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Abstract

Proteins are one of the most abundant and essential class of organic molecules

present in the living systems. Their role in the sustenance and growth of life is

unique. However, proteins can turn toxic and unfavorable if they are displaced from

their native form or present in an undesirable environment.

In this thesis, we perform a computational investigation of protein’s interaction

with various surfaces and chemical entities in varying environments. Various roles

of protein are explored in this thesis, ranging from, as a foulant in a desalination

membrane, as a cell invader to toxic β plaques causing cell damage. Specifically, in

the first part (first two chapters) of the thesis, the protein plays a role of a membrane

foulant. We investigated the reason for differences found in fouling of reverse osmosis

(RO and a forward osmosis (FO) membrane with lysozyme protein. We explained

the role of hydration repulsion and electrostatic interactions in the differences found

in FO and RO fouling.

Furthermore, we investigated the effect of ionic concentration on membrane foul-

ing with graphene oxide and polyamide as model membrane and bovine serum al-

bumin protein as a model foulant. The study revealed the role of functional groups

present on the membrane’s surface in deciding the membrane’s response to the

change in ionic concentration and hence the interaction with protein. Next, we

studied the interaction of SARS-CoV2’s spike protein (which plays a crucial role in

cell entry of the CoV2 virus) with the montmorillonite surface, a clay mineral. The

emergence of corona virus has sparked an interest in the search of nanomaterials

which can interact strongly with the spike protein and induce structural remodeling
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and subsequently defunctionalize it. We report substantial damage to the secondary

structure of spike protein in the presence of MMT surface. Also, residues and glycans

of spike protein which have been found to play key role in the cell entry were found

to be interacting strongly with the MMT surface. In the last two chapters, protein

is in the form of toxic β sheets, responsible for a range of age-related dementia.

Mechanism of binding and disaggregation of Aβ fibrils with a novel peptidomimetic

compound was investigated. The compound showed a strong binding on Aβ fib-

ril via hydrophobic interactions and significant destruction of the fibril’s β sheet

content. Finally, the interaction between Aβ fibrils and lipid bilayer was studied

using a prodrug peptide β-Aspartyl. The study showed that β-Aspartyl inhibits the

interaction between Aβ fibrils and lipid bilayer. The study also showed the role of

π − π stacking and cation-π interactions in binding β-Aspartyl on fibrils.
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Chapter 1

Introduction

1.1 Overview

Protein derives its root from ’proteios,’ meaning ”primary.” Indeed, proteins are

of primary importance in the existence of life on the planet. Miller, through his

pioneering work[1] suggested that life could have originated from amino acids, which

are the basic units of protein. He demonstrated his hypothesis by synthesizing many

amino acids in primitive earth conditions. Hence, it would not be an exaggeration

if the protein were called synonyms to life.

Proteins are linear chains of amino acids bonded via amide bonds. There are

20 natural amino acids, and all proteins are made out of these 20 amino acids. All

amino acids are structurally identical, i.e., all have a central carbon atom, which is

known as alpha carbon (Cα). This alpha carbon is bonded to an amino (NH2) group,

a carboxyl (COOH) group, a hydrogen atom, and a side chain. All parts except the

side chain are identical in all amino acids; hence, the side chain differentiates one

amino acid from the other. Also, it is the side chain that defines the chemical

characteristic of the amino acid. Figure 1.1 shows the chemical structure of all

the basic amino acids and the classification based on the chemical nature. Based

on the chemical nature of the side chain, its position in the structure of protein is

decided; consequently, the interactions between various amino acids with differing

chemical qualities impart the protein its peculiar three-dimensional (3d) structure.

The protein’s structure can be classified mainly into primary, secondary, and tertiary.
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CHAPTER 1. INTRODUCTION

The primary structure refers to the linear amino acid sequence bonded by the peptide

bond between the amino group of one amino acid to the carboxyl group of another

amino acid.
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Figure 1.1: Chemical structures of basic amino acids and their classification based

on the chemical nature exhibited by their side chains.

The secondary structure is highly ordered local stuctures, stabilized by hydrogen

bonding interaction between amino acids. There are broadly two kinds of secondary

structures: α-helix and β-sheets; these were proposed first time by Linus Pauling et
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1.2. PROTEIN ”A FRIEND TURNED FOE”

al. [2]. Figure 5.5 shows 3d structure of bacteriorhodopsin[3](PDB id: 1FBB). The

tertiary structure is the 3d structure that protein gets finally folded into. The inter-

action between the hydrophobic residues and the water around the protein drives

the local secondary structure to get folded up into a 3d globular structure(Figure

5.5).

Alpha-helix

Beta-sheet

Figure 1.2: 3d structure of bacteriorhodopsin obtained from RCSB protein data

bank with pdb id: 1FBB. The purple and yellow color represents alpha-helix and

beta-sheet of the protein respectively. The white and cyan color represents coil and

turn respectively.

1.2 Protein ”A Friend turned Foe”

Although proteins are essential biomolecules for sustenance and growth for all living

beings, including humans, and hence is our best friend. However, in certain condi-

tions and environments, this friend of ours can also turn against us and become our

enemy. Specifically, if proteins are in an environment where they are not desirable

13
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CHAPTER 1. INTRODUCTION

and lose their native form (structure), they can cause harm. Hence, the underlying

theme of this thesis is to understand ”how proteins in certain situations become

undesirable and toxic” at a molecular level via computer simulations.

1.3 Protein as a Foulant

Simply put, a membrane is a barrier, which selectively allows some chemical species

to pass through it, but stops everything else. Applications of membrane technology

are manifold. However, one of the most important uses of membrane technology is

in water purification. Reverse osmosis (RO) is one the most widely used membrane

water purification technology (MBWT), in which hydraulic pressure is used to push

the feed water across a semipermeable membrane. However, forward osmosis (FO)

has received increased attention in the past decade as an emerging MBWT[4, 5],

mainly because of its excellent energy efficiency. In FO, a draw solution with high

solute concentration creates a concentration gradient along a semipermeable mem-

brane and the feed side, which is at the other side of the membrane. However, in

both FO and RO and in any MBWT, the heart of the operation is the membrane

itself.

However, MBWTs are subject to performance-limiting severe phenomena ”mem-

brane fouling.” Membrane fouling is undesirable deposition and agglomeration of

chemical species and other impurities contained in the feed water on the mem-

brane’s surface. The type of fouling layer formed on the membrane’s surface can

be of variety, e.g., cake formation, pore blocking, organic adsorption, and biofoul-

ing. Fouling is one of the major caveats to the membrane performance and can

lead to flux decline, increased energy consumption, and even irreversible damage to

the membrane[6, 7]. Foulants can be classified mainly into three categories based on

their intrinsic chemical characteristic: inorganic, organic, and biofoulants. Inorganic

foulants mainly consist of silica and silicate minerals which cause scale formation on

the membrane’s surface. Organic foulants are one the most ubiquitous category of

foulants found in almost all kinds of feed water. They mainly comprise of oils, pro-

teins, other biomacromolecules, and natural organic matter; they get adsorbed on

the membrane’s surface via hydrophobic interactions, sometimes even irreversibly.

14
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1.3. PROTEIN AS A FOULANT

Biofoulants mainly include microorganisms.

Protein falls under the category of organic foulants. Proteins are one of the most

important foulants, in a sense that due to their varied range of characterstics im-

parted by different kinds of amino acid residues they are made of, they are capable

of interacting with many surfaces via interactions such as hydrophobic, hydrogen

bonding, electrostatic. This makes protein fouling extremely challenging to over-

come, and hence protein fouling can act as a stringent test for evaluating antifouling

properties of any potential membrane material. Owing to the complex nature of

protein fouling and its importance in developing fouling resistant membranes, it has

attracted many studies[8–16]. Ang et al.[8] investigated fouling of RO membranes

with bovine serum albumin (BSA), a model protein and alginate molecule. They

found that fouling is higher when both BSA and alginate are present in the feed

than present individually. Also, they observed an increase in BSA fouling with an

increase in the ionic concentration of the feed solution. The difference between the

nature of fouling and fouling layer structure in FO and RO is an important and long

debated topic in membrane research, Lee et al.[10] compared fouling in FO and RO

with BSA, alginate, and humic acid as model foulants. They found that flux decline

in FO is higher due to the increased cake enhanced osmotic pressure which further

drops net osmotic pressure, but they found the fouling layer in FO to be much more

easily reversible than RO. Effect of ionic concentration on membrane fouling, is a

crucial aspect of the fouling mechanism since membrane can be exposed to a variety

of range of salinity depending on the source of the feed water. Miao et al.[13] carried

out experiments with BSA as a foulant and polyvinylidene fluoride (PVDF) as a

membrane over a range of ionic strengths. They observed an increase in fouling with

the increase in ion concentration within a range of 0 to 1mM. However, when the

ion concentration is raised to the range of 10-100 mM, a significant decrease in foul-

ing is observed. This was attributed to the increased hydration repulsion between

BSA-BSA and BSA-PVDF. Jahan et al.[16] performed atomistic simulation with

lysozyme protein and cross-linked polyamide (PA) membrane to study the biofoul-

ing in an RO system. They found the surface roughness to play a key role in the

membrane’s fouling.

15
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CHAPTER 1. INTRODUCTION

1.4 Protein as a cause of disease

The phrase ’Form is Function’ perfectly defines the mechanism of protein’s func-

tioning since its function defines its 3d structure or vice versa. However, deviation

from its native structure can cause dysfunction of the process and lead to disorders.

There are many diseases attributed to misfolded proteins; the most common ones are

dementia diseases caused by the self-assembly of proteins such as Alzheimer’s (AD),

Parkinson’s (PD), type II diabetes (T2D), amyotrophic lateral sclerosis (ALS)[17].

The main characteristic of the diseases mentioned above is fibrillar plaques deposi-

tion, made of mainly self-assemblies of misfolded proteins. The key proteins involved

in the disease mentioned above are already identified, such as Aβ, and tau proteins

are considered responsible for AD[18, 19], α-synuclein for PD[20] and the superoxide

dismutase (SOD1), TAR DNA binding protein 43 (TPD-43) for ALS. Most of these

diseases still do not have a proper treatment, largely because a clear understanding

of their occurrence is still lacking; hence, it attracted many studies to attempt to

understand the underlying mechanism, employing different approaches. Miller et

al.[21] using MD simulations, probed the effect of Zn2+ on Aβ aggregation. They

found the underlying mechanism behind the enhancement of Aβ aggregation rate

due to Zn2+ binding. Young et al.[22] studied the formation of oligomers of IAPP

using ion mobility spectrometry and mass spectrometry. They also tested different

polyphenolic compounds as an aggregation inhibitor and were effective but with

a different mode of action. Mompeán et al.[23] used a range of experimental and

simulation tools to decipher the mechanism behind the TDP-43 aggregates. They

observed a novel morphology of TDP-43 aggregates having a cross β spine and a

tight side packing. Influence of Cu(II) binding on Aβ42 dimer and monomer’s dy-

namics was studied by Huy et al.[24]. They observed that upon Cu(II) binding, the

aggregation tendency of Aβ decreases, attributed to the increase in flexibility of the

salt bridge Asp23-Lys28.

1.5 Objectives

Based on the literature survey we proposed following objectives:

16
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1.6. THESIS ORGANIZATION

• To deciher the underlying reason for differences in fouling in FO and RO.

• To investigate the effect of ionic environment on membrane fouling at molec-

ular level.

• To study the interactions between SARS-CoV2’s spike glycoprotein and mont-

morillonite.

• To study the disaggregation mechanism of Aβ fibrils with a novel peptidomimetic

compound.

• To study the interactions between Aβ fibrils and lipid bilayer in the presence

of β-Aspartyl.

1.6 Thesis Organization

Chapter 2 briefly discusses the simulation technique (molecular dynamics) used in

this thesis and its basic formalism.

Chapter 3 attempts to address the long-standing question of ”Difference in foul-

ing in FO and RO.” Graphene oxide is used as a model membrane for both FO and

RO systems, and lysozyme protein is used as a model foulant.

Chapter 4 deals with yet another important and much-debated question in mem-

brane research: ”Effect of ionic environment on membrane fouling. Graphene oxide

and polyamide membranes are used as model membranes, while bovine serum albu-

min protein is used as a model foulant.

Chapter 5 investigate the interaction between SARS-CoV2’s spike protein and a

clay mineral surface, ”montmorillonite.”

Chapter 6 examines the capability of a novel peptidomimetic compound to dis-

aggregate the well-organized fibril assembly of Aβ42 and also their bindin mechanism

to the fibrils.

Chapter 7 tests the performance of a drug peptide ”β-Aspartyl” in screening the

interactions between Aβ42 fibrils and lipid bilayer. Additionally, the binding of the

ligand on fibril was analyzed.

Chapter 8 contains the conclusions and some ideas for future works.

17
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Chapter 2

Simulation Methodology

This thesis aims to find the microscopic mechanism behind various physical phe-

nomena identified in the objectives. The detailed atomistic characterization of a

system is beyond the realm of any experimental technique currently available. How-

ever, such microscopic mechanistic details for a plethora of chemical, physical and

biological systems can be obtained using molecular simulations. One of the most

important molecular simulation techniques is molecular dynamics(MD), which has

been remarkably successful in providing atomistic insights into a wide variety of phe-

nomena. The present thesis employs MD simulation to investigate all the systems

defined in the objectives. This chapter will discuss the key theoretical and practical

aspects of MD simulation.

2.1 Introdction to Molecular Dynamics

The fundamental underlying principle of MD simulation is simple, i.e., to solve eqn.

2.1 for all the particles in the system, which is essentially Newton’s second law of

motion. The eqn. 2.1 is a second-order differential equation that, on solving, gives

velocities and positions of all particles at any instant of time using an appropriate

force model for force (Fi) acting upon each particle in the system. The force model,

expressed as a negative gradient of potential(eqn 5.8), is at the heart of MD simula-

tion since the quality of results from MD is as good as the model, commonly called
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a force field.

ai =
d2~xi
dt2

=
~Fi
mi

(2.1)

~F (~r) = −∇U(~r) (2.2)

However, The eqn 2.1 becomes practically impossible to solve analytically for a

many-body system having nonlinear terms in the potential expression. Hence, MD

simulation employs numerical methods to solve eqn 2.1 for a many-body system.

These numerical techniques are discussed in detail later in this chapter.

One of the earliest implementations of MD simulations to study a physical system

was performed by Alder and Wainwright[1, 2]. They showed the existence of solid-

liquid phase transition using a hard sphere model. Later, Rahman[3] and Verlet[4]

independently carried out MD simulation with a Lennard-Jones(LJ) potential for

a system of argon atoms. They calculated pair-correlations and other equilibrium

properties for the system, which agreed well with the experimental values. Another

breakthrough came from a series of studies by Berne and coworkers[5–8], where

they investigated molecular relaxation behavior in diatomic liquids using MD simu-

lations. The next major milestone came in the form of the first MD simulations of

liquid water by Stillinger and Rahman[9–11] Soon after these studies, Karplus and

coworkers carried out the first MD simulation of proteins[12, 13].

In the forthcoming sections, we will discuss essential components of MD calcu-

lations and the techniques used to perform them. However, due to the abundant

variety of these techniques, we will discuss only those techniques implemented in

the MD code NAMD[14], since we performed all the simulations in this thesis using

NAMD.

2.2 Energy Minimization

It is essential to have a reasonable initial structure of the system under consideration

to perform an MD run on it. Usually, the structures obtained from experiments and

or constructed using some software, for e.g., protein’s structure obtained from the

protein data bank(PDB), are subject to local stresses due to nonbonded overlaps
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2.2. ENERGY MINIMIZATION

and distorted bond lengths and angles. Hence, it is a standard practice to refine the

initial positions of the atoms in the system by performing an energy minimization

run using an appropriate technique.

global minima

local minima

initial state

Figure 2.1: A schematic representation of a one dimensional potential energy surface.

