

changes in evolved conformations via clustering.  

 The inactivation of the SARS CoV-2 RNA genome is evaluated in the 

presence of two different water models SPC/E and modified TIP3P at various 

temperatures. 

 The hydrogen bond lifetime of G: C Base pairs have been calculated.  

 A new methodology has been developed for the sampling of RNA: RMSD, 

and interhelical angle-based clustering. 

 The Network analysis successfully helps to find out the prominent 

conformations of the RNA by making the edge connections between the 

nodes using a different algorithm. 

 The CHARMM, AMBER force field, and TIP3P, SPC/E water models have 

been taken to see the influence on hydration water of RNA genome. 

 The water structure around the RNA surface is evaluated by radial 

distribution function (RDF), the fraction of hydrogen-bonded water 

molecules, and the orientational tetrahedral order parameter. 
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  The dynamical properties such as diffusion coefficient survival probability, 

and hydrogen bond lifetime calculated and revealed the contribution of water 

molecules in stabilizing the binding sites of the RNA.  

8.2 CONCLUSION 

The major conclusions drawn from this work are as follows: 

 Water molecules in the hydrophilic environment of an antimicrobial peptide 

are found to be more disruptive, and less dense containing broken hydrogen 

bonds compared to the hydrophobic environment. 

 Tetrahedrality of water molecules near the protein surface is found to be more 

in the presence of high charge density Li
+
 ions which preferentially binds 

with the protein surface and have less diffusion of water molecules compared 

to K
+
 ion. 

 IDP is found to be maximumly solvated at 0 M; where it forms a β-sheet 

structure. Li
+
 ions were found to interact more with Asp144, Glu146, Asp147, 

and Asp152, residue whereas K
+
 was found to interact with Cys167 on C-

terminal ends.  

 At higher ionic concentrations, the ion-water and ion-counter ion interactions 

increase, therefore the interaction of ions with protein decreases with a low 

survival probability value of ions near the protein surface. 

 The residue-residue contact map showed segregated interactions between the 

residues which changed with the change in the temperature. This resulted to a 

different secondary structure. 

 The hydrophobic region (C-terminal) of the IDP was folded into alpha-helix 

at 290 K and changed to beta-sheet at 300 K due to the fluctuations in the 

residues of the peptide. 

 Network analysis was used to see the evolved conformations of RNA. At 

lower temperatures (303 K, 318 K), connections between the nodes are more, 

showing interchangeable conformations compared to higher temperatures 

(348 K, 363 K). 



186 
 

 Two types of network analysis are done based on RMSD and the interhelical 

angle of RNA. In angle-based clustering; the angle difference of ≤ ±10° gives 

a better sampling of RNA conformation compared to ±5°, ±20°, and ±30°.  

 The non-native base pairs were found to be more in the mTIP3P water model 

compared to the SPC/E water model, the RNA molecule was found 80 % 

denatured at 348 K temperature in the mTIP3P water model. 

 The CHARMM, AMBER force field, and mTIP3P, SPC/E water models have 

been used to see the influence of the hydration water on the RNA genome. 

The higher dielectric constant of the mTIP3P model screened out the 

attraction between ion pairs therefore the RNA molecule is more solvated in 

the mTIP3P water model compared to SPC/E.  

 The formation of the ion-contact pair near the negatively charged phosphate 

group (Na
+
-PO4

-
) leads to strong RNA-ion interaction and strong hydration 

shells in the SPC/E water model compared to mTIP3P. Further, it is 

confirmed by bias-free energy calculations using metadynamics. 

 

 In atomistic molecular dynamic simulations methods metal ions and 

cosolvent or organic molecules can interact with the peptide and change its native 

conformations. It is found that the binding affinity of the metal ions towards the 

favorable amino acids or nucleic acids can change the functional property of the 

biomolecules. The proper interpretation of the non-covalent interactions under some 

thermodynamic conditions; such as hydrogen bonds, intramolecular interaction, and 

intermolecular interactions are responsible to alter the conformations of the 

molecules. In the future, the researchers can focus on investigating systems in which 

a nucleotide is not involved in base-pairing interactions under some conditions via 

higher-order sampling methods for example REMD and Umbrella sampling. A good 

study can be done based on the disordered protein by taking more ensembles and 

finding which residue is playing the major role in making the secondary structure. 