Figure 2.1 shows a schematic representation of the potential energy surface of a

system. The blue ball and its position on the surface represent the system’s initial

state in terms of its potential energy. Various trenches along the energy surface are

the minimas. The trench nearest to the initial state is called local minima, and the

deepest well is called global minima. The goal of energy minimization is to bring

the system downhill to the local minima on the potential energy surface. Hence,

fundamentally energy minimization is an optimization problem where a function

(force-field expression) is given, and it depends upon many independent variables

(cartesian coordinates of each atom). The problem to be solved is finding the set of

coordinates that provide the minimum value of the potential energy function.

Minimization algorithms can be broadly classified into derivative and non-derivative

methods. Consider a Taylor series expansion of the potential energy function U(x)
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around a minimum point X0.

U(X) = U(X0) + (X −X0)U
′(X0) +

1

2
(X −X0)

2U ′′(X0) (2.3)

Where U ′ and U ′′ are the first and second derivatives of the function, the X represents

a vector with 3N components, where 3N is the total number of cartesian coordinates

with N number of atoms. The non-derivative algorithms use only the value of the

function at any point during the minimization, and they are also called zero-order

algorithms. The first and second-order algorithms employ the value of U ′ and U ′′,

respectively. The accuracy and the computational cost of these algorithms also

increase in the same order; that is, the second-order algorithms are the most accurate

and, computationally, the most expensive. Hence, the choice of an algorithm must be

based on the level of sophistication required, the size of the system, and the amount

of computational resources at one’s disposal. Therefore, second-order algorithms like

the Newton-Raphson method are usually used for quantum mechanical calculations,

where the required accuracy level is high, and the number of atoms is less. However,

most MD simulation codes employ first-order algorithms such as the steepest descent

and conjugate gradient method. The zero order methods such as simplex method are

rather crude and are usually used as a precursor to the more sophisticated methods.

The first-order algorithms are the most frequently used in MD simulations since

they strike a fair balance between accuracy and efficiency. All the ”order 1” methods

use the slope of the energy curve(obtained from the first derivative) to drive the

ball(blue ball in Figure 5.8) downhill towards the local minima iteratively. In general,

all the first-order algorithms inch towards minima with the following equation:

~rk = ~rk−1 + λk ~Sk (2.4)

where ~rk is the new position at step k, ~rk−1 represents the position at previous step

k− 1, λk and ~Sk are step size and direction of the step respectively. Here we discuss

two of the most commonly used algorithms in MD codes: the steepest descent and

the conjugate gradient method.
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2.2.1 Steepest Descent

The steepest descent(SD) uses simple logic to perform the energy minimization, that

is, to move the system in the direction of the net force since that is the direction

downhill towards the local minima. As shown in the eqn 5.8, the force is the negative

gradient of the potential; hence we can write the direction term ~Sk in the eqn 2.4

as:

~Sk = −gk = −∇U(~r) (2.5)

after obtaining the direction ~Sk, another important choice is the step length λk. In

most of SD’s implementations, the first value of λk is an arbitrary value, which is

then adjusted during minimization at every iteration based on the energy obtained

at that step. If the energy obtained at any step is less than the previous step, then

the value of λk is increased by a preset factor. The increment is repeated for every

step as long as there is a reduction in the energy. However, an increase in the energy

at the next step indicates that the algorithm has crossed over minima. The energy

is then reduced by using a smaller λk to bring back the system closer to the minima.

In this way, the algorithm eventually reaches the minima by oscillating around it

and correcting itself at every step.

2.2.2 Conjugate Gradient

Although the SD method works well if the system is far from the minima, it becomes

inefficient due to its oscillatory behavior and quadratic shape of the energy surface

near the minima. Thus SD is good at bringing the system near to minima; however,

it rarely converges to the exact point of minimum. The conjugate gradient(CG)

method uses a unique approach, where the first step of the CG method is the same

as the SD method; that is, the direction at the first step of CG is given by:

~S1 = −g1 (2.6)

However, for the subsequent steps, the direction is given by the expression:

~Sk = −gk + bk ~Sk−1 (2.7)
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where ~Sk−1 is the direction at the previous step and bk is the weight factor given by

the expression:

bk = |gk|2/|gk−1|2 (2.8)

Where gk and gk−1 are the current and previous steps’ gradients, respectively; hence,

the direction in the CG method is calculated as a weighted average of the current

step’s gradient and the previous step’s direction. The CG method performs better

than the SD method, even for non-quadratic surfaces, due to its ability to use

gradient information from previous steps to evaluate the direction for future steps.

2.2.3 Convergence Criteria

Although numerical schemes for energy minimization are good at reducing stress

in the structures and obtaining a reasonable starting structure for performing MD

simulation, they are not exact as an analytical method. Hence, a numerical mini-

mization algorithm will keep moving the system closer toward the minima forever

until it is stopped using appropriate convergence criteria. The criteria could be

as simple as the energy difference between two successive steps; if it goes below a

certain threshold value and stays there for many steps, the minimization could be

considered to be converged. Another simple approach could be to monitor changes

in the coordinates of atoms. The minimization could be stopped when no signif-

icant changes in the configuration are observed for many steps. However, a more

sophisticated criterion is the calculation of root-mean-square gradient(GRMS). The

GRMS is calculated by taking the square root of the ratio between the addition of

squares of the gradients and the number of coordinates:

GRMS =

√∑
g2

3N
(2.9)

2.3 Integration of Equations of Motion

As discussed above, the analytical solution of equations of motion(EOM) is imprac-

tical due to the complexity of the potential function and also of solving a many-body

problem. Hence, clever algorithms need to be employed to perform the integration.
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Many algorithms are available for performing the integration, and we will discuss the

two most widely used in the MD codes, namely Verlet and velocity Verlet algorithm.

2.3.1 Verlet Algorithm

The idea behind the Verlet algorithm(VA)[4] is quite simple; it uses Taylor series

expansion to generate new positions of the atoms. The Taylor expansion for a

position ri(t+ ∆t) can be written as:

ri(t+ ∆t) ≈ ri(t) + ∆tṙi +
1

2
∆t2r̈i(t) (2.10)

The terms higher than second order in the above Taylor expansion are neglected.

Also, as is known, the first derivative of the position is the velocity(ṙi(t) = vi(t)),

and the second is acceleration(r̈i(t) = ai(t)), also using Newton’s second law we have

ai(t) = Fi(t)/mi. Hence, we can rewrite the eqn 2.10 as:

ri(t+ ∆t) ≈ ri(t) + ∆tvi(t) +
∆t2

2mi

Fi(t) (2.11)

A similar expression could be written for ri(t−∆t) as:

ri(t−∆t) ≈ ri(t)−∆tvi(t) +
∆t2

2mi

Fi(t) (2.12)

Adding eqns 2.11 and 2.12 and rearranging we get

ri(t+ ∆t) ≈ 2ri(t)− ri(t−∆t) +
∆t2

2mi

Fi(t) (2.13)

Eqn 2.13 and 2.12 are the most crucial parts of VA. The VA’s execution can be

elaborated in the following steps:

1. A set of energy-minimized coordinates and initial velocities is provided to the

integrator at t = 0.

2. The eqn 2.11 is used to kick-start the integrator and obtain the first set of new

coordinates r1(∆t), ....., rN(∆t).

3. The eqn 2.13 can now be used to obtain future positions and generate an

arbitrary length of the trajectory.
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4. The velocities can be computed using the centered difference formula on posi-

tions as follows:

vi(t) =
ri(t+ ∆t)− ri(t−∆t)

2∆t
(2.14)

Like any algorithm or a numerical technique, VA is also not perfect and has its share

of advantages and drawbacks, which could be enlisted as follows:

Advantages:

• One of the key feature of VA is that it is simple yet accurate and is easy to

implement. The memory requirements of VA are also modest.

• The VA uses the force evaluation very optimally(once at each integration step),

which makes the integrator quite efficient since the force calculation is com-

putationally the most demanding step in any MD simulation.

• Another critical characteristic of VA is that it is time-reversible, a property of

EOM that a good integrator should satisfy.

Drawbacks:

• The velocity evaluation in VA is not straightforward; instead, it is inaccurate

and inefficient as it involves another set of iterations with eqn 2.14.

• The VA needs an auxiliary eqn (eqn 2.12) to obtain the first step and then

move on with eqn 2.13; hence it is not a self-starting algorithm.

2.3.2 Velocity Verlet Algorithm

Although the VA is an elegant approach to integrating the EOM, it suffers a serious

drawback. It does not evolve velocities simultaneously with positions, and velocities

are required for kinetic energy calculations. To overcome the shortcomings of VA,

Swope et al. developed the velocity Verlet algorithm(VVA)[15]. The main idea

behind the VVA is the realization that the EOM can evolve backward in time.

Considering second-order Taylor expansion for position ri(t+ ∆t) we have:

ri(t+ ∆t) ≈ ri(t) + ∆tvi(t) +
∆t2

2mi

Fi(t) (2.15)
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Now if we want to evolve the system backward in time that is from t+ ∆t) to t the

Taylor expansion could be written as:

ri(t) ≈ ri(t+ ∆t)−∆tvi(t+ ∆t) +
∆t2

2mi

Fi(t+ ∆t) (2.16)

substituting the value of ri(t+ ∆t) from eqn 2.15 in eqn 2.16 and rearranging yields

vi(t+ ∆t) = vi(t) +
∆t

2mi

[Fi(t) + Fi(t+ ∆t)] (2.17)

Eqn 2.17 is the equation used to perform velocity evolution in VVA and eqn 2.15 for

position evolution. Hence, VVA can perform both velocity and position evolution

simultaneously. The VVA can be executed in the following steps:

1. A set of energy-minimized coordinates and initial velocities is provided to the

integrator at t = 0.

2. New set of coordinates are calculated at t+ ∆t using eqn 2.15.

3. Forces are computed at t + ∆t using the coordinates obtained in the second

step.

4. Finally the velocities are calculated at t+ ∆t using the eqn 2.17

The followings are the advantages and drawbacks of VVA: Advantages:

• The most crucial aspect of VVA is its accurate and efficient evaluation of

velocities and positions simultaneously.

• It is an algorithm that is straightforward to implement. A code for VVA will

be a simple transcription of eqn 2.15 and 2.17 into the particular language’s

syntax.

• The VVA is time-reversible, which contributes to its numerical stability.

The only serious drawback of VVA is that it is computationally a little more ex-

pensive than VA. However, the accuracy and the ease of velocity evaluation provided

by VVA outweigh this little expense.
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2.4 Ensemble

The literal meaning of the word ensemble is ”a band or group of musicians.” Like in

a music band, each member contributes, and the symphony arises from the average

of these contributions. Similarly, a macroscopic observable is the resultant of the av-

erage of a microscopic property over the possible number of microstates. The idea of

the ensemble was first proposed by J.W. Gibbs in his excellent treatise ”Elementary

Principles in Statistical Mechanics”[16]. Formally, an ensemble could be described

as a collection of systems differing in microscopic details(position and momenta)

but with the same macroscopic constraints(e.g., number of particles, pressure or

total energy, or temperature). The concept of the ensemble could be summarized

mathematically with a heuristic expression as follows:

M =
1

Z

Z∑
i=1

m(Xi) (2.18)

Where M is a macroscopic observable, Z is the number of members in the ensemble,

m(X) represents a microscopic phase space function, and X denotes a coordinate

on the phase space. In a nutshell, the idea of an ensemble facilitates us to link

the macroscopic and microscopic worlds. For a detailed discussion, the reader is

referred to excellent texts by Tuckerman[17], Bagchi[18], and others on the subject.

Next, we will discuss different types of ensembles. Based on the different macroscopic

constraints imposed, there can be many types of ensembles; however, we will discuss

the three most common and practically useful ensembles, namely the microcanonical,

canonical, and isothermal-isobaric.

2.4.1 Microcanonical(NVE) ensemble

The microcanonical(NVE) is the simplest and the most fundamental of all the ensem-

bles. It is characterized by the constant number of particles(N), constant volume(V),

and constant total energy(E). One of the most crucial aspects of the NVE ensem-

ble is that it perfectly satisfies the fundamental statistical mechanical postulate of

”equal a prior probability.” Since equal a prior probablity postulate propound that

all microstates in a given ensemble are equally probable, this statement inevitably

leads to the fact that each microstate possess the same total energy. This feature of
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the NVE ensemble enables it to generate detailed dynamics of the given system since

all possible microstates can be visited provided enough time. The thermodynamic

state function unique to the NVE ensemble is entropy(S), and all other thermo-

dynamic quantities in an NVE ensemble can be obtained from it by the following

relations:

1

T
=

(
∂S

∂E

)
N,V

,
P

T
=

(
∂S

∂V

)
N,E

,
µ

T
= −

(
∂S

∂N

)
V,E

(2.19)

Where T is the temperature, P is pressure, and µ is the chemical potential for

the given system. The relation between macroscopic observables and a microscopic

property for an NVE ensemble is given by the famous ”Boltzmann relation”:

S = kBlnΩ (2.20)

Where S is the entropy of the system, kB is known as Boltzmann’s constant and

is equal to 1.3806× 10−23J.K−1 and Ω is known as the partition function for NVE

ensemble and it defines the number of microstates available to the system. Using

the eqn 2.20 and eqns 2.19, all thermodynamic properties can be written in terms

of Ω. However, the main limitation of the NVE ensemble is that it does not reflect

the systems commonly encountered in most of the experiments and other realistic

environments. Since, in most of the experiments, the system is allowed to interact

with its surroundings, which makes NVE impractical for most cases.

2.4.2 Canonical(NVT) Ensemble

The thermodynamic constraints used for the canonical(NVT) ensemble are the con-

stant number of particles(N), constant volume(V), and constant temperature(T). A

clear advantage NVT has over NVE is that NVT mimics the commonly encountered

experimental setups more closely. The conditions for an NVT ensemble are achieved

theoretically by assuming that the system under consideration is in thermal contact

with an external infinite heat bath and the system’s energy fluctuates in such a way

that its temperature remains constant. The principle thermodynamic state function

for the NVT ensemble is the Helmholtz energy(A). The thermodynamic quantities

for the NVT ensemble are defined in terms of A as follows:

S = −
(
∂A

∂T

)
N,V

, µ =

(
∂A

∂N

)
V,T

, P = −
(
∂A

∂V

)
N,T

(2.21)
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The connection between macroscopic thermodynamic quantities and microscopic

property is given by the relation:

A = −kBT lnQ (2.22)

Where Q is known as the canonical partition function and kB is the Boltzmann’s

constant.

Although the NVT ensemble exhibits an advantage over NVE of being closer to

the realistic systems. However, a straightforward integration of EOM will produce

an NVE ensemble. Hence, we require methods to control the temperature in an MD

simulation in order to generate an NVT ensemble. These methods are known as

thermostats, and we will discuss a few of these methods in the upcoming section.

Temperature Control or Thermostats

Velocity Rescaling : The easiest way to control the temperature is to rescale the

velocities at every time step. The relation between velocities and temperature is

given by the well-known result,

〈
∑
i

1

2
mivi

2〉 =
1

2
kBT (2.23)

Then velocities can be rescaled by using an appropriate factor given by:

λ =

√
Tdesired
T (t)

(2.24)

Although convenient in its approach, the method causes significant perturbation of

the trajectory. Moreover, the rescaled velocities may not lie within the Boltzmann

distribtion; hence, the method does not guarantee a canonical distribution.

Andersen Thermostat : The method suggested by Andersen[19] to control the

temperature in an MD simulation is based on simple velocity assignment from a

Maxwell-Boltzmann distribution of velocities. According to this method, the cou-

pling between the system and the heat bath is represented by stochastic dynamics

of the collisions between the system’s particles and the heat bath. These collisions

occur periodically on randomly selected particles. The particle which undergoes

collision is assigned a new velocity from a Maxwell-Boltzmann distribution of veloc-

ities corresponding to the target temperature. If the frequency of these stochastic
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collisions is given by ν and t is the time between two successive collisions, then the

probability for a collision is by the Poisson process,

P (ν, t) = νe−νt (2.25)

Although the Andersen method successfully generates the canonical ensemble and is

also easy to implement, the dynamics generated by it is unphysical. Hence, it must

be avoided whenever the goal of the study is to calculate the dynamical properties

of the system, e.g., diffusivity, viscosity, thermal conductivity, etc. However, static

properties such as pressure, density, etc., remain unaffected.