The base-flipping process in RNA can also be studied in association with peptides 

and some organic molecules binding to explore to what extent the molecules 

(Peptide, organic molecules) can affect the flipping of bases in RNA molecules. 
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APPENDIX 

Appendix I: Values of Lennard-jones and electrostatic interaction potential 

parameters for LiCl, NaCl, KCl, and MgCl2 CHARMM-FF and AMBER-FF. 

CHARMM-FF 

Ions 

σ (Å) ε(kJ/mol) 

LiCl 
0.2312 0.00975 

NaCl 
0.2514 0.1962 

KCl 
0.3143 0.3640 

MgCl2 
0.2114 0.0627 

AMBER-FF 

Ions 

σ (Å) ε(kJ/mol) 

LiCl 
0.2026 0.0765 

NaCl 
0.3328 0.0116 

KCl 
0.3143 0.0014 
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Appendix II: The RMSD graph for Cα of protein for (a) CHARMM-SPC/E (b) 

AMBER-TIP4P model systems. 
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Appendix III: Radial Distribution functions g(r) of amino acid (ARG) with different 

salts for 1M concentration (a) Cγ-Ow (b) Cδ-Ow, (c) NH-Ow for CHARMM-SPC/E 

model systems. 
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Appendix IV: Radial Distribution functions g(r) of amino acid (ALA) with different 

salts for 1M concentration (a) Cβ-Ow (ALA), (b) NH-Ow ALA for CHARMM-SPC/E 

model systems. 
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Appendix V: The orientation order parameter of water molecules within the distances 

[(a), (b) 4.3 Å] and [(c), (d) > 9 Å] from Cα of ALA and ARG amino acid residues of 

protein in presence of various salt solutions 1.0 M for AMBER-TIP4P model systems. 
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Appendix VI: Diffusion coefficient of water molecules around (< 4.3 Å) amino acids 

of Antimicrobial protein in water for CHARMM-SPC/E and AMBER-TIP4P model 

system, LiCl, NaCl and KCl, D =  (value) x 10
-5

cm2/sec. 

 