Nosé–Hoover Thermostat : Andersen showed that a stochastic approach could

generate a canonical ensemble. However, Nosé–Hoover[20, 21] devised a clever

method to generate canonical phase space distribution with a deterministic ap-

proach. In this method, the EOM is tweaked by adding additional terms to attain

temperature control; such methods are called extended system methods. The main

idea behind the Nosé–Hoover thermostat is that an additional term is introduced in

the EOM such that it can monitor any deviation in the instantaneous kinetic energy

corresponding to the desired temperature and scale the velocities accordingly. The

modified Lagrangian of EOM for Nosé–Hoover method is given by:

LN−H =
N∑
i=1

1

2
mi(sṙi)

2 − U(rN) +
Qṡ2

2
− gkBT lns (2.26)

Where s is the position of the imaginary heat bath,ṡ is the conjugate velocity of

the heat bath, and Q is the effective mass of the heat bath. The Nosé–Hoover

thermostat generates accurate canonical distribution. Additionally, the dynamics

generated within it are more realistic than the Andersen thermostat. However, the

convergence of Nosé–Hoover thermostat is a bit slower due to the presence of second-

order terms. Hence, it must be avoided for the systems that are far away from the

equilibrium.

2.4.3 Isobaric-Isothermal(NPT) Ensemble

Most of the condensed-phase experiments are conducted under constant tempera-

ture and pressure. Moreover, most of the standard thermodynamic data are reported
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under constant temperature and pressure conditions. This makes the isothermal-

isobaric(NPT) the most useful of all the ensembles, since it is closest to the physical

conditions at which experiments are performed. The thermodynamic control vari-

ables of NPT ensemble are constant number of particles(N), constant pressure(P)

and constant temperature(T). The basic thermodynamic quantities of NPT ensem-

ble are defined using a new state function, the Gibbs free energy(G). The relations

are written as:

µ =

(
∂G

∂N

)
P,T

, 〈V 〉 =

(
∂G

∂P

)
N,T

, S = −
(
∂G

∂T

)
N,P

(2.27)

The link between macroscopic and microscopic worlds for an NPT ensemble is given

by the relation:

G = −kBT ln∆ (2.28)

Where all the variables have the same meaning defined previously, and ∆ is the

partition function for an NPT ensemble. The concept of free energy obtained in the

formulation of NVT and NPT is quite useful since the physical interpretation of it

is the work required to change the system’s state from state 1 to state 2. Hence free

energy is an indicator of the thermodynamic feasibility of a process.

Pressure Control or Barostats

In the previous section, we discussed methods for controlling the temperature to

generate an NVT ensemble. However, in order to perform an MD simulation with

an NPT ensemble, it is crucial to control pressure along with the temperature. Here

we discuss a couple of methods to maintain pressure in an MD simulation.

Berendsen Barostat : In the Berendsen method[22], the system’s pressure is

controlled by scaling the dimension of the simulation box and coordinates of the

particles. The rate of change of pressure is given by the relation:

dP

dt
=

(P0 − P )

τp
(2.29)

Where τp is the coupling constant, P0 is the desired pressure, and P is the instan-

taneous pressure. The scaling factor is given by :

µ = 1− β∆t

3τp
(P0 − P ) (2.30)
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Here µ is the scaling tensor used to scale the box size and coordinates of the particles

to maintain the system’s pressure at the desired value(P0), β is the isothermal

compressibility of the system and ∆t is the time step. Berendsen’s method is an

example of a weak coupling barostat. Hence, it is more appropriate to use it in

situations where pressure deviation is significant, mainly in the initial stages of the

simulation (e.g., equilibration).

Anderson Barostat : The Anderson pressure coupling method[19] uses an

imaginary piston to control the pressure. The piston and the original system form

an extended system, and the EOM for such a system is given by:

ṙ =
pi
mi

+
1

3

(
V̇

V

)
ri (2.31)

ṗ = Fi +
1

3

(
V̇

V

)
pi (2.32)

V̈ =
P − P0

M
(2.33)

Here P is the instantaneous pressure, P0 is the desired pressure, V is the volume,

M is the mass of the imaginary piston, and ri, pi,mi and Fi the position, momen-

tum, mass, and force for the ith particle respectively. The EOM of Anderson baro-

stat(2.31-2.33) samples an isobaric-isoenthalpic ensemble. However, combining an

appropriate thermostat with Andersen’s barostat will generate the NPT ensemble.

The choice of mass for the imaginary piston is crucial here since it will decide the

decay of volume fluctuations in the ensemble.

2.5 Constraints

Atomistic simulations have a varying degree of freedom(DF) of motions such as bond

vibration, angle bending, and torsional motion. The time step for the integration

of EOM is usually governed by DF with the fastest motion or the highest frequency

present within the system. However, accounting for these higher-frequency motions

can slow down the simulation considerably. Moreover, these high-frequency motions

are not crucial in general in the overall configurational phase space exploration,
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particularly for bigger systems such as biomolecular systems. Hence, it is customary

in MD simulations to fix or constrain these DF, which allows the use of a bigger

time step and eventually speeds up the simulations.

Implementation of constraints requires modifying the EOM to incorporate the

effect of constraints. This modification is done by using the method of Lagrange’s

undetermined multipliers. The resulting EOM can be expressed as:

mir̈ = Fi +
Nc∑
k=1

λk∇iσk (2.34)

The last term in the eqn. 2.34 represents the force experienced by the atom due to

constraints. The λk is a set of Lagrange’s multiplier to enforce the constraints, and σk

are holonomic(depends only on coordinates of atoms involved) constraints. Although

it is possible to obtain an exact solution for Lagrange’s multiplier for a few atoms, it

becomes increasingly impractical as the system size increases. Additionally, as EOM

in an MD simulation is solved using one of the numerical schemes discussed in a

previous section, incorporating an exact analytical expression for λk will accumulate

errors in the calculations. Hence, to avoid these problems, numerical algorithms such

as SHAKE[23] and RATTLE[24] to calculate the multipliers during the simulation

run. These algorithms evaluate the multipliers iteratively for each constraint until

it converges to a very small tolerance. Although constraints are usually employed

to fix the bond vibrations involving hydrogen atoms, they can also be used to fix

angle bending in certain molecules by constraining the distance between the two

end atoms involved in the angle formation.

2.6 Periodic Boundary Condition

A bulk or macroscopic system is characterized as a system containing at least an

Avogadro number(1023) of particles(atoms or molecules). However, even the fastest

supercomputer couldn’t perform an explicit MD simulation with such an astronom-

ical number of particles. Another serious issue is that in a macroscopic system, the

effect of boundaries(wall effect) on the bulk properties is negligible; however, wall

effects can’t be neglected in a much smaller MD system. Hence, to link the micro-

scopic states generated with the MD simulation and its corresponding macroscopic
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system and to reproduce the bulk properties, it is required to treat the boundaries

of the MD system cleverly. Periodic boundary conditions(PBC) are one of the most

commonly used boundary conditions in MD simulations. In this method, the simu-

lation box is replicated infinitely in all three dimensions, creating a periodic lattice.

The motion of particles in these imaginary boxes mimics that of the corresponding

particles in the original box. A schematic representation of a two-dimensional PBC

is shown in Figure 2.2.

Figure 2.2: A schematic representation of two dimensional periodic boundary con-

dition. The highlighted box in the center is the original simulation box and all other

boxes are images of it.

Any particle that leaves one side of the simulation box will re-enter the system from

the opposite side, as shown in Figure 2.2. As a result, the system is virtually infinite,

and boundary effects are minimized. The PBC allows for the accurate reproduction

of bulk properties of the macroscopic system, as the simulation is no longer confined

to a small volume but instead simulates an infinitely extended system.

37
TH-3399_156107039



CHAPTER 2. SIMULATION METHODOLOGY

2.6.1 Minimum Image Convention and Cutoff

The implementation of PBC resolved the issue of wall effects and facilitated mim-

icking a bulk system without increasing the size of the actual system. However,

since PBC created an infinite system, such a setup poses a challenge for evaluating

non-bonded interaction across the periodic boundaries. To overcome this problem,

minimum image convention(MIC) is used, which essentially governs the non-bonded

interactions across the periodic boundaries. The MIC states that, in order to calcu-

late the interactions between two particles across a periodic boundary, the closest

periodic image of the other particle should be considered instead of the original one.

This is because the interactions between particles decay rapidly with distance, so

the contribution of the particles from beyond the cutoff distance is negligible. By

considering the closest periodic image, the simulation accurately captures the inter-

action between the two particles without requiring an excessively large simulation

box.

Evaluation of non-bonded interactions is the most time-consuming part of an

MD simulation. Although the MIC is a clever trick to compute non-bonded interac-

tions across the boundaries, the calculation of all pairwise interactions, even within

the simulation cell, is computationally expensive and, in most cases, unnecessary.

In practice, the interactions between particles decay rapidly with distance and be-

come negligible beyond a certain distance. Hence, by introducing a cutoff distance,

the simulation only calculates interactions between particles that are close enough

to each other to have a significant effect and ignores interactions between distant

particles that would have a negligible effect. Figure 2.2 shows the particle under

consideration in solid color, and the dashed circle represents the cutoff distance for

the particle. The choice of cutoff distance is a balance between accuracy and effi-

ciency. A smaller cutoff distance will result in a more accurate simulation, but at

the cost of increased computational expense. A larger cutoff distance will result in

a less precise simulation with reduced computational cost. The appropriate cutoff

distance depends on the simulated system and the accuracy required for the results.
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2.7 Forcefield

The force model or forcefield is the heart of MD simulation because the results

obtained from the simulation are as accurate as the forcefield used. A forcefield is a

mathematical expression for the potential energy function of the system in terms of

the various modes of interaction among the atoms in the system. These modes of

interaction are itself function of coordinates and orientation of the atoms. A simple

functional form of the forcefield can be written as:

U(r1, ...., rN) =
∑
bonds

1

2
Kbond(r − r0)2 +

∑
angles

Kangle(θ − θ0)2

+
∑
torsion

An[1 + cos(Cnφ+ δn)]

+
∑
i,j∈nb

{[
4εij

(
σij
rij

)12

−
(
σij
rij

)6
]

+
qiqj
rij

}
(2.35)

The eqn. 2.35 is a basic forcefield expression commonly used for biomolecular sys-

tems. Each term in the eqn 2.35 contains some parameters which are specific to the

model used to represent that term, for e.g. Kbonds(force constant) and r0(equilibrium

bond length) for the first term. The evaluation of these parameters is done using

quantum mechanical calculations and is called as parametrization of a forcefield.

Some popular forcefields frequently used for biological macromolecules(proteins,

DNA, RNA etc.) are AMBER[25], GROMOS[26] and CHARMM[27, 28]. Each

of these forcefields target to reproduce a specific set of experimental properties, and

hence are developed and optimized accordingly. Also, these forcefields differ in the

parametrization methodologies and treatment of a particular term. However, the

basic skeleton of each of these forcefields is same as eqn. 2.35.

The contribution of each term to the total potential energy in the eqn. 2.35 can

be divided into two fundamental modes of interation: Bonded and Non-bonded.

Bonded : The first three terms in the eqn. 2.35 represents the bonded part of the

total potential energy. The first term is the energy for all covalently bonded pairs of

the atoms. The bond between the two atoms is modeled as a harmonic spring with

atoms attached to the ends of the spring. The parameters for the first term are the

force constant Kbond and the equilibrium bond length r0. The second term is the

angle bending energy of all neighboring atoms which have one common covalently
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bonded partner. The angle bending contribution is also treated as harmonic spring

as for the first term, however, the parameter here are the equilibrium bond angle θ0

and the force constant for angle bending Kangle. The third term is the energy due

to the torsional motion between four consecutively bonded atoms. The torsional

contribution is expressed in the form of a cosine series due to the oscillatory nature

of the torsions, containing multiple minima separated by energy barriers of various

sizes, representing different possible dihedral conformations. The An in the torsional

term is called as barrier height and is a measure of barrier to the bond rotation.

The Cn is the multiplicity and its value represents the number of minimas as the

bond is rotated through 360◦ and the δn is the phase factor which represents the

torsional angle at which the value of torsion potential is minimum.

Non-bonded : The last term in the curly bracket is the potential energy con-

tribution due to non-bonded(NB) interactions. The NB term is made up of two

contributions, the first is van der Waals(vdW) interaction between two atoms and is

modeled using Lennard-Jones(LJ) potential(the term insided the square bracket of

the eqn. 2.35). The σi and σj are the radius of the two atoms and σij = (σi + σj)/2

and the atoms are separated by a distance rij with a potential well depth of εij. The

second part of the NB term is the electrostatic interaction between two atoms having

charges qi and qj and are separated by a distance rij. The electrostatic contribution

is evaluated by Coulomb’s law.

2.8 Ewald Summation

In the previous section, we discussed the idea of a forcefield in an MD simulation

through a simplified mathematical expression for the potential energy. Among the

two types of contribution(bonded and NB) to the potential energy, NB is com-

putationally the most expensive one to evaluate in an MD simulation. The vdW

interactions of the NB are relatively short-range and hence can be dealt with by

an appropriate choice of cutoff as discussed in the section 2.6.1. However, the eval-

uation of electrostatic interactions is trickier due to the long-range nature of the

Coulombic interactions. The relationship between vdW and Coulombic interactions
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with the length scale is evident from the eqn. 2.36.

UNB(r1, ...., rN) =
∑
i,j∈nb

{[
4εij

(
σij
rij

)12

−
(
σij
rij

)6
]

+
qiqj
rij

}
(2.36)

To tackle the long-range nature of the Columbic interactions, Ewald introduced

a technique now known as Ewald summation[29]. The basic idea of the Ewald

summation is that a function that is long-range in real space is short-range in the

reciprocal or Fourier space. Hence, if the Columbic term could be transformed into

a Fourier representation, it could be evaluated efficiently. We write the reciprocal

term in the Columbic contribution of eqn to achieve this. 2.36 as :

1

r
=
erf(αr)

r
+
erfc(αr)

r
(2.37)

where the erf(αr) is the error function and erfc(αr) is its complement, both

are defined as:

erf(x) =
2√
π

∫ x

0

dt e−t
2

(2.38)

erfc(x) = 1− erf(x) =
2√
π

∫ ∞
x

dt e−t
2

(2.39)

It can be noted that, based on the definitions given above, the first term of the

eqn. 2.37 is long-range while the second is short-range. Hence, the short-range term

can be evaluated along with the vdW term in the real space, while the long-range

term can be computed in the Fourier space. Thus using eqn. 2.37 the Coulombic

term can be written as a sum of two terms as follows:

UColoumbic =
qiqjerf(αrij)

rij︸ ︷︷ ︸
long

+
qiqjerfc(αrij)

rij︸ ︷︷ ︸
short

(2.40)

As explained, the short-range term can be evaluated along with the vdW term.

The α in the above equations is used to tune in an appropriate cutoff distance for

the short-range Coulombic interactions. The long-range part is computed using the

Poisson summation rule leading to a Fourier series expansion of the error function.
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The final equation obtained is as follows:

Ulong =
1

V

∑ 4π

|g|2
exp

(
|g|2

4α2

) ∣∣∣∑ qiexp(ig.ri)
∣∣∣2 − α√

π

∑
i

q2i (2.41)

The eqn. 2.41 is called Ewald sum. The V and g are the volume of the simulation

cell and the reciprocal space vectors, respectively. Although eqn. 2.41 tackled the

calculation of long-range Coulombic interactions ingeniously; direct implementation

of it is still computationally expensive, particularly for large systems. Essman et

al. introduced the smooth particle mesh Ewald (SPME) method[30] for efficient

evaluation of Ewald sum. In SPME, the space is divided into grids, and the charges

are uniformly distributed across its nodes; this is achieved using an interpolation

scheme with a B-spline function.

2.9 Water Models

Water plays a crucial role in many chemical and biological processes. For example,

water mediates the folding of protein from peptide bonded linear amino chains to a

functional three dimensional structure. Therefore, owing to its importance in driving

and/or mediating various phenomenas, it is essential to incorporate water in MD

simulations. There are numerous water models available and each one is developed

to target a particular set of propeties of the water. Hence, no single water model

can reproduce all the properties of water, and one must choose a model based on the

target of the investigation under consideration. Further, these models also vary at

the level of complexity and sophistication, hence, choice of a model must be made

by keeping in the mind the required accuracy and the availability of computational

resources.