SPCE Time (ns) Water LiCl NaCl KCl 

ALA 

0-25 

25-50 

50-75 

75-100 

2.46 ±0.036 

2.40 ±0.032 

2.45 ±0.034 

2.49 ±0.140 

2.24 ±0.018 

2.18 ±0.011 

2.38 ±0.126 

2.32 ±0.017 

2.41 ±0.182 

2.31 ±0.012 

2.34 ±0.213 

2.38 ±0.029 

2.47 ±0.035 

2.38 ±0.042 

2.44 ±0.124 

2.35 ±0.033 

ARG 

0-25 

25-50 

50-75 

75-100 

2.49 ±0.024 

2.52 ±0.032 

2.45 ±0.023 

2.46 ±0.018 

2.32 ±0.113 

2.13 ±0.007 

2.21 ±0.021 

2.04 ±0.012 

2.38 ±0.031 

2.35 ±0.043 

2.25 ±0.021 

2.22 ±0.031 

2.46 ±0.024 

2.36 ±0.026 

2.32 ±0.032 

2.38 ±0.041 

TIP4P Time (ns) Water LiCl NaCl KCl 

ALA 

0-25 

25-50 

50-75 

75-100 

3.34 ±0.181 

3.26 ±0.197 

3.24 ±0.043 

3.32 ±0.243 

2.83 ±0.080 

2.87 ±0.196 

2.68 ±0.082 

2.90 ±0.099 

2.72 ±0.087 

2.68 ±0.067 

2.76 ±0.171 

2.61 ±0.231 

2.66 ±0.081 

2.64 ±0.190 

2.63 ±0.072 

2.67 ±0.157 

ARG 

0-25 

25-50 

50-75 

75-100 

3.12 ±0.087 

3.25 ±0.183 

3.22 ±0.192 

3.09 ±0.042 

2.51 ±0.240 

2.65 ±0.056 

2.61 ±0.103 

2.46 ±0.243 

2.62 ±0.028 

2.49 ±0.023 

2.55 ±0.136 

2.42 ±0.032 

2.57 ±0.055 

2.48 ±0.162 

2.53 ±0.076 

2.45 ±0.106 
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Appendix VII: Diffusion coefficient of water molecules around (> 9.0 Å) amino 

acids of antimicrobial protein in water for CHARMM-SPC/E  and AMBER-TIP4P 

model system, LiCl, NaCl, and KCl, D = (value) x 10
-5

cm2/sec. 

  

SPCE Time (ns) Water LiCl NaCl KCl 

ALA 

0-25 

25-50 

50-75 

75-100 

2.55 ±0.028 

2.51 ±0.022 

2.48 ±0.104 

2.50 ±0.031 

2.41 ±0.108 

2.43 ±0.021 

2.37 ±0.026 

2.35 ±0.183 

2.48 ±0.036 

2.39 ±0.027 

2.43 ±0.034 

2.35 ±0.018 

2.43 ±0.014 

2.33 ±0.143 

2.31 ±0.016 

2.37 ±0.033 

ARG 

0-25 

25-50 

50-75 

75-100 

2.57 ±0.029 

2.52 ±0.022 

2.49 ±0.016 

2.54 ±0.028 

2.38 ±0.035 

2.43 ±0.025 

2.46 ±0.017 

2.37 ±0.051 

2.39 ±0.026 

2.45 ±0.044 

2.50 ±0.042 

2.46 ±0.023 

2.51 ±0.026 

2.42 ±0.032 

2.48 ±0.013 

2.43 ±0.031 

TIP4P Time (ns) Water LiCl NaCl KCl 

ALA 

0-25 

25-50 

50-75 

75-100 

3.54 ±0.087 

3.58 ±0.128   

3.46 ±0.164 

3.52 ±0.034 

3.32 ±0.181 

3.27 ±0.019 

3.28 ±0.010 

3.24 ±0.090 

3.36 ±0.024 

3.33 ±0.047 

3.31 ±0.016 

3.28 ±0.006 

3.62 ±0.072 

3.54 ±0.182 

3.58 0.0824 

3.48 ±0.124 

ARG 

0-25 

25-50 

50-75 

75-100 

3.58 ±0.015 

3.56 ±0.152 

3.52 ±0.054 

3.51 ±0.036 

3.26 ±0.137 

3.19 ±0.071 

3.23 ±0.067 

3.17 ±0.031 

3.46 ±0.027 

3.32 ±0.023 

3.47 ±0.077 

3.29 ±0.035 

3.48 ±0.026 

3.52 ±0.057 

3.54 ±0.177 

3.46 ±0.156 
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Appendix VIII: Hydrogen bond occupancy between amino acid residues in salts 

solutions at different concentrations. 

System Hydrogen bonded residue Percentage (%) 

 

0.03 M LiCl 

162TYR (HN) - 154MET(O) 

160GLN (HN) - 156ALA (O) 

159ASN (HN) - 156ALA(O) 

156ALA (HN) - 160GLN(O) 

154MET (HN) - 162TYR(O) 

82.6 

30.2 

45.1 

79.6 

36.8 

 

 

 

 

 

0.3 M LiCl 

 

167CYS (HN) - 164ARG(O) 

163TYR (HN) - 153ASN(OD1) 

162TYR (HN) - 153ASN(OD1) 

159ASN (HN) - 156ALA(O) 

156ALA (HN) - 153ASN(O) 

155TYR (HN) - 151ARG(O) 

154MET (HN) - 150TYR(O) 

153ASN(D21) - 163TYR(O) 

153ASN (HN) - 149TYR(O) 

152GLU (HN) - 148ARG(O) 

151ARG (HN) - 147ASP(O) 

150TYR (HN) - 146GLU(O) 

149TYR (HN) - 145TYR(O) 

148ARG (HN) - 144ASP(O) 

147ASP (HN) - 143ASN(O) 

48.7 

66.0 

51.7 

60.4 

30.2 

51.2 

78.2 

58.2 

78.1 

66.4 

64.3 

67.0 

72.0 

49.9 

30.8 

 

 

0.6 M LiCl 

167CYS (HN) - 146GLU(OE1) 

160GLN (HN) - 157TYR(O) 

159ASN (HN) - 156ALA(O) 

155TYR (HN) - 150TYR(O) 

153ASN (D21) - 155TYR(OH) 

153ASN (HN) - 149TYR(O) 

152GLU (HN) - 149TYR(O) 

148ARG(H11) - 145TYR(O) 

31.2 

30.2 

56.3 

42.2 

32.2 

61.1 

37.6 

35.7 
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148ARG (HN) - 145TYR(O) 75.1 

 

 

0.9 M LiCl 

166VAL (HN) - 163TYR(O) 

163TYR (HN) - 160GLN(O) 

154MET (HN) - 149TYR(O) 

153ASN (HN) - 150TYR(O) 

152GLU (HN) - 148ARG(O) 

151ARG (HN) - 147ASP(O) 

150TYR (HN) - 147ASP(O) 

37.9 

36.5 

38.6 

44.5 

54.4 

46.4 

31.3 

0.3 M NaCl 

155TYR(HN) - 151ARG(O) 

154MET(HN) - 151ARG(O)  

148ARG(HN) - 145TYR(O)                 

39.3 

49.6 

30.25 

0.6 M NaCl 

167CYS(HN) - 164ARG(O) 

166VAL(HN) - 163TYR(O) 

149TYR(HN) - 157TYR(OH) 

48.20 

31.20 

32.51 

0.9 M NaCl 

166VAL(HN) - 163TYR(O) 

164ARG(HN) - 151ARG(O) 

153ASN(D21) - 149TYR(O) 

152GLU(HN) - 148ARG(O) 

151ARG(H11) - 162TYR(O) 

150TYR(HN) - 147ASP(O) 

146GLU(HN) - 143ASN(O) 

41.00 

67.10 

43.10 

56.80 

66.60 

41.30 

70.00 

 

0.3 M KCl 

166VAL (HN) - 144ASP(O) 

160GLN (E21) - 158PRO(O) 

160GLN (E21) - 157TYR(O) 

153ASN (D21) - 149TYR(O) 

148ARG (HN) - 145TYR(O) 

31.2 

62.2 

55.1 

31.4 

60.0 

 

 

0.9 M KCl 

166VAL (HN) - 144ASP(O) 

153ASN (HN) - 150TYR(O) 

148ARG (HN) - 145TYR(O) 

146GLU (HN) - 164ARG(O) 

150TYR (HH) - 155TYR(N) 

81.1 

45.8 

30.2 

69.9 

76.4 
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143ASN (D21 - 153ASN(O) 31.2 

 

 

0.1 M MgCl2 

167CYS(HN) - 164ARG(O) 

166VAL(HN) - 163TYR(O) 

162TYR (HN) - 160GLN(OE1) 

155TYR (HH) - 164ARG(N) 

155TYR (HN) - 161VAL(O) 

154MET (HN) - 151ARG(O) 

153ASN (HN) - 150TYR(O) 

153ASN (HN) - 149TYR(O) 

152GLU (HN) - 148ARG(O) 

151ARG (HN) - 147ASP(O) 

145TYR (HN) - 143ASN(OD1) 

30.0 

35.5 

33.7 

45.5 

88.3 

35.6 

30.6 

30.4 

63.5 

64.9 

63.0 

0.3 M MgCl2 

164ARG(H11) - 162TYR(O) 

157TYR (HH) - 153ASN(O) 

148ARG (H11) - 145TYR(O) 