Among the various water models available three point, and four point models

are most commonly used. We will discuss briefly some of the popular water models

in each of these categories.

Three Point Models

Three point water models are one of the earliest and simplest models. In this model

the water molecule is represented by three point charge for hydrogen and oxygen
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atoms. Despite their simplicity, three-point water models can provide reasonable

approximations of certain properties and behaviors of real water, making them com-

putationally efficient for a wide range of applications. We will discuss two widely

used three point models namely TIP3P and SPC/E.

TIP3P

Transferable Intermolecular Potential with Three Points (TIP3P) is one of the ear-

liest and most widely used three point model. It was proposed by Jorgensen et

al.[31]. In the TIP3P model, each water molecule is represented by three point

charges: a negative charge at the oxygen atom (-1.0 e) and two positive charges at

the hydrogen atoms (+0.52 e). The atomic charges and Lennard-Jones parameters

are fitted to reproduce experimental properties of water, such as the density and

heat of vaporization. The O–H bond length and H–O–H bond angle used in TIP3P

model are 0.9572 Åand 104.52◦ respectively.

Pros:

• TIP3P’s simplicity reduces the number of interaction terms and makes simu-

lations computationally faster compared to more complex models.

• TIP3P can reasonably reproduce properties like density, radial distribution

functions, and self-diffusion coefficients of water.

Cons:

• TIP3P tends to overestimate the hydrogen bond length and underestimate the

O–H–O bond angle, resulting in a less accurate representation of the water

structure.

• The inaccuracies in the water structure and dynamics make TIP3P less suit-

able for studies where accurate hydrogen bonding is crucial, such as certain

biomolecular systems or phase transitions.

SPC/E

SPC/E model[32] is very similar to TIP3P, each water molecule is represented as

three point charges: one negative charge located at the oxygen atom (-0.8476 e)

and two positive charges located at the hydrogen atoms (+0.4238 e). The O–H
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bond length and H–O–H bond angle used in SPC/E model are 1 Åand 109.47◦

respectively. The target properties of SPC/E are the density and the vaporization

enthalpy at room temperature. However, the key difference between TIP3P and

SPC/E is the use of a polarization energy correction in case of SPC/E to correctly

reproduce the vapourization enthalpy of real water.

Pros:

• One of the major improvements of the SPC/E model over its predecessor is

its ability to better reproduce the structural properties of water, such as the

O-H-O bond angle and radial distribution functions. The model’s parameters

are optimized to match experimental data more closely.

• SPC/E is designed to facilitate the formation of hydrogen bonds due to its

fractional charges and realistic charge distribution. This makes it more suitable

for studies involving hydrogen bond-dependent processes.

• While SPC/E introduces additional complexity compared to three-point mod-

els like TIP3P, it remains relatively computationally efficient due to its sim-

plified charge distribution and lack of polarizability.

Cons:

• Despite its improvements, the SPC/E model still makes simplifications that

can lead to deviations from real water’s behavior. For example, the model

does not account for polarization effects, which can play a significant role in

some systems.

Four point water models

Four point water models improve upon the limitations of three-point models by

incorporating a Lennard-Jones site for the lone pair electrons on the oxygen atom.

This inclusion allows for better representation of water’s structure and dynamics,

but it also increases the model’s complexity.

TIP4P

Being a four point model TIP4P is represented by three point charges and one

Lennard-Jones site. However, the key feature of this model is that the site carrying
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the negative charge is not located at the oxygen atom but on the H–O–H bisector at

a distance of 0.15 Å, effectively accounting for the oxygen atom’s lone pair electrons.

The TIP4P model was proposed by Jorgensen et al.[31].

Pros:

• The addition of the Lennard-Jones site for the oxygen atom’s lone pair elec-

trons allows the TIP4P model to more accurately represent hydrogen bonding

interactions compared to TIP3P.

• Like TIP3P, TIP4P is designed to be transferable and can reproduce a variety

of water properties across different systems.

Cons:

• The addition of the Lennard-Jones site makes TIP4P slightly more complex

than TIP3P, which may result in slightly longer computation times.

• While TIP4P improves upon TIP3P’s accuracy, it requires a more intricate

parameterization process to ensure that the new interaction site appropriately

represents the oxygen atom’s lone pair electrons.

2.10 Softwares used and Implementation

All MD simulations in this thesis were performed using NAMD[14] package. VMD[33]

and PACKMOL[34] were used to generate the initial configurations of the atomistic

models. VMD was used to visualize the simulation trajectories and render the

snapshots. The postprocessing of snapshots was done using Inkscape graphics soft-

ware. All the analysis were performed using in-house developed codes written in

Tcl, python, and bash. The plots of all the analysis were prepared using Gnuplot

and Matplotlib library of python. The simulations were performed with high per-

formance computing (HPC) facility, and the runs were submitted to HPC using

SLURM scripts.

Finally we present a general scheme for an MD simulation in Figure2.3, first

the coordinates of the structure to be simulated is obtained then that structure

is minimized using a suitable minimization algorithm, solvent molecules are added
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if required and the initial velocities are assigned using boltzmann distribution and

then the equilibration and production run are conducted with the desired ensemble.

Initial coordinates

(X-ray, NMR)

Structure minimiza-

tion (release strain)

Solvation (if ex-

plicit solvent)

Initial veloci-

ties assignment

Heating dynamics

Equilibration dynamics (con-

trol of Temp. and structure)

Temp. Ok?

Structure

Ok?

Rescale velocities

Production dynamics

(NVE, NVT, NPT)

Analysis of trajectory

Calculation of

macroscopic values

Figure 2.3: A general work flow of operations in general in an MD simulation.
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Chapter 3

What Governs Fouling in FO and

RO?

3.1 Introduction

Since the advent of membrane-based water purification techniques, a plethora of

research and development has revolutionized the large scale production of potable

water in terms of performance. Currently, Reverse Osmosis(RO) is the commercially

most viable membrane technology available to produce the highest quality of purified

water. In the RO system, the water with impurities is passed through a semiperme-

able membrane with the application of hydraulic pressure with a magnitude higher

than the osmotic pressure of feed solution.

In the past decade, Forward osmosis(FO) has emerged as a promising water

purification technology. Ever since then, FO is finding applications in various fields

such as food processing, desalination, industrial water reclamation. [4][8] [28] FO

system exploits phenomena of natural osmosis as its driving force. An FO system has

two sections, namely, draw solute (DS), which is a solution with very high osmotic

pressure and feed solution (FS) separated by a semipermeable membrane. The

net movement of the solvent molecules from the feed side to draw side is achieved

through the difference in the osmotic pressure between feed solution and DS [4].

A crucial factor for why is FO drawing huge attention over RO is that FO can be

operated at much lower energy input if a concentrated DS with high regeneratibility
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is available.

Almost all membrane separation techniques suffer from a performance hampering

phenomena called membrane fouling.[46] [35] [2] [25] Membrane fouling is accumula-

tion and adsorption of foulant molecules on the membrane surface, causing a loss in

performance of membrane in terms of water flux and salt rejection. Apart from the

advantage of low energy consumption that FO has over RO, fouling performance

is also an important parameter need to be considered to make a fair comparison

between both the technologies(FO and RO). The available literature on FO and RO

have broadly two opposing views over the issue of fouling behavior of FO and RO.

The conventional view is that RO suffers much severe fouling because of hydraulic

compaction of foulants over the membrane surface, which makes fouling irreversible

in RO. While in FO, lack of hydraulic pressure results in loosely compacted foulant

layer and hence is easily reversible.[30] [3] [26] Lee et al.[26] compared fouling be-

haviors for FO and RO for a cellulose-based membrane, they found that although

there is higher decline in water flux in FO, it can be completely recovered while in

RO the fouling is almost irreversible. Mi and Elimelech [30] also demonstrated the

reversible nature of fouling for FO and hence very high water flux recovery (almost

100%) after cleaning while for RO it was about 70%.

Apart from the above studies, there are few studies which are in contrast with

the claim that RO is more fouling prone than FO.[24][21][42][38] In a recent exper-

imental study[38] Siddiqui et al. compared fouling for FO and RO with cellulose

triacetate(CTA) membrane and demonstrated a higher fouling propensity for FO.

They quantified the membrane fouling with foulant layer resistance and thickness.

Also, they showed that quantifying fouling based solely on water flux could be error

prone as it overlooks the effect of concentration polarization, which is inherent in

FO. They also tested the effect of hydraulic pressure on fouling for RO and found

no effect on the compaction of the foulant layer and water flux. The claim the

above study made is that although fouling is more severe in FO, but the nature of

fouling in FO is reversible and hence is more fouling resilient, and the mechanism

given in support of the above claim are internal concentration polarization(ICP) self-

compensation effect, cake enhanced concentration polarization(CECP) and reverse

solute diffusion.
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Despite quite a number of experimental studies on FO and RO fouling, there

is a need of exploring fouling at a molecular scale, because at that scale we can

understand the initial interaction of foulant and membrane explicitly, which can

suggest a possible mechanism of fouling. Since such resolutions are not accessible

through experiments, molecular dynamics (MD) simulations with its high tempo-

ral and spatial resolution can play a pivotal role in exploring membrane fouling.

In the past few years MD simulations have become an integral part of membrane

research. There have been huge number of simulation studies exploring perfor-

mance of various membranes[5][6][16][7][27][11] but there are relatively less number

of simulation studies investigating membrane fouling. Xiang et al.[44][45] performed

steered MD (SMD) to investigate the effects of ions(Na+,Ca2+) on alginate fouling

of polyamide(PA) membranes. They demonstrated the formation of ionic bridges

due to ions between alginate and membranes carboxylate(COOH) groups and hence

explained aggravation of fouling in presence of ions. Hughes and Gale[17] tested

three foulants (glucose, phenol and oxygen) in a simulation with a RO module

of a PA membrane. They calculated free energies and diffusion coefficents for all

three foulants. In a recent study Shaikh et al.[36] performed an MD simulation

of bovine serum albumin(BSA) a protein as a model foulant with Poly(vinylidene

fluoride) (PVDF) membrane.They also investigated the interaction between protein

and PVDF membrane and effect of salt concentration on the interaction. The study

demonstrated that the excess ions repels the protein away from membrane due to

both membrane and protein surrounded by negatively charged chlorine ions. So it

is evident that MD simulation is an important tool which can help to have a much

closer and better visualization of fouling mechanism.

In the current investigation, we aim to understand the fouling mechanism for FO

and RO at the atomistic level through MD simulations. We used layered graphene

oxide (GO) as the membrane for both FO and RO processes. To characterize the

impact of foulant–membrane and foulant–foulant interactions on fouling behavior,

we used two molecules of lysozyme as a model foulant, which was used in many

experimental studies[13][43][48]. Furthermore, to analyze the effect of protein orien-

tation relative to the membrane surface, we simulated three systems with different

protein conformation, namely, orientation I (O1), II (O2), and III (O3) as shown
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in Fig 3.1. To unravel the nature of interactions between protein–protein and pro-

tein–membrane, we analyzed the interaction energy and distance evolution between

them. We also illustrated the influence of solvent and ions on fouling and how it gave

rise to different fouling layer structures in FO and RO through the analysis of the

radial distribution function (RDF). Finally, we detected the key interacting residues

in lysozyme and the nature of its interaction with the functional groups present on

GO. Overall we proposed a probable mechanism for the different fouling behavior

in FO and RO, detected the changes concerning the energetics of the system, and

the key interacting residues to gain a detailed insight into the interaction between

lysozyme and GO in FO and RO.

(a) (b) (c)

Figure 3.1: Three different initial orientation of protein with respect to GO surface,

namely (a) O1 (b) O2 (c) O3

3.2 Methodology

3.2.1 Layered Graphene Oxide Membrane

For the construction of the layered GO membrane, first individual GO nanosheets

are constructed using using Visual Molecular Dynamics (VMD) [18] and Avogadro

[14]. Based on the previous experimental and simulation studies [41][37][11] [12] the

composition of the GO nanosheets is considered as C10O1(OH)1(COOH)0.5. The

hydroxyl (-OH) and epoxy (-O-) functional groups are located on the basal plane
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of the GO nanosheets and the carboxyl (-COOH) functional groups are located

on the edges. Although practically GO contains negatively charged groups, which

are usually deprotonated carboxyl groups, the charge and protonation state of a

GO sheet in a solution are governed by the pH of that solution[37]. Since in the

present study pH effects are not important we assume the carboxyl groups to remain

protonated. A representative image of the GO nanosheet is shown in Figure 3.2.

The sizes of the GO nanosheets considered in the present study are 48 × 48 Å2,

40× 48 Å2, 32× 48 Å2 and 22× 48 Å2.

These GO nanosheets are then arranged in space to construct the layered GO

membrane as shown in Figure 4.1a. The parameters D, W and H shown in Figure

4.1a are termed as pore width, pore offset distance and interlayer distance respec-

tively. In the present study the value of D, W and H are 7.0 Å, 18.0 Å and 10.0 Å

respectively [33] [11] [12] [40] [19]. The membrane is then hydrated in a water box of

size 143× 94× 34 Å3 which contain 9400 water molecules (Figure 4.1b). The water

molecules are modeled with TIP3P water model. The water molecules within 2 Å

distance of GO nanosheets are removed. This hydrated membrane is then energy

minimized and subsequently equilibrated for 5 ns at a temperature of 300 K and 1

atm.

3.2.2 Foulant solution

The model foulant considered in the present study is lysozyme. The initial structure

of lysozyme is obtained (downloaded) from the crystal structure 1AKI from protein

data bank (https://www.rcsb.org/) (Figure 3.4). The net charge of lysozyme is

+8e which corresponds to its experimental condition at pH 7.0. In the lysozyme

structure; histidine (His), arginine (Arg), and lysine (Lys) were protonated, whereas

glutamate (Glu) and aspartate (Asp) were deprotonated.

The foulant solution is prepared (modeled) by placing two lysozyme proteins in

NaCl solution box of size 143×94×68 Å3 as shown in Figure 3.5. This NaCl solution

contains 27800 water molecules, 297 Na+ ions and 297 Cl− ions which corresponds

to a 0.56 M NaCl solution which has a osmotic pressure of 27 atm equivalent to

sea water osmotic pressure. Since each protein has a net charge of +8e, additional
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(a)

(b)

Figure 3.2: (a) GO nanosheet. (b) The distribution of functional groups on GO

nanosheet. The green color is for hydrogen atoms, the black color is for oxygen

atoms and the cyan color is for carbon atoms.

16 Cl− ions are added to get a charge neutral system. The initial distance between

the two lysozymes is 15 Å along X direction (Figure 3.5). This foulant solution is

then energy minimized to remove any energetically unfavorable contacts within the

system followed by an equilibration run of 100 ps at a temperature of 300 K and

1 atm pressure. During this equilibration run the protein atoms were fixed to their
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(a)

(b)

Figure 3.3: (a) Layered GO membrane. (b) Hydrated layered GO membrane. The

green color is for hydrogen atoms, the black color is for oxygen atoms and the cyan

color is for carbon atoms.

Figure 3.4: Structure of lysozyme (https://www.rcsb.org/).
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initial positions. Subsequently, the protein atoms were relaxed and the system is

equilibrated for another 3 ns at a temperature of 300 K ans 1 atm pressure.

Figure 3.5: Foulant solution. The green color is for hydrogen atoms, the black color

is for oxygen atoms, red color is for Na+ ions and orange color is for Cl− ions.

3.2.3 Draw solution

One of the important component of a forward osmosis (FO) process is the draw

solution. In the present study a solution of 3 M MgCl2 and 0.05 M Al2(SO4)3 is

considered as the draw solution (Figure 3.6) which has a osmotic pressure of 228

atm. It contains 30000 water molecules, 1783 Mg2+ ions, 3566 Cl− ions, 60 Al3+

ions and 90 SO2−
4 ions.

Figure 3.6: Draw solution. The green color is for hydrogen atoms, the black color

is for oxygen atoms, red color is for Na+ ions, orange color is for Cl− ions, iceblue

color is for Mg2+ ions, tan color is for Al3+ ions and yellow color is for sulfur atoms.