148ARG (HN) - 145TYR(O) 

30.2 

36.1 

31.3 

32.3 
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Appendix IX: 2 set; Time evaluation of Residue wise secondary structure 

composition throughout the 300 ns simulation trajectory. (A) 0 M, (B) 0.3 M LiCl, 

(C) 0.6 M LiCl, (D) 0.9 M LiCl, (E) 0.3 M NaCl, (F) 0.6 M NaCl, (G) 0.9 M NaCl, 

(H) 0.3 M KCl, (I) 0.9 M KCl, and (J) 0.1 M MgCl2, (K) 0.3 M MgCl2. 

 



198 
 

 



199 
 

Appendix X: Third set; Time evaluation of Residue wise secondary structure 

composition throughout the 300 ns simulation trajectory. (A) 0 M, (B) 0.3 M LiCl, 

(C) 0.6 M LiCl, (D) 0.9 M LiCl, (E) 0.3 M NaCl, (F) 0.6 M NaCl, (G) 0.9 M NaCl, 

(H) 0.3 M KCl, (I) 0.9 M KCl, and (J) 0.1 M MgCl2, (K) 0.3 M MgCl2. 
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Appendix XI: Simulation Set-1- (A) Time evolution of RMSD profile of protein 

backbone and (B) radius of Gyration of protein over 300 ns trajectory. Set-2- (C) 

RMSD profile and (D) radius of Gyration. Set-3- (E) RMSD profile and (F) radius of 

Gyration. 
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Appendix XII: Radial distribution function and Preferential binding coefficients 

(PBC) vαβ for (A) RDF of Protein-Ions (B) PBC of Protein-Ions (C) RDF of Ions-

Water (D) PBC of Ions-Water (E) RDF of Protein-Water and (F) PBC of Protein-

Water in different salts solutions. 
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Appendix XIII: Thermodynamic equilibrium graph (a) Time evolution of 

Temperature (b) Pressure at different temperatures. 

Set I 

 

Set II 
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Set III 
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Appendix XIV: Time evaluation of Residue wise secondary structure composition 

throughout the simulation trajectory at all 5 temperatures. 

Set II 

 
Set III 
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Appendix XV: Time evaluation of Residue wise secondary structure composition 

throughout the REMD simulation trajectory. 
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Appendix XVI: Cosine values calculated on the first principal components of every 

simulation trajectory for different temperature. 

Temperature (K) Cosine values 

290 0.20 

295 0.43 

300 0.23 

305 0.24 

308 0.08 

315 0.12 

320 0.11 

325 0.23 

330 0.42 
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Appendix XVII: RMSD profile and Radius of gyration of heavy atoms for SARS-

CoV-2 RNA Genome at six temperatures. 

SPC/E water model, Set-I 

 

Set- II 
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mTIP3P water model 
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Appendix XVIII:. The number of conformations with temperatures in SPC/E water model. 

Temperature 

No. of conformations 

obtained with RMSD 

cut off 1.5 Å 

No. of conformations retained for 

>80 ps >120 ps >160 ps 

288 K 1 1 1 1 

303 K 182 149 137 130 

318 K 1290 704 520 467 

333 K 2768 619 344 180 

348 K 7170 248 119 79 

363 K 9093 90 52 38 
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Appendix XIX: Community class percentage of the conformations at different angle 

cutoff at different temperatures. 

Threshold 
Temperature 

(K) 