3.2.4 Simulation system and Methodology

After the construction (modeling) of the hydrated layered GO membrane, foulant

solution and the draw solution the simulation system for forward osmosis (FO) and
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reverse osmosis (RO) are prepared.

Figure 3.7: Simulation setup for FO process. The green color is for hydrogen atoms,

black color is for oxygen atoms, cyan color is for carbon atoms, red color is for Na+

ions, orange color is for Cl− ions, iceblue color is for Mg2+ ions, tan color is for Al3+

ions and yellow color is for sulfur atoms.

The simulation system for FO process is constructed by placing the hydrated

layered GO membrane between the foulant solution and the draw solution as shown

in Figure 3.7. The DS has a very high salt concentration(3M) in comparison to

the FS(0.56M), as mentioned in the previous sections 3.2.3 and 5.1 respectively.

The high difference in the concentration between FS and DS creates an osmotic

pressure and facilitates a natural movement of water molecules from FS to DS. To

avoid the lateral movement of the membrane, the carbon atoms of the basal plane

of all the GO sheets were constrained in the XY direction. At the edges (along

Z direction) of the FS and DS a graphene sheet is placed which will serve two

purpose (1) act as a piston to apply pressure. (2) prevent the mixing of FS and

DS due to periodic boundary condition. In both the pistons a pressure of 1 atm is

applied in opposite directions (along the permeating or Z direction) to mimic the

external atmospheric condition in an FO system, during production simulation run

as depicted in Figure 3.7. The external pressure applied on the graphene sheets is

employed using TclForces module in NAMD[34].
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Figure 3.8: Simulation setup for RO process. The green color is for hydrogen atoms,

black color is for oxygen atoms, cyan color is for carbon atoms, red color is for Na+

ions, orange color is for Cl− ions.

For the RO process, the simulation system is constructed by placing the hydrated

membrane between the foulant solution and pure water, as shown in Figure 3.8.

A single sheet of graphene is placed just outside (along Z direction) the foulant

solution, which will act as a piston. Another graphene sheet is placed below the pure

water box at a distance of 30 Å (along Z direction), which will be fixed to its initial

position during the simulation. The transmembrane pressure on the FS is generated

by applying an external force(using the TclForces facility in NAMD) on each atom

of the graphene piston along the Z direction. Consequently, the graphene piston

pushes the FS toward the membrane. Consistent with the practical RO process, a

pressure of 10 MPa is applied on the foulant solution through the graphene piston

along the −Z direction (Figure 3.8). In contrast, most of the previous atomistic

simulation on the RO process is carried out with very high transmembrane pressure

(up to 1000 of MPa).

After the construction of the simulation systems (both FO and RO) the systems

are first energy minimized and then equilibrated for 500 ps at a temperature of 300

K and 1 atm pressure. Then the production runs are performed for 20 ns at a

temperature of 300 K. For both FO and RO a vacuum of 50 Å is applied along the
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+Z and −Z direction to eliminate the interaction between the simulation box and

its periodic image along the Z direction.

The simulations in the present study are performed with NAMD [34] package.

All the atomic interactions are computed using OPPLS-AA force field parameters

[22]. The bond length of the water molecules (TIP3P water model) are constrained

using SETTLE algorithm [32]. The non-bonded interactions are composed of van

der Waals interactions and electrostatic interactions. The van der Waals interactions

are computed using Lennard-Jones potential with 12.0 Å cut off distance. Particle

mesh Ewald (PME) method [9] is used for long range electrostatic interactions. A

time step of 1 fs is used for all the simulations reported in the present study. For

controlling the temperature Langevin dynamics is used with a damping factor of 5

ps−1. Pressure is controlled by modified Nosé-Hoover method [29] [10] with 0.3 ps

barostat oscillation time and damping factor.

3.3 Results and discussion

MD simulations of explicitly solvated systems were carried out to assess the interac-

tion between lysozyme and the GO membrane and between two lysozyme molecules,

and also to quantify the effect of solvent and ions on those interactions. Also, to

explore the impact of protein orientation on the fouling mechanism, three differ-

ent initial setups were generated by rotating the protein relative to the membrane

surface as depicted in Fig 3.1.

For a qualitative assessment of the protein–membrane interaction, we first in-

spected the closest distance between protein and the surface of the layered GO

membrane. As shown in Figure 3.7 and 3.8 we refer the two lysozyme proteins as L1

and L2. Figure 3.9a shows the time evolution of distance between protein and the

membrane surface in RO and FO. The distance indicated here is the closest separa-

tion between the protein and GO at any instant. From Figure 3.9a, we observe that

L2 in RO consistently moved towards the membrane surface from the very starting

of the simulation and at around 8 ns L2 directly interacts with the surface, which

can be inferred as an adsorption event. Also in case of FO, L2 diffuses towards the

membrane surface initially but again went back to the bulk. Even L1 in RO, made
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an unsuccessful attempt to reach the surface. Distance for L1 in case of FO was

initially fluctuating around the initial position, but as the simulation progresses, it

started moving away from the membrane surface. However, in the case of the other

two orientations, an adsorption event is not observed as can be seen from Figure

(3.9b and 3.9c), yet the nature of distance evolution is somewhat similar to O1, in

the sense that in both the configuration there is a decrease in the distance for RO.

Only in the case of L2–O2 for RO, there is diffusion away from the membrane sur-

face, which could have resulted from an interplay of protein–protein interaction and

orientation, since as can be observed the distance analysis for L2-RO in O2 is closely

correlated with the corresponding protein–protein distance (Fig 3.10). Overall, it

was found that in almost all three cases lysozyme molecules shows a tendency to

move towards the membrane surface in RO, while in FO the molecules usually re-

main in bulk. However, the analysis also emphasizes that evolution of distance may

not be sufficient to characterize the fouling behavior and inspection of interactions

among the two lysozyme molecules can give a clearer picture. Hence we delve into

protein–protein interactions in the following discussions.
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Figure 3.9: Time evolution of closest distance between membrane surface and protein

for orientation (a) O1 (b) O2 (c) O3

It is a general consensus in membrane fouling research that foulant-foulant in-

teractions are significant to understand the fouling mechanism and to characterize

antifouling performance of a membrane [1]. So to gain insight into the kind of

protein-protein interaction, we computed the time evolution of distance between

two lysozyme monomers. The distance here is calculated as the separation between

the centers of the two proteins at any instant(dpp). The initial distance between
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the centers was 60 Å. From Figure 3.10a, it is observed that for RO,the changes are

much steeper and are increasing, while for FO, there is a decrease, but the descent

is not as sharp. The distance at the end of the simulation in case of RO is at around

85 Å and that in case of FO it is about 45 Å.

Moreover, we found almost similar trends for dpp evolution for O2 and O3. As

shown in Fig 3.10b and 3.10c, the dpp for RO and FO is increasing and decreasing

respectively, although in contrast to O1, these differences in O2 and O3 evolved

much later in the simulation. The implication of the above result could be that in

FO, proteins are more prone to agglomeration since they are coming close to each

other, while in the case of RO proteins prefer to stay away from each other. The

above result can also be interpreted as a microscopic measure of the structure of the

fouling layer in FO and RO. Since proteins tend to remain closer to each other in FO,

it implies a thicker fouling layer in FO. On the other hand, in RO, the proteins are

going away, so the foulant layer is thinner than FO. The above result corroborates

well with the findings of many experimental studies [26, 38, 47] which reports a

higher foulant density in FO than RO. The reason for this observation could be that

since in RO there is a hydraulic pressure being applied, it pushes water molecules

and ions and they diffuse in between the two proteins because of which they move

away from each other, while in FO there is not much change in the distance between

the proteins, since there is no hydraulic pressure in FO. The effect of solvent and

ions on protein–protein interactions is discussed in detail in the analysis of radial

distribution function ahead.
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Figure 3.10: Time evolution of closest distance between the two lysozyme protein

molecules for orientation (a) O1 (b) O2 (c) O3

63
TH-3399_156107039



CHAPTER 3. WHAT GOVERNS FOULING IN FO AND RO?

We analyzed the orientation evolution of protein as the change in the angle

between protein and the membrane surface as a function of time. The orientation is

quantified as the angle (θ) between the vector formed by joining Cα atoms of residues

Arg 128 and Arg 5 and the plane of membrane’s surface. Figure 3.11a shows the

changes in the angle for proteins(L1,L2) for FO and RO during the simulation.

Interestingly we can see a very close correlation between protein-surface distance

and rotation of protein, as shown in the Figure 3.11a, θ for L2-RO continuously

approaches 0 (parallel orientation relative to the surface) after around 9 ns, and

simultaneously the distance between L2 and the membrane also reduces (Fig 3.9a).

Although L2 in FO also approaches a parallel orientation, it is not able to hold,

which again correlates well with distance data, since as L2 comes near to the surface

θ also decreases and gets converged for some time, but as L2 diffuses back to the bulk

again, θ also increases simultaneously. Similarly, Figure 3.11b shows that in the case

of O2 also, there is a strong correlation between distance and orientation evolutions.
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Figure 3.11: Time evolution of orientation of protein with respect to membrane

surface for (a) O1 (b) O2 (c) O3

But in the case of O3, as shown in Figure 3.11c, the evolution of orientation is

highly chaotic, a probable reason could be that since in O3 the maximum area of

protein is exposed to solvent permeation among all the three systems, it gives rise

to fluctuations in orientation.

To get a more detailed insight on the interactions between proteins and the lay-

ered GO membrane surface, we evaluate time evolution of protein-surface (Eps) and

protein-protein (Epp) interaction energy. As shown in Figure 3.12a the coulombic

interaction between protein-surface are repulsive and on an average remains un-
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changed for both the proteins. However, only in the case of L2-RO, we observe

van der Waals interactions during the last 5 ns of the simulation, since only L2

diffuses quite close to the surface. For all other cases, no van der Waals interaction

is observed. Although there is a repulsive interaction between protein and surface,

still L2 diffuses towards the membrane surface, the reason could be that since the

charges on lysozyme and GO are not uniformly distributed, the electrostatic inter-

actions are dominated by hydraulic pressure which drives the protein towards the

membrane surface. Although L1 also diffuses near to the membrane as observed in

Figure 3.9a, it failed to find a favorable interaction site; hence, we don’t observe

a strong interaction between L1 and GO. The mechanism of L2–GO interaction is

further discussed along with key interacting residues ahead. As shown in rest of the

plots in Figure 3.14, the interaction energies for O2 and O3 have a similar trend to

that of O1.
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Figure 3.12: Time evolution of interaction energy between membrane and protein

for (a) O1 (b) O2 (c) O3. Time evolution of interaction energy between proteins for

(c) O1 (d) O2 (e) O3.

Figure 3.12d shows temporal evolution of the interaction energy between L1

and L2. here is no van der Waals interaction observed between the two proteins,
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and they are interacting only through Coulombic interaction. The nature of the

interaction between proteins is repulsive and is stronger in the case of RO. Another

important observation is that the interaction between protein molecules is much

stronger than the protein-surface interaction, which emphasizes the crucial role of

foulant-foulant interactions in determining a mechanism for membrane fouling. Also,

there is a decrease in interaction energy between the proteins for RO because there

is an increase in the distance between them as can be seen in the distance evolution

(Figure 3.10a). Although there is a repulsive Coulombic interaction between L1

and L2 for FO, according to distance analysis the distance between the proteins is

decreasing, which suggests that the dynamics of proteins may not be understood

solely based on interaction energy analysis. In further discussions, we show that

this is indeed true, with the interaction between protein-solvent and protein-ions

playing a crucial role in interpreting the dynamics of proteins.

To demonstrate the important role of solvent and ions in the dynamics of proteins

and to elucidate their effect on the fouling layer structure in FO and RO, we inves-

tigated the radial distribution function (g(r)) for protein–solvent and protein–ions.

We computed g(r) for protein–solvent with non-backbone polar atoms (nitrogen,

oxygen) of protein and oxygen of water and similarly for protein–ions, with ions

(chloride, sodium) present in the solution. Here, we reported g(r) only for L1, since

g(r) for L2 (not shown) is similar to L1 for all the cases. Interestingly, we found that

in all the cases (Figure 3.13a-c) g(r) for RO has much higher intensity peaks than

FO. Figure 3.13a shows g(r) between protein and water; as can be observed, RO

exhibits peaks with much higher intensity than FO, which demonstrates that there

is a very high density of water molecules around the protein in RO than FO. Also,

we observe that, although nitrogen is having a less density of water around it than

oxygen, it has a second distinctive peak at around 5 Å, which indicates that nitrogen

has a second hydration shell with water. Interestingly g(r) for ions shows similar

trends as that of water. Figure 3.13b and c shows g(r) for oxygen (protein)–ions

and nitrogen (protein)–ions respectively; again RO exhibits a much higher density

of ions for both nitrogen and oxygen than FO. Specifically, nitrogen shows a very

high density of chloride ions in the case of RO, while with sodium ions, nitrogen has

almost negligible interaction in both RO and FO.
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Figure 3.13: RDF between (a) oxygen (L1)–oxygen (water) and nitrogen

(L1)–oxygen (water) shown in red and blue color respectively, (b) oxygen

(L1)–chloride (ions) and oxygen (L1)–sodium (ions) shown in red and black respec-

tively, and (c) nitrogen (L1)–chloride (ions) and nitrogen (L1)–sodium (ions) shown

in blue and black color respectively in RO (solid lines) and FO (dashed lines).

The g(r) analysis reveals the presence of hydration repulsion force acting between

protein–protein and protein–surface. Hydration repulsion is the force acting between

well solvated and ionized surfaces; it is a fundamental force, common in biological

systems and solution chemistry([20], [31], [15]. As discussed in protein–protein dis-

tance analysis, due to the presence of hydraulic pressure in RO, more number of

water molecules and ions diffuse towards the proteins, which in turn creates a high

density region of water molecules and ions around the proteins, due to which they

experience much stronger repulsion, and hence, this explains, why proteins move

away from each other in RO. Similarly, the proteins experience hydration repulsion
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from the membrane surface also, but in RO, the hydraulic pressure compensates for

it, while in FO there is no compressing force to balance this repulsion. Furthermore,

as observed, there is also a very high density of ions around the proteins, particu-

larly chloride ions, because of which there is a screening of electrostatic interaction

between proteins and the membrane surface, and also the density of chloride ions

around both proteins adds to the repulsion between them. Overall, g(r) analysis

indicates that fundamental forces like hydration repulsion and charge screening can

lead to the distinction in the fouling mechanism for FO and RO.

In order to know which residues are directly interacting with the membrane

surface, the distance of each residue at different time intervals is monitored. The

distance is calculated as the separation between the Cα atom of a residue and the

closest atom of GO. Figure 3.14a shows the distance of residues for L1 in RO at

different times of simulation. As can be noticed, there are not much changes for

L1 in RO, but for FO, an increase in the distance between residues of L1 and GO

can be observed, particularly in both terminal regions (C terminal and N terminal).

For L2 in FO (Figure 3.14d), the distances remain almost the same throughout the

trajectory, except for some minor changes in the terminal regions. Adsorption takes

place only for L2 in RO; as can be observed in Figure 3.14b, the residues directly

involved in the interaction with GO (Arg 5, Arg 114, Arg 125, and Arg 128) are

very close to the surface at the end of the simulation. As can be observed, all the

key interacting residues are basic in nature (Figure 3.15).

Figure 3.16 shows the visual representation of a probable mechanism of protein

adsorption. The protein initially diffused towards the region where the edges of

two GO sheets are close enough since the presence of the carboxyl group at the

GO sheet’s edges creates a high oxygen density region. The residues Arg 128 and

Arg 5 acted as an anchor and pulled the whole protein (L2) towards the GO sur-

face. The anchoring residues (Arg 5 and Arg 128) belong to the N terminal (Arg

5) and C terminal (Arg 128) regions which were also found to be the regions re-

sponsible for adsorption in a study by Kubiak et al.[15] The above explanation also

implies that as the protein diffuses with its positively charged residues facing to-

wards the oxygen-rich (negatively charged) region of the GO surface, this triggers

an electrostatic interaction between these residues and functional groups of the GO
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Figure 3.14: Closest distance between the alpha carbon of protein’s residues and the

membrane surface at 0 ns (cyan), 5 ns (blue), 10 ns (light blue) and 20 ns (red) for

L1 (a) and L2 (b) in RO and L1 (c) and L2 (d) in FO.

69
TH-3399_156107039



CHAPTER 3. WHAT GOVERNS FOULING IN FO AND RO?

surface. The electrostatic attraction between interacting residues and functional

groups steers the whole protein towards the GO surface. Interestingly, although the

electrostatic interaction energy shown in Figure 3.12a shows a positive (repulsive)

energy, still the diffusion of protein can be observed, the reason could be that, since

the charge density on both lysozyme and GO is not uniform, there is a possibility

that positively charged residues of lysozyme can interact with GO at a region where

negative charge density is high. So the interaction between lysozyme and GO must

be electrostatically driven, which was also found in an experimental study by Smith

et al.[39]. Moreover, Kubiak et al.[23] in their MD study showed how a negatively

charged protein can get adsorbed onto a negatively charged surface.

(a) (b)

Figure 3.15: Final snapshot of the key interacting residues shown in licorice repre-

sentation and the membrane surface shown in surf representation.

3.4 Conclusion

We have performed MD simulations to study foulant-membrane interactions and to

gain molecular insight into the mechanism of fouling in FO and RO. We demon-

strated that fouling is a result of a complex interplay between hydraulic pressure,

protein-solvent interactions, and protein–membrane interactions. Our results sug-

gested that interfacial water on the membrane’s surface and hydration shell of the
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(a) (b)

(c) (d)

Figure 3.16: Snapshots of L2 shown at different simulation times and the key in-

teracting residues Arg 128 and Arg 5.The membrane layer is represented in surface

representation, the key interacting residues are shown in licorice representation and

the rest of the protein is shown in New Cartoon representation.
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protein plays a significant role in determining the fouling mechanism. In particular,

hydraulic pressure in RO leads to a much higher density of water molecules and

ions around proteins and on the membrane surface than in FO, which in turn leads

to much higher hydration repulsion force in the case of RO. Due to the increased

hydration repulsion in RO, proteins move away from each other, which implies a

thinner foulant density in RO. On the other hand in FO, due to the lesser ion

and water density than RO, the hydration repulsion is also much less between the

two proteins. Hence, the distance between the two proteins does not change much,

which implies the agglomeration of proteins in FO. Also, due to the lack of hydraulic

pressure in the case of FO, proteins are not convected towards the membrane sur-

face as strongly as in the case of RO, which makes the fouling layer loose in FO.

Moreover, we also found O1 to be the most favorable orientation in terms of protein-

membrane interaction, as only in O1, we observed an adsorption event between GO

and lysozyme within the simulated time. A probable mechanism of the adsorption

could be that the protein is transported near to the membrane surface due to hy-

draulic pressure, and protein diffuses towards the oxygen-rich region on the surface,

which triggers Coulombic interactions between basic residues of protein facing the

surface and functional groups containing oxygen of GO. The key interacting residues

which lead to the adsorption of lysozyme are Arg 128, Arg 5, Arg 125, Arg 114 (argi-

nine) and Lys 33 (lysine). The present work provides key molecular insights into

the structure of the fouling layer for FO and RO and can help in the development

of high-performance antifouling membranes.
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Chapter 4

Effect of Ionic Envrionment on

Fouling

4.1 Introduction

The development of thin-film composite (TFC) membranes has revolutionized the

production of potable water. Especially, the invention of polyamide (PA) TFC[1] has

advanced the seawater desalination significantly. Its excellent water permeation and

salt rejection[2] has made PA a huge commercial success. A PA membrane is cre-

ated by cross-linking trimesoyl chloride (TMC) and m-phenylenediamine (MPD) via

interfacial polymerization. However, PA membranes suffer severely by the perfor-

mance limiting phenomena of membrane fouling[3, 4]. The high fouling propensity

of PA membranes is mainly attributed to the high roughness of the PA surface[5].

In the past few years, graphene oxide (GO) has emerged as a promising can-

didate as a next-generation membrane material for water desalination[6, 7]. Apart

from offering amazing water permeability[8, 9], high salt rejection[9, 10], and strong

hydrophilicity[11], GO also exhibits excellent antifouling properties[8]. Several stud-

ies have focused on testing and comparing GO’s antifouling capabilities with conven-

tional PA membranes, and GO has always outperformed the conventional membrane

in terms of antifouling performance[12–14].

An important aspect of fouling studies, which remains largely unresolved and

debated, is the effect of ions on membrane fouling. Since the feed water that is to

78
TH-3399_156107039



4.1. INTRODUCTION

be treated can have a varied range of ionic concentration depending on the source

of the feed water, it is important to have an understanding of the effect of ion

concentration on membrane fouling. Although, there are number of studies on the

subject[15–20], yet a general consensus is lacking in the literature. Some stud-

ies claim that membrane fouling increases with an increase in the number of ions

and attributes the charge screening and compression of the electric double layer for

this[15–17]. Conversely, Chan et al. found that with an increase in ionic strength,

the fouling decreases. The reason given for this observation is the increased sol-

ubility of protein with an increase in salt concentration due to which the protein

becomes less prone to aggregation[21]. Miao et al. investigated protein fouling with

bovine serum albumin (BSA) on polyvinylidene fluoride (PVDF) at different ionic

strengths[18]. They found, at much higher ionic strength (10 and 100 mM), foul-

ing decreases significantly, mainly because of increased hydration repulsion forces.

Smith et al. studied the adsorption of lysozyme on graphene, GO, and single-walled

carbon nanotube (SWNT)[20]. They investigated the effect of ionic concentration

on protein adsorption and found the effect of ions different for all three nanomateri-

als. In particular, GO exhibited a sharp decrease in protein adsorption, which was

mainly due to charge screening. Conversely, for SWNT, a sharp increase in protein

adsorption was observed, for which cation-π interactions was suggested as a possible

mechanism, and for graphene, no significant change was observed.

Besides numerous experimental studies on membrane fouling available in the

literature, there are fewer computational studies on the topic[19, 22–24]. Molecu-

lar Dynamics (MD) simulations, with its high resolution and the ability to access

atomic-level detail, can provide critical insights into the mechanism governing mem-

brane fouling. Xiang et al. studied the binding of alginate with a PA membrane

using steered MD[22]. They explained how calcium ions play a role of an ionic

bridge between alginate and the PA, and hence aggravate the fouling. Cruz et al.

studied alginate fouling with a PA and multiwalled carbon nanotube PA (CNT-

PA) composite membrane using experiments and MD simulations[24]. They found

that alginate can foul a PA membrane through forming an ionic bridge with PA

via calcium ions or by getting unfolded and spreading over the membrane surface.

Recently Shaikh et al. performed MD simulations with PVDF membrane and BSA

79
TH-3399_156107039



CHAPTER 4. EFFECT OF IONIC ENVRIONMENT ON FOULING

molecule as a foulant[19]. They studied the effect of ionic strength on the protein

adsorption. They found that an increase in ionic strength delayed the protein ad-

sorption, mainly due to the adsorption of chloride ions on the membrane surface

and increasing its electro-negativity. It is evident that MD simulations can be an

indispensible tool in investigating the nature of membrane fouling and can provide

subtle details and information about various factors affecting fouling and membrane

surface. Hence MD simulations can be useful to provide more clarity over the effect

of ions on membrane fouling.

In the present study, all-atom simulations were performed to shed light on the

effect of ionic strength on protein-surface interaction(PSI) with GO and PA used

as membranes. Proteins are one of the main constituents in the category of organic

foulants. Proteins are complex molecules made up of different combinations of 20

different amino acids bonded together, each amino acid differ in chemical nature

based on the type of side chain it contains. The different chemical nature of amino

acids can be broadly classified as charged polar groups, hydrophobic residues, and

aromatic groups. This combination of amino acids with varied nature give rise to a

very complex chemistry, which makes protein different from other organic molecules.

BSA, a globular protein, which is one of the most widely used organic foulants in

membrane fouling studies[12, 16, 18, 19], was used as the model foulant in this study.

One of the main factors affecting the PSIs is the environment’s pH because pH can

change the protonation states of the titratable residues present in the protein and the

protonation states of functional groups present on PA and GO surface. But, since

in the present study, the system considered represents a seawater feed solution, for

which the average pH is around 7.5 to 8.3[25]. Hence, we can assume a constant

protonation state for all the titratable protein residues and functional groups of

GO and PA. To mimic the aqueous seawater environment, we created systems with

seawater ion concentration for each membrane. In total, four simulation systems

were generated, two (system with seawater ion concentration and without excess

ion system) for each membrane. PSI, structural changes in the protein, distribution

of ions, and the effect of ions on them were evaluated and compared for both the

membranes.
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4.2 Membranes model & system preparation

4.2.1 Polyamide membrane

An atomistic model of cross-linked PA membrane was built by mimicking the inter-

facial polymerization process. A heuristic method was implemented, which involves

cross-linking the monomers TMC and MPD in a vacuum based on a distance cri-

terion. Subsequently, the prepared membrane was solvated to mimic its swelling in

water [26] [27] [28]. The structure of MPD and hydrated TMC (TMO) monomer is

shown in Figure 4.1a.

Initially 2000 m-phenylenediamine (MPD) and 2000 TMO monomers were packed

inside a box of size 125 × 95 × 46 Å3 using packmol [29]. This mixture was then

energy minimized and subsequently equilibrated for 2 ns at constant temperature

and pressure (340 K temperature and 1 atm pressure). After equilibrating the mix-

ture, the polymerization runs were performed at a constant temperature of 340 K

[27]. The polymerization runs were performed for 2000 steps, where each step was

simulated for 1000 fs with a time step of 1 fs. During this polymerization pro-

cess, linkages between the monomers take place based on the user-defined cut-off

distance. When the distance between C atoms of -COOH group (TMO monomer)

and N atoms of the -NH2 group (MPD monomers) is less than the cut-off distance,

then a linkage between the monomers are formed. In this present work, for the first

200 steps, the cut-off distance is 3 Å. The cut-off distance is gradually increased

with an increment of 0.4 Å at every 200 steps up to 4.6 Å. Then for the steps in the

range 1001−1500, the cut-off distance is 4.8 Å. Finally, in the range of 1501−2000,

the cut-off distance is 5 Å.

After the polymerization process, the unreacted monomers (monomers which

did not form any linkage) were removed from the mixture. The mixture is then

energy minimized and subsequently hydrated in an equilibrated water box of size

125× 95× 137 Å3. This hydrated mixture (or membrane) is then energy minimized

and subsequently equilibrated for 2 ns at a constant temperature of 298.15 K and 1

atm pressure. The equilibrated hydrated membrane is then subjected to a heating-

annealing process between 368.15 K to 298.15 K for four cycles. After annealing,
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m-phenylenediamine (MPD)

hydrolysed trimesoyl chloride (TMO)
Cross linking 

Top view

Side view

(a)

Side view

Top view

Graphene sheet

Epoxy

 Hydroxyl

Carboxylic

GO sheet

(b)

Figure 4.1: A representative depiction of the steps adopted in the construction of (a)

PA membrane and (b) GO membrane. The colors cyan, white, red, blue represents

carbon, hydrogen, oxygen and nitrogen atoms respectively.

the hydrated membrane is equilibrated for 5 ns at a constant temperature of 298.15

K and 1 atm pressure. The size of this final hydrated membrane is 125× 95× 128

Å3.

4.2.2 GO membrane

A nanoporous GO membrane was constructed by stacking GO sheets in a configu-

ration, as shown in Figure 4.1b. The figure 4.1b shows the steps followed to create
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the GO membrane. A graphene sheet is first generated using the Nanotube builder

plugin available in Visual Molecular Dynamics(VMD)[30], further various functional

groups (carboxyl, hydroxyl, and epoxy) were added to the graphene sheet with Avo-

gadro [31] to create a single GO sheet. The GO sheet was modeled based on the

Lerf-klinowiski model [32], according to which the hydroxyl (-OH) and epoxy (-O-

) were bonded randomly to the carbon atoms present on the basal plane of the

graphene sheet, while the carboxy (-COOH) group was attached randomly to the

carbon atoms present at the edge of the graphene sheet. The partial charges and

other parameters for GO were taken directly from the work of Shih et al.[33]. The

single GO sheet prepared has a dimension of 70× 70 Å2. The GO sheets were then

stacked to form a membrane, as shown in Figure 4.1b. The prepared membrane is

then solvated in a water box of dimension 146 × 146 × 57 Å3 and water molecules

within 2 Å of GO sheets were removed. The hydrated membrane is then subjected

to energy minimization, followed by an equilibration run for 5 ns at 300 K and 1

atm.

4.2.3 BSA solution

In the present work, BSA was used as a model foulant to study the membrane

fouling. BSA is a protein with 583 amino acid residues and has been used as a

model organic foulant in many experimental and computational studies based on

membrane fouling[5, 16, 19, 34]. The initial structure of a single BSA molecule was

extracted from Protein Data Bank (PDB ID: 4F5S)[35]. All the titratable residues

in the protein were allotted appropriate protonation states at neutral pH (7.4),

and accordingly, the missing hydrogen atoms were added, which resulted in a total

protein charge of -17e. For two membranes (GO and PA), protein is solvated in two

separate water boxes with dimensions 146 × 146 × 100 Å3 and 125 × 95 × 106 Å3

for GO and PA respectively. Further, to investigate the effect of ion concentration,

for each of the solvated systems, two separate systems were generated such that

one of the systems has the ion(Na+ and Cl−) concentration equal to the seawater

concentration(O.56 M). In contrast, the other system has just enough counterions to

neutralize the total charge of the system. All systems were then energy minimized
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for 2000 steps followed by an equilibration run at 300 K in an NPT ensemble for

200 ps with protein atoms fixed. Finally, the protein atoms were set free for a final

equilibration run for 6 ns in an NPT ensemble at 300 K and 1 atm.

4.2.4 Simulation systems and details

After preparing hydrated membranes and protein solutions individually, they were

merged to construct the simulation system. In total, there are four simulation

systems, i.e., for both GO and PA, there were two systems each, such that one system

is without excess ions and another with seawater concentration of ions. Hereafter,

the systems without excess ions are referred to as ”GN” and ”PN” and systems with

seawater ion concentration as ”GS” and ”PS” for GO and PA, respectively. The

merged systems were equilibrated for 1 ns at 300 K and 1 atm. The protein was

kept initially at the closest distance of 15 Å from the membrane for all systems. A

graphene sheet is placed below the membrane, and a vacuum in Z direction was kept

on both sides of the system to avoid any interaction between the simulation box and

the periodic image. All the GO sheet’s basal plane carbon atoms were constrained

in x and y direction using harmonic constraints to avoid the lateral movement of

the GO membrane and keep it stable. The prepared systems (Figure 4.2) were then

submitted for a production run of 200 ns.

All equilibration simulations were performed in the NPT ensemble, while produc-

tion simulations were carried out in the NVT ensemble using NAMD [36] package.

Atomic interactions for GO systems were computed using OPLS-AA force field pa-

rameters [37], while the CHARMM force field [38] was used for PA systems. The

water molecules were modeled using the TIP3P water model [39], and their bond

length was constrained using SETTLE algorithm[40]. Velocity Verlet algorithm [36]

was used to integrate the equations of motion with a time step of 1 fs. The van

der Waals interactions were computed using Lennard-Jones potential with a cut off

of 12 Å and a switching distance of 10 Å. The long-range electrostatic interactions

were treated using the particle mesh Ewald (PME) [41].
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GO System PA System(a) (b)

Figure 4.2: Simulation systems for (a) GO and (b) PA. The water is shown as

Quicksurf, BSA in New Cartoon and membranes and graphene sheet in VdW rep-

resentations. The simulation systems shown above are generic setup and ions are

not shown for clarity.

4.3 Results and discussion

4.3.1 Interaction between BSA and Membrane Surface

To evaluate the behavior of BSA in the presence of a membrane surface, we computed

the closest distance between BSA and the membrane’s surface for all the systems.