Total 

Number of 

communities 

Number of 

communities with 

class percentage >10% 

Top 5-

module Class 

percentage 

±5 

303 50 1 

10.22 

8.76 

8.76 

8.76 

6.57 

318 75 0 

8.09 

8.09 

8.09 

7.51 

7.51 

333 154 0 

8.14 

6.1 

5.23 

4.65 

3.78 

348 39 1 

14.93 

8.96 

8.96 

7.46 

7.46 

363 30 2 

17.31 

13.46 

9.62 

3.85 

3.85 

±10 

303 13 5 

25.55 

18.98 

17.52 

13.14 

12.41 

318 9 5 

23.31 

19.85 

19.85 

19.27 

11.95 
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333 21 5 

20.64 

18.02 

15.12 

14.83 

11.34 

348 7 4 

26.67 

25.19 

20.00 

11.85 

6.67 

363 9 4 

32.69 

19.23 

19.23 

13.46 

7.69 

±20 

303 4 4 

32.85 

29.93 

21.17 

16.06 

318 5 5 

22.16 

21 

21 

20.23 

15.61 

333 5 4 

26.45 

25.29 

22.97 

21.51 

348 3 3 

41.00 

36.00 

21.00 

363 4 4 

34.62 

28.85 

19.23 

17.31 
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±30 

303 2 2 
55.47 

44.43 

318 3 3 

40.27 

30.44 

29.29 

333 3 3 

34.88 

32.85 

32.27 

348 4 3 

38.81 

34.33 

23.88 

1.49 

363 2 2 
63.46 

36.54 
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Appendix XX: Network distribution of conformations with ±10° as angle cutoff 

at various temperatures: (a) 303 K, (b) 318 K, (c) 333 K, (d) 348 K, and (e) 363 K 

for second set of simulation. 

 

  



217 
 

Appendix XXI: Network analysis of conformations with respect to temperature in 

mTIP3P water model. The base pair twist and width of minor-major grooves are 

given. 

Temperature 

(K) 

Conformation 

ID 

Twist (˚) Base pairs P-P Distance 

Minor Major 

288 1 (blue) 33.31 ± 24.83 20U21G/40C41A 

21G22U/39A40C 

22U23A/38U39A 

80G81G/31C32C 

48G49G/70U71C 

49G50C/69G70U 

50C51A/68U69G 

51A53A/65U68U 

53A54G/64C65U 

18.1 

18.3 

17.7 

18.3 

17.4 

18.6 

21.0 

25.1 

29.8 

15.0 

16.0 

18.3 

17.2 

25.6 

27.1 

22.3 

20.9 

18.4 

303 75 (green) 

 

 

 

 

 

 

194 (blue) 

 

 

 

-17.51 ± 83.13 

 

 

 

 

 

 

31.28 ± 7.28 

 

 

 

44G43C/18G17C 

43C42C/19G18G 

42C20U/41A19G 

20U21G/40C41A 

79G80G/32C33C 

80G81G/31C32C 

 

79G80G/32C33C 

80G81G/31C32C 

81G82C/30G31C 

 

24.3 

22.1 

22.3 

22.7 

18.7 

18.1 

 

19.5 

17.9 

17.5 

 

14.4 

15.8 

16.6 

16.7 

9.5 

15.1 

 

9.3 

19.5 

15.7 
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352 (cyan) 

 

 

 

408 (red) 

 

455 (magenta) 

31.95 ± 2.36 

 

 

 

Not observed 

 

30.45 ± 14.23 

79G80G/32C33C 

80G81G/31C32C 

81G82C/30G31C 

 

Not observed 

 

79G80G/32C33C 

80G81G/31C32C 

50C51A/67A69G 

51A52C/66G67A 

18.3 

18.3 

18.4 

 

- 

 

21.1 

17.4 

17.6 

18.7 

11.4 

18.0 

13.6 

 

- 

 

12.2 

17.8 

26.4 

23.1 

318 3 (cyan) 

 

 

 

 

 

 

 

 

 

 

 

 

53 (blue) 

 

56.77 ± 51.95 

 

 

 

 

 

 

 

 

 

 

 

 

20.42 ± 96.17 

 

20U21G/40C41A 

21G22U/39A40C 

22U23A/38U39A 

23A24A/37U38U 

24A25G/36C37U 

25G34G/35U36C 

34G79G/33C35U 

80G79G/32C33C 

50C51A/68U69G 

51A52C/66G68U 

52C53A/65U66G 

53A54G/64C65U 

 

50C51A/68U69G 

51A66G/67A68U 

17.8 

18.7 

18.9 

18.2 

18.0 

17.5 

17.4 

18.6 

17.5 

19.2 

21.5 

20.3 

 

20.6 

17.8 

16.2 

16.2 

15.8 

15.4 

11.1 

6.8 

8.4 

16.9 

16.1 

18.2 

17.7 

15.7 

 

23.0 

20.9 
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124 (red) 

 

 

 

 

330 (green) 

 

 

 

 

 

 

 

 

 

 

 

 

 

34.80 ± 4.20 

 

 

 

 

43.31 ± 20.0 

66G53A/65U67A 

54A53G/64C65U 

19G20U/41A42C 

20U21G/40C41A 

21G22U/39A40C 

22U23A/38U39A 

23A24A/37U38U 

24A25G/36C37U 

25G34G/35U36C 

35U79G/33C34G 

79G80G/32C33C 

80G81G/31C32C 

 

19G20U/41A42C 

20U21G/40C41A 

21G22U/39A40C 

22U23A/38U39A 

 

19G20U/41A42C 

79G80G/32C33C 

51A52C/66G68U 

52C53A/65U66G 

53A54G/64C65U 

18.0 

18.9 

18.6 

18.6 

18.6 

18.7 

17.5 

16.3 

15.9 

17.6 

18.3 

19.0 

 

17.1 

18.1 

19.4 

19.9 

 

18.7 

17.8 

20.6 

21.8 

18.8 

22.3 

20.3 

15 

17.6 

18.3 

18.2 

16.8 

11.1 

9.5 

7.4 

21.2 

19.5 

 

17.9 

17.6 

17.5 

18.2 

 

17.5 

12.4 

9.9 

10.4 

16.9 

333 8 (cyan) 

 

32.85 

 

31C32C/80G81G 

 

17.7 

 

18.1 
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25 (magenta) 

 

35 (red) 

 

80 (green) 

 

 

164 (blue) 

Not observed 

 

Not observed 

 

33.10 ± 0.73 

 

 

59.71 ± 31.35 

Not observed 

 

Not observed 

 

80G81G/31C32C 

81G82C/30G31C 

 

21G23A/38U40C 

23A25G/37U38U 

25G26U/36C37U 

26U27G/34G36C 

27G79G/33C34G 

79G80G/32C33C 

- 

 

- 

 

18.2 

18.0 

 

25.3 

23.1 

18.6 

16.8 

20.2 

22.0 

- 

 

- 

 

18.5 

17.1 

 

7.2 

5.2 

7.2 

9.4 

8.5 

11.5 

348 

 

28 (grey) 

 

43 (blue) 

 

61 (pink) 

 

94 (green) 

 

127 (magenta) 

 

152 (cyan) 

 

Not observed 

 

Not observed 

 

32.94 

 

Not observed 

 

Not observed 

 

45.98 ± 28.99 

 

Not observed 

 

Not observed 

 

53A54G/64C65U 

 

Not observed 

 

Not observed 

 

63A64C/54G55G 

64C65U/53A54G 

- 

 

- 

 

20.9 

 

- 

 

- 

 

20.5 

19.9 

- 

 

- 

 

14.7 

 

- 

 

- 

 

14 

15.8 
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189 (yellow) 

 

196 (red) 

 

225 (orange) 

 

Not observed 

 

Not observed 

 

Not observed 

 

Not observed 

 

Not observed 

 

Not observed 

 

- 

 

- 

 

- 

 

- 

 

- 

 

- 

363 

 

6 (magenta) 

43 (cyan) 

67 (red) 

170 (green) 

263 (blue) 

Not observed 

Not observed 

Not observed 

Not observed 

Not observed 

Not observed 

Not observed 

Not observed 

Not observed 

Not observed 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 
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Appendix XXII: Torsion angles of the most prominent structures for each 

community for base RG76 at six temperatures. 