Figure 4.3a and b show the evolution of the closest distance between BSA and the

membrane surface for GO and PA systems, respectively. In the GN system, the

distance between the GO surface and protein (Figure 4.3a) increases continuously,

indicating protein diffusion away from the surface towards the bulk. The diffusion of

BSA away from the surface indicates that BSA prefers to stay in the bulk, avoiding

the GO surface. In the case of the GS system, we observe that the BSA diffuses

away from the GO surface; however, the distance plot (Figure 4.3a) shows that the

diffusion of BSA in the GS system is slower than in the GN system. The distance

evolution for PA systems (Figure 4.3b) shows that BSA adsorbs strongly on the PA

surface in the PN system. The distance between BSA and PA surface in the PN
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system initially decreases quickly till 100 ns, and it diffuses slightly back towards

the bulk for the next 50 ns. However, the distance again quickly decreases until 200

ns and remains at a distance of 5 Å from the surface up to the end of the simulation.

Conversely, the distance

(a) (b)

(c) (d)

Figure 4.3: Time evolution of closest distance between BSA and (a) GO systems

and (b) PA systems. Time evolution of interaction (Coulombic) energy between

BSA and (c) GO systems and (d) PA systems.

evolution for PS (Figure 4.3b) shows that a high concentration of ions makes the

BSA diffuse away from the PA surface towards the bulk. The distance between

BSA and PA surface in the PS system does not change much initially and remains

between 20 Å to 30 Å up to around 170 ns. However, after 170 ns, there is a drastic

increase in the distance as it increases to 65 Å till 200 ns and remains nearly constant
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until the end of the simulation.

To gain further insights into PSI and decipher the nature of the interaction be-

tween BSA and the surface in all the systems, we analyzed the time evolution of the

Coulumbic energy between BSA and the surface for all the systems. The interaction

energy between BSA and the surface in all the systems is dominantly Coulombic in

nature, and no vdW interactions were observed except in the PN system since only

in the case of the PN system the BSA diffuses close enough to PA to be able to

interact via vdW interactions. In this section we report only the Coulombic interac-

tion energy between BSA and all the membrane surfaces and the vdW interaction

energy between BSA and PA in PN system will be reported in an upcoming section

where we will discuss adsorption of BSA on PA in PN system in detail. We can

also observe from the interaction energy plots (Figure 4.3c and 4.3d) that the time

evolution of Coulombic energy for all the systems is closely correlated with the cor-

responding distance analysis. Figure 4.3c shows time evolution of Coulombic energy

between BSA and the membrane surface in GO systems. The GS and GN system

shows positive interaction energy indicating a repulsive interaction between BSA

and GO. We can observe that as the distance between BSA and GO in GN system

increases, the interaction energy between them quickly decreases to zero. Similarly,

the interaction energy for GS system also decreases as time progresses, however, the

decline is slower than in GN, this is again correlated with the corresponding trend in

distance evolution of GS. Figure 4.3d shows the time evolution of interaction energy

between BSA and the membrane in PA systems. The interaction energy trends for

PA systems also show correlation with the corresponding distance evolution. The

BSA and PA in PN system initially shows weaker interaction as observed in the

interaction energy plot for PN system the energy fluctuate around zero. However,

at around 180 ns the Coulombic energy for PN system starts decreasing, indicating

a favourable interaction. The interaction energy for PN system converges at around

-150 Kcal/mol, indicating an adsorption event, and the lowest energy observed for

PN system was around -220 Kcal/mol. In the PS system also initially we observe a

weak interaction between BSA and PA, shown by a very small interaction energy.

As the simulation progresses the interaction energy for the PS system approaches a

convergence to zero, this again correlates with the diffusion of BSA away from the
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membrane shown in the distance analysis.

Overall, the distance and interaction energy analysis show that the presence of

ions strongly affects the PSI in both PS and GS systems. Specifically, the presence

of excess ions screens the interaction between the membrane surface and the BSA.

Also, the PSI between BSA and GO are strongly repulsive in nature, while in case

of PA, interactions are favourable for the adsorption of BSA.

4.3.2 Structural and Conformational Changes in the Pro-

tein

It has been demonstrated that the proteins undergo structural and conformational

changes in the presence of surfaces [19, 42]. Also, it is a well-known fact that the

presence of ions impacts the structural stability of the protein [43, 44]. In this

section, we investigated the time evolution of root-mean-square deviation (RMSD),

root-mean-squre fluctuations (RMSF), and orientation of protein relative to the

membrane surface to observe the evolution of structure and conformation of the

protein.

The time evolution of RMSD reflects the changes in the protein structure due

to the presence of the membrane surface. Figure 4.4a shows the time evolution of

RMSD of backbone Cα atoms of the BSA in GO systems. For GS system the RMSD

increases initially and converges to a value of around 3 Å and remain constant till

the end of the simulation. The RMSD of GS system suggests an overall stable BSA

structure. The RMSD of BSA in GN system initially increases upto around 3 Å

and remains constant upto 100 ns. The RMSD increases to 4.5 Å after 100 ns and

remains constant till the end of the simulation. The RMSD of GN system shows

perturbation of BSA structure in the presence of GO. The RMSD analysis of GO

system shows that the presence of excess ions conserve the structure of protein by

screening the interaction between BSA and GO surface. The RMSD in both PA

systems (Figure 4.4b) increases initially and stabilizes quickly at around 2.5 Å. The

RMSD evolution for PA systems shows that BSA shows resilience to any changes

in its structure. This could be probably due to the weaker interaction of BSA with

PA, as observed in the interaction energy analysis. Interestingly, eventhough we
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observed adsorption of BSA on PA surface in the PN system, the RMSD of PN

reflects that the structure of BSA is unpurturbed.

(a) (b)

(c) (d)

Figure 4.4: Time evolution of RMSD of Cα atoms of BSA in (a) GO systems and

(b) PA systems. RMSF of Cα atoms of BSA in (c) GO systems and (d) PA systems.

To further decipher the local structural changes in protein, we calculated the

RMSF for each residue of BSA. As we observe the RMSF analysis for GO systems

(Figure 4.4c) shows that most of the residues in PN system shows higher RMSF

values in comparison to their counterparts in PS system. The highest difference in

the RMSF was found in the N-terminal region of the BSA. The RMSF values of most

of the residues in PN and PS systems (Figure 4.4d) overlaps, as was also observed

in time evolution of RMSD for PA systems. However, the residues in the N-terminal

region in PS system shows higher RMSF than in PN system. Also, the end residues

of C-terminal region in PN system shows higher RMSF than PS system and also

much higher in comparison to those residues in GO systems, indicating pronounced

flexibility of end residues in C-terminal of PN system. The higher RMSF of C-
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terminal region in PN system must be due to the participation of residues from this

region in the interaction with PA surface. Overall, the RMSD analysis shows that

their are no striking changes in the global structure of the BSA, however, the RMSF

analysis shows high RMSF for C-terminal region of BSA, which is probably due to

its participation in the adsorption process.

Another critical parameter to characterize PSI is the orientation of the protein

with respect to the surface. The orientation of the protein is defined as the angle

made by the protein’s dipole moment vector with the normal of the surface (Figure

4.5a). Figure 4.5 shows the time evolution of θ for all the systems. The θ for the

GN system initially decreases to around 10◦ till 50 ns. However, from 50 ns to 150

ns, the θ increases rapidly to a value of around 100circ, and afterward, it converges

and remains between 100◦ and 115◦. The θ evolution for the GN system shows

that as BSA diffuses towards bulk, it continuously rotates itself in order to find an

optimum conformation to interact with the GO surface. A visual analysis (Figure

4.6) of the orientation of BSA relative to the surface shows that the BSA orients

itself to present its subdomain IIIB towards the GO surface. Kubiak et al.[? ] also

reported the reorientation of BSA to offer its subdomain IIIB for adsorption on a

negatively charged surface (silica).

The θ for the GS system does not show drastic changes during the simulation

time; up to 200 ns, the θ remains between 50◦ and 30◦. After 200 ns, the θ reduces

to 25◦ and stays at it till the end of the simulation. The θ evolution for the GS

system shows that the BSA does not change its orientation, this must be because

of the screening of PSI due to the presence of high concentration of ions between

GO and BSA. Figure 4.6 shows the BSA’s orientation with subdomain IIA facing

GO in the GS system. The θ in the PN system remains stable initially around 50◦

up to 150 ns. However, as the BSA approaches the PA surface, the θ decreases

rapidly to 0◦ and then, after 220 ns, stabilizes to 25◦. The θ evolution for the PN

system shows that as the BSA diffuses towards the PA surface, the rotation of BSA

gets restricted, and it finally adsorbs with its subdomain IB, IIA, and IIB in direct

contact with the PA (Figure 4.6). The θ for the PS system does not change rapidly

initially and remains stable.

at around 25◦. After 175 ns, as the BSA diffuses away from the PA surface, the
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θ

Membrane Surface

(a) (b)

Figure 4.5: (a) A representative definition of the angle (θ) between the dipole mo-

ment vector (red arrow) of BSA (shown in Quicksurf and ghost representation) and

the normal (dotted vertical line) of the membrane’s surface (horizontal solid line).

(b) Time evolution of the θ for all the systems.

Subdomain IIA

Subdomain IIB

Subdomain IA

Subdomain IB

Subdomain IIIA

Subdomain IIIB

GN GS

PN PS

Figure 4.6: BSA represented in New Cartoon drawing with its various domains and

subdomains (center) shown in different colors. BSA orientation relative to surface in

different systems shown with the dipole moment vector at the end of the simulation.

θ increases rapidly up to 110◦, indicating a drastic change in the orientation of

BSA. The end simulation snapshot for the orientation of BSA in the PS system

(Figure 4.6) shows a parallel orientation between BSA’s dipole moment vector and
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PA surface; however, we did not observe a convergence of θ for PS system within the

simulated time. We observe the differences in the conformational evolution of BSA

in PS and GS systems, indicating that high salt concentration has a varied effect on

the PSI based on the membrane surface under consideration. We speculate that the

differences observed are due to the different hydration layer structures at the surface

of the two membranes, which arise from the surface chemistry and morphology of the

membrane. The PA surface has a higher density of hydrophilic residues, which can

interact readily with water molecules and ions, creating a tighter hydration layer and

hence offering a strong hydration repulsion. However, in the case of GO, a higher

density of hydrophilic residues is present only at the edges of the GO sheet in the

form of the carboxyl group, and the central region of the GO sheet is predominantly

hydrophobic which will lead to a weaker hydration layer and consequently a weaker

hydration repulsion.

4.3.3 Adsorption of BSA on PA

The time evolution of closest distance and interaction energy (Figure 4.3) between

BSA and membrane surfaces indicates adsorption of BSA on PA surface in the

PN system. To analyze the adsorption event in detail and decipher the nature of

interaction between BSA and PA, we computed the contact numbers and interaction

energies between residues of BSA and the PA surface for the PN system.

Key interacting residues

Figure 4.7a shows the number of contacts between the residues of BSA and PA

surface. Histidine(HSE 3) shows the strongest interaction as indicated by the highest

contact number for HSE in the contact number plot (Figure 4.7a). Figure 4.7b

shows the van der Waals (vdW) interaction energies between residues of subdomain

IA (SD IA) of BSA and PA surface. The vdW energies are highest for HSE 3 and

LYS 4, which are in agreement with the contact number analysis. Although, contact

number plot shows many residues adjacent to HSE 3 having considerable contact

number, however similar participation is not observed by them in vdW interaction

energies except LYS 4, this indicates that they only show close contacts due to a
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strong interaction of HSE 3 with PA surface. The high contact number and vdW

interaction energy of histidine with the PA surface suggest a possible presence of

π-π interaction between the benzene ring of HSE 3 and the TMO or MPD of PA.

(a)
SD IA

(b)

SD- IBSD IA

SD- IIA SD- IIB

(c) (d)

(e) (f)

Figure 4.7: (a) Number of contacts between residues of BSA and PA surface. (b)

Van der Waals interaction energies of subdomain IA of BSA with the PA surface.

Coulombic interaction energies between PA surface and residues in (c) subdomain

IA, (d) subdomain IB, (e) subdomain IIA and (f) subdomain IIB of BSA.

Also high vdW interaction energy for positively charged lysine (LYS 4) indicates

towards a cation-π interaction with the benzene rings of MPD and TMO. Except

for SD IA residues of other domains didn’t show any significant vdW interaction
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energy with the PA surface. We also computed Coulombic interaction energies

between residues of various domains of BSA and the PA surface. Almost, all the

residues showing repulsive interaction with PA were found to be lysine, while the

one having attractive are either apartic acid or glutamic acid Figure 4.7c shows

the residuewise interaction energies for SD-IA. As can be observed from the Figure

4.7c SD-IA have higher number of residues which have attractive interaction with

PA then the residues having repulsive interaction. Specifically, ASP 56 (-8.098 ±

5.09), GLU 57 (-11.61 ± 10.57), and GLU 63 (-20.15 ± 11.73) shows very strong

attraction towards the PA surface. The SD IB(Figure 4.7d) shows relatively weaker

Coulombic interaction in comparison to the SD-IA.The SD-IB exhibits almost equal

number of residues having repulsive and attractive interaction with PA and with

almost equal strength. The SD-IIA (Figure 4.7e) shows strong interaction with the

PA surface. Although, relatively there are more number of residues having repulsive

interation in SD-IIA, the attractive residues have higher strength of interaction in

comparison to the repulsive one. Finally, compared to SD-IIA, SD-IIB (Figure 4.7f)

have less number of residues which have a significant interaction with PA surface.

However, the number of residues and also the strength of interaction is higher for

the attractive interaction for SD-IIB, indicating a net attractive interaction with the

PA surface.

Overall, the residuewise interaction analysis shows that the BSA has a weaker

vdW interaction with the PA surface and the adsorption process is mainly driven by

electrostatic interactions. The Coulombic interaction energies also show that the PA

surface can interact with both positively (LYS) and negatively(GLU/ASP) charged

residues of BSA, however, a stronger net attractive interaction was found with the

negatively charged residues. The SD-IA and SD-IIA among the subdomains were

found to be interacting strongly with the PA surface. The contact analysis and vdW

energies also indicated towards a probable π − π and cation-π interaction.

4.4 Conclusions

We studied the effects of ionic concentration on the interaction between GO/PA

and BSA protein via atomistic simulations. To investigate the effect of the ionic
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environment on PSI for both the membrane surfaces, systems with excess ions (sea-

water ion concentration) and without excess ions were created for each membrane.

We observed that the presence of high concentration of ions strongly effect the

protein-membrane interactions in case of both GO and PA. Specifically, GO shows

a repulsive interaction while the PA shows attractive interaction with the BSA in

the absence of ions and the time evolution analysis of distance and interaction en-

ergy between membrane and protein shows that the presence of ions strongly screens

these interactions. Time evolution of RMSD for BSA showed that the BSA gained

stability in the presence of ions for GO system, showing a strong screening effect on

the BSA structure. However, RMSD for PA systems shows that the BSA structure

remains more or less uneffected by the presence of ions. We also observed an adsorp-

tion event between BSA and PA surface in PN system. We computed contribution

of inidividual residues of BSA in the interaction energy and number of contacts be-

tween BSA and PA surface. The contact and interaction energy analysis shows that

the BSA adsorption on PA is mostly electrostatically driven and vdW interactions

were found to be weak.

Our work provides crucial insights into the fouling behavior of two important

membrane material (GO and PA) and the effect of ionic concentration on it. Also,

the study reveals the important role played by the functional groups present on the

membrane’s surface in mediating the surface-ion interaction, which consequently ef-

fects the protein-surface interactions. The study may lead to new surface function-

alization strategies for better antifouling performance of desalination membranes.
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Chapter 5

Structural and Dynamic Insights

into SARS-CoV-2 Spike

Protein-Montmorillonite

Interactions

5.1 Introduction

The year 2020 was one of a remarkable era in human history, although not a mem-

orable one. The coronavirus disease 2019 (COVID-19) pandemic posed an unprece-

dented global challenge for public health and the economy. The pandemic, since its

emergence, has claimed millions of lives and pushed billions into economic and social

jeopardy. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is

responsible for the spread of COVID-19, is highly contagious in comparison to its

close relative SARS-CoV[1], which was linked to an epidemic in the year 2002[2].