Temperature Community χ V0 V1 V2 V3 V4 

288 K - -110.56 13.28 -31.42 -23.35 -19.18 -6.64 

303 K 

Blue 

Green 

Magenta 

Black 

Orange 

Red 

-128.51 

-103.44 

-142.09 

-121.89 

-139.32 

-112.15 

-6.20 

21.01 

-10.42 

-0.33 

-16.07 

9.76 

24.93 

-32.40 

-13.96 

-28.63 

33.91 

-29.49 

21.30 

-19.71 

-19.90 

-28.85 

24.45 

-23.52 

19.71 

-12.70 

-24.87 

-29.41 

20.69 

-20.50 

10.37 

-0.19 

19.92 

-18.38 

6.54 

-8.49 

318 K 

Green 

Magenta 

Cyan 

Black 

Orange 

Red 

-144.09 

-136.71 

-127.13 

-139.68 

-145.22 

-145.68 

-20.04 

-16.45 

-5.63 

-12.36 

-20.40 

-24.58 

38.16 

39.13 

-24.94 

30.60 

40.57 

42.54 

26.65 

28.74 

-28.51 

22.83 

28.08 

27.34 

21.75 

22.76 

-31.76 

18.41 

21.63 

19.41 

5.56 

7.61 

-22.02 

6.51 

5.05 

1.85 

333 K 

Magenta 

Green 

Cyan 

Black 

Orange 

Red 

Dark Green 

-125.16 

-126.21 

-115.49 

-122.56 

-118.31 

-122.88 

-119.29 

-1.23 

-3.14 

8.43 

-0.13 

6.98 

-2.67 

6.75 

-20.21 

-24.49 

-27.45 

-22.29 

-27.24 

-26.52 

-32.93 

-20.96 

-26.39 

-22.23 

-22.37 

-23.04 

-28.17 

-28.57 

-22.01 

-29.22 

-20.24 

-23.71 

-21.17 

-30.35 

-28.30 

-14.36 

-19.52 

-9.05 

-15.02 

-10.89 

-19.52 

-14.45 
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348 K 

Magenta 

Green 

Orange 

Cyan 

Blue 

Pink 

Black 

171.2 

-154.2 

-161.11 

-159.06 

-171.95 

-158.84 

-169.5 

0.75 

-6.09 

0.78 

6.78 

0.68 

6.67 

6.28 

-27.81 

-22.26 

-23.32 

-31.11 

-22.72 

-32.08 

-28.77 

-27.33 

-28.00 

-22.83 

-26.65 

-22.28 

-27.92 

-22.27 

-27.98 

-30.64 

-24.17 

-25.32 

-22.82 

-26.06 

-23.19 

-16.76 

-21.15 

-15.03 

-13.93 

-14.24 

-13.50 

-12.15 

363 K 

Magenta 

Cyan 

Green 

Black 

Orange 

-116.33 

-116.04 

-108.94 

-120.19 

-152.83 

2.41 

11.55 

13.06 

5.83 

-24.73 

-27.65 

-34.37 

-35.23 

-27.04 

37.85 

-26.05 

-27.08 

-26.98 

-23.65 

22.74 

25.53 

-24.05 

-24.24 

-23.09 

13.29 

-14.97 

-10.20 

-10.19 

-12.62 

-2.26 
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Appendix XXIII:. Time evolution of the equilibrium properties of the second set of 

MD simulation in (a) CHARMM-SPC/E (b) CHARMM-mTIP3P and (c) AMBER-

mTIP3P water models. 
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Appendix XXIV: Radial distribution functions of (a) RG_N2-Ow (b) RG_O6-Ow (c) 

RC_N4-Ow, and (d) RC_O2-Ow at various temperatures. 

CHARMM-SPC/E water model 

 

CHARMM-mTIP3P water model 
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Appendix XXV: Orientational tetrahedral order Parameter of water molecules 

present at the bulk (> 8 Å) nucleic acids of the SARS-CoV-2 RNA genome RG, RC, 

RA, and RU (a), (b), (c), and (d) respectively in the bulk region at different 

temperatures for both CHARMM-SPC/E (solid line) and CHARMM-TIP3P (dash 

line) water models. 
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