The SARS-CoV-2’s spike (S) glycoprotein plays a crucial role in the viral invasion

of the host cell. Human angiotensin-converting enzyme 2 (hACE2) is an enzyme

present in the cells of the lungs, heart, and kidney, which helps regulate the blood

pressure[3, 4]. The hACE2 also acts as a host receptor for the SARS-CoV-2 virus,

and the interaction between S glycoprotein and hACE2 is found to be the mechanism

for the cell entry[5–7] of the virus. The receptor binding domain (RBD) in the
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”up” conformation[7] among many of the functional domains of S protein is the

one that binds to the hACE2. The critical role of S protein-hACE interactions in

the viral hijacking makes it the primary target for many therapeutic and vaccine

approaches[5, 8, 9].

Nanoparticles (NPs) are revolutionizing almost all aspects of our lives, including

health care[10]. NPs show great potential in the development of therapeutic mate-

rials and targeted drug delivery. The efficacy of NPs as an efficient drug delivery

medium or any other biomedical application can be attributed to their high surface-

to-volume ratio, which facilitates adsorption of biomolecules and a variety of other

chemical species. Hence, owing to the excellent physicochemical properties offered

by the NPs, they have attracted the attention of the biomedical research community

for as long as they have been discovered. In fact, NP-biomolecular interactions are

studied extensively, both experimentally[11–13] and computationally[14–16]. Zhang

et al.[17] used a nanosized graphene oxide sheet as a carrier of anticancer drugs for

targeted delivery to MCF-7 cells and human breast cancer cells. They found that

the nanocarriers delivered the drug to the target with high specificity and reduced

toxicity. Nano clays, particularly montmorillonite are also a class of NPs which

are extensively studied for many potential applications such as drug delivery,[18–

20] MMT-organic interaction[21] and interactions with virus[22] and protein.[23–25]

MMT surface belongs to the smectite class of minerals, a 2:1 phyllosilicate; an oc-

tahedral alumina layer is sandwiched between two tetrahedral silica layers. The

MMT surface also undergoes isomorphic substitution of Al3+ atoms present in the

central alumina layer, with a lower charge species such as Mg2+, which creates a net

negative charge on the surface. Hence, the MMT surface can attract the positively

charged species in the environment. Hence, in its natural state the MMT’s chemi-

cal formula is (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2.nH2O. Block et al.[22] studied the

interaction between φ6 virus and MMT clay via transmission electron microscopy.

They noted severe disassembly of virus and loss of envelope, which was attributed to

the strong electrostatic and van der Waals forces between MMT and virus. Ander-

son et al. investigated the interaction between model protein Gb1 and different clay

surfaces, including MMT, via MD simulations. They observed marginal influence

of the presence of mineral surfaces on the protein structure, except for birnessite
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surface, which showed significant perturbation of protein’s coformation[23]. Köhler

et al.[14] performed molecular dynamics (MD) simulations for studying fibrinogen

(Fg)-(mica, graphite) interactions. They observed a weaker Fg-mica interaction than

Fg-graphite. The Fg-mica interaction was driven by electrostatic effects between Fg

and mica surface and the solvated counterions present on the mica surface. Kubaik

et al.[15] noted in the MD simulations that the adsorption of lysozyme on silica was

mainly driven by electrostatics and supported by weaker hydrophobic forces. Sim-

ulations also showed minor variation in lysozyme’s conformation due to adsorption,

while experiments reveal the effects of pH on the adsorption. Lecot et al. built

atomistic models of different silane monolayers functionalized on silica(SiO2) sur-

faces and extensively studied their surface properties.[26] Additionally, they studied

adsorption of ACE2(present as ACE2-RBD complex)[27] and streptavidin(present

as streptavidin-biotin complex) onto these silane monolayer surfaces via MD simu-

lations. Lecot et al. reported that adsorption of ACE2 on silane monolayers leads

to a substantial increase in the binding energy between ACE2 and RBD, but the

conformation of ACE2 is not affected much; hence, the bioactivity of ACE2 remains

conserved[27]. NPs are also contributing to tackling the COVID-19 pandemic in

every sense possible. Silver NPs have been hypothesized to be used against SARS

CoV-2[28], as it is found to have antiviral activity in a previous study[29], and hence

can help in blocking the viral entry to the host cell. Computational investigation

of the interaction between S protein and model surfaces (gold and silica)[30] have

shown the exposure of RBD and have some interesting findings.

In this study, we performed explicit molecular dynamics (MD) simulations to

investigate the interaction between the montmorillonite (MMT) clay model surface

and SARS-CoV’s S protein. Specifically, the study aims to unravel the nature of S

protein-MMT surface interaction and its effect on S protein’s structure. Also, the

effect of two different counterions (Na+, Ca2+) on protein-surface interactions was

investigated.
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5.2 Methods

In total, three simulation systems were prepared : (1) S protein without any surface

(control), (2) S protein-Na-MMT (3) S protein-Ca-MMT. All simulations were per-

formed with NAMD[31] simulation package. The equilibration runs were performed

in the NPT ensemble, while the production runs were executed in the NVT ensem-

ble. The production simulations for Na-MMT and Ca-MMT were run for 120 ns,

while the control run was simulated for 60 ns. Since, only time-averaged properties

were evaluated for control run, which were found to be well converged within the

simulated time scale. The montmorillonite surface and S protein were modeled using

CLAYFF[32] and CHARMM36[33] force-field, while TIP3P[34] model was used to

model water molecule. Periodic boundary conditions were applied in all directions

for all the systems. The simulation box length is kept such that the minimum dis-

tance between protein and the box’s edge in all directions is more than 10 Å. A time

step of 1 fs was used to integrate the equations of motion. van der Waals interactions

were cutoff at 12 Å with a switching distance of 10 Å. The long-range electrostatic

interactions were evaluated using particle mesh ewald[35] (PME) summation. The

bonds involving hydrogen atoms were constrained with SHAKE[36] algorithm.

5.2.1 Protein-Surface Setup

The fully glycosylated structure of S trimer obtained from CHARMM-GUI’s[37]

COVID-19 archive was used as the starting structure for the simulations. The

S trimer structure prepared in CHARMM-GUI is a head-only model with 1146

residues and was modeled using the Cryo-EM structure[38] (PDB ID: 6VXX). The

titratable residues of protein were assigned correct protonation states assuming a pH

of 7.0. The protein was then solvated in a water box of size 185 Å × 91.5 Å × 199 Å

with SOLVATE plugin in visual molecular dynamics[39] (VMD). The glycosylated

S protein trimer contains a charge of -15e; hence an equal number of counterions

(Na+) were added to the solvation box, which totaled the system to 670461 atoms.

The solvated and ionized system is then subjected to the minimization of 10,000

steps with the conjugate gradient method. The step was followed by a run of 200

ps, in which the temperature is increased slowly in steps from 0 K to 310 K in an
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NVT ensemble. The backbone atoms of protein were frozen, while the side chain

and glycan atoms were harmonically constrained with force constant of 0.5 Kcal/mol

during the above two steps. In the next step, all constraints were released, further

the system was minimized for 5000 steps and was thermalized incrementally from

0 K to 310 K in an NPT ensemble for 5 ns. The system is then submitted for the

production run in an NVT ensemble as a control system.

(a)

(b)

(c)

Figure 5.1: (a) Top view and (b) side view of atomistic model of MMT surface repre-

sented in licorice representation. Yellow, red, pink and cyan colors represent silicon,

oxygen, aluminium and magnesium respectively.(c) Atomic model of simulation sys-

tem with S protein and MMT surface in new cartoon and quick surf representation,

respectively, while RBD of S protein is highlighted in Surf drawing.

The atomistic model of montmorillonite (MMT) surface was designed with Atom-

istic Topology Operations in MATLAB’s atom[40] package. A unit cell with a basic

formula as Al2Si4O10(OH)2 is replicated in X and Y directions. Then about two-

thirds of the central aluminium atoms were replaced with Mg2+ atoms in the ob-

tained crystal lattice to mimic the isomorphic substitution of an MMT clay surface

(Figure 5.1a and 5.1b). The constructed MMT surface has an XY dimension of 196

Å × 196 Å and a charge of -628e.

To create S protein-MMT systems, the coordinates of equilibrated S protein from

the control equilibration run (described in the first part of this section) were taken
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as the initial structure of S protein. The protein was then solvated in a water box

of size 196 Å × 196 Å × 188 Å. The system was then ionized with counterions,

taking the protein and MMT charges into account. In this step, two systems were

created, namely Ca-MMT and Na-MMT, with Ca2+ and Na+ as counterion species,

respectively. The total number of atoms in Ca-MMT and Na-MMT were 736518

and 735876, respectively. The boxes were then placed on top of the MMT surface

(Figure 5.1). The protein is positioned so that the RBD is facing the MMT surface

(Figure 5.1), and the minimum protein to surface distance is 8Å. Figure 5.2 shows

the electric dipole moment vector for RBDs of all three chains in both(Na-MMT,

Ca-MMT) the systems at the end of the simulation. The electric dipole moments are

in agreement with a similar work dealing with the adsorption of a negatively charged

protein on a negatively charged surface.[41] The merged system is then minimized

for 2500 steps, followed by an NVT run for 200 ps with protein and surface atoms

fixed. Further, the system is subjected to an unconstrained minimization of 2500

steps and stepwise temperature increment in an NPT ensemble for 2 ns. Further,

the two systems (Ca-MMT, Na-MMT) were submitted for the production runs.

Chain C
Chain B

Chain A
Na-MMT Ca-MMT

Figure 5.2: Representation of dipole moment of RBD of chain A, chain B and chain

C in Na-MMT and Ca-MMT. The dipole moment vectors are color coded green,

blue and red for chain A, chain B and chain C respectively. The rest part of the S

protein is shown in ghost representation ∆.
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5.2.2 Analysis

All the analyses was performed using tools present in VMD and NAMD and in-

house Tcl scripts. Root-mean-square fluctuation(RMSF) for residues of S protein

was calculated to quantify the protein’s conformational changes using the ”measure

rmsf” command in the VMD. The RMSF was calculated, using the initial structure

as the reference and taking into account all the frames of the trajectory. The in-

teraction energy between S protein and MMT surface is calculated to understand

the nature of interactions using the ”pair-interaction” utility in NAMD. Secondary

structure calculation on S protein was performed using STRIDE algorithm[42] in

VMD. Contact analysis between MMT-ions, MMT-residues, and MMT glycans was

performed using the ”measure contact” utility in VMD. The distance cut-off used

for calculating the contacts was 5 Å for all the cases. In the case of MMT-ions, only

those ions were considered where the ion comes in contact with MMT for at least

40 % frames of the whole trajectory. Electrostatic potential maps were calculated

using PMEpot[43] module in VMD.

5.3 Results and discussion

5.3.1 Effect on Residue Flexibility

Root mean-square fluctuation (RMSF) for each chain of the S trimer (chain A, B, and

C) were calculated for all the three systems (control, Ca-MMT, Na-MMT). Figure

5.3 shows the distribution plots for RMSF values of amino acid residues of all the

three chains A, B, and C. Figure 5.4 shows the deviation of RMSF the deviation of

RMSF values of residues in MMT systems from the values in the control system. The

deviation is represented by ∆RMSF = (RMSF)control − (RMSF)(Na−MMT/Ca−MMT ).

An offset of 5 and -5 was added to ∆RMSF values of Ca-MMT and Na-MMT,

respectively. The offset is added to separate the curves of Ca-MMT and Na-MMT

and bring more clarity to the visualization. Hence, the ∆RMSF values above the

baseline indicate a ”decrease” in the RMSF value of the residue in comparison to

the control system and vice versa for the value below the baseline. In general,

it can be observed that due to the presence of the surface, the flexibility of the

107TH-3399_156107039



CHAPTER 5. STRUCTURAL AND DYNAMIC INSIGHTS INTO SARS-COV-2
SPIKE PROTEIN-MONTMORILLONITE INTERACTIONS

residues has reduced, indicated by the decrease in RMSF values of many residues.

As can be observed from the Figure 5.3a, control shows highest number of residues

in higher RMSF value range, among all the three systems . The distribution for

chain A (Figure 5.3a) shows that the curve for control system is broader and spread

across higher RMSF values, while the distributions for Na-MMT and Ca-MMT

are narrower and are shifted towards smaller values of RMSF. Also, the control

distribution has a peak at around 1.5 Å while the other two systems have a peak

at lower RMSF values. This implies there are some residues that have an increase

in RMSF value due to the presence of the surface. This can also be observed from

Figure 5.4a, the N terminal residue and residues in the C terminal domain have high

RMSF values for the control system. Chain B seems to be the most affected by the

presence of MMT surface, as the distribution (Figure 5.3b) shows a drastic increase

in the number of residues with smaller RMSF values for Na-MMT and Ca-MMT.

The Ca-MMT system has the highest peak for the lowest RMSF value at around 1.2

Å. The control’s distribution for chain B is again broader and lacks any significant

peak compared to the other two systems. Notably, the residues from 250 to 600 have

got affected the most (Figure 5.4b), which is the RBD region (331-528) of chain B.

Chain C shows moderate changes in the presence of MMT surface(Figure 5.3c), only

a few residues (Pro 251, Gly 252, Asp 253, Arg 683, Ala 684 and Arg 682) showed

significant changes (Figure 5.4c).
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Figure 5.3: Distribution of RMSF values for (a) chain A (b) chain B and (c) chain

C in control, Na-MMT and Ca-MMT systems.

Overall, the RMSF analysis shows that the MMT surface considerably affects the

flexibility of all the three chains of the S protein, particularly chain B. It indicates
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a strong interaction between the MMT surface and the S protein. Moreover, the

RBD region of chain B indicated the strongest interaction with surface among all

the chains, which is reflected by reduction in RMSF values of most residues in the

presence of MMT surface (both Ca-MMT and Na-MMT). The Ca-MMT system has

a stronger effect on residue flexibility than Na-MMT. Further, we characterize the

nature of interaction and effects on other structural features of the protein.
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Figure 5.4: Residue-wise ∆RMSF in Ca-MMT and Na-MMT for (a) Chain A (b)

Chain B and (c) Chain C. ∆RMSF of a residue represents the difference in its RMSF

value in the MMT system(Na-MMT or Ca-MMT) and the control system.

5.3.2 Influence on Secondary structure of S Protein

Protein’s structure is intimately connected to its function. Hence, changes in sec-

ondary structure of a protein can give critical insights about its interaction with the

surrounding. Therefore, we evaluated the changes in the secondary structure of S

protein due to its interaction with the MMT surface. Figure 5.5 shows the average

probability of secondary structure contents (coil, turns, beta-sheet, and helix) for all

the three systems. It can be observed that there is a heavy loss of helical content in

the presence of the MMT surface as the average probability for helix reduced from

21 % in the control system to 6.4% and 6.3% in Ca-MMT and Na-MMT system

respectively.

Conversely, the average probability for turns increased in Na-MMT and Ca-MMT to

39.7% for both the systems from 23.7% in the control system. The turns must have
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Figure 5.5: Secondary structure probablity of S protein in control, Na-MMT and

Ca-MMT systems.

increased at the cost of helical content, i.e., the residues which lost the helical content

must be the ones that got converted to turns. All other structure contents (coils and

beta sheets) showed minor variations. As shown in the Figure 5.6, changes in the

secondary structure of all the three chains were also similar to the changes observed

in overall protein structure. Another important point to be noticed here is that

the changes in secondary structure that occurred are irrespective of the counterions,

i.e., changes are almost identical in both Na-MMT and Ca-MMT. The loss of helical

content of the S protein must be due to strong, attractive interaction with the MMT

surface. A similar observation was also made by Kubiak and Mulheran[44], where

they found loss of helical content of lysozyme protein in the presence of charged

Mica surface.

5.3.3 Nature of Protein-Surface Interaction and Influence

of Counterions

To understand the nature of the interaction between the spike protein and MMT

surface, time evolution of interaction energy is calculated between all three chains

and MMT surface for both Na-MMT and Ca-MMT (Figure 5.7). The interaction

analysis revealed electrostatics to be the dominant mode of interaction between S

protein and MMT surface, which is in line with previous studies[23, 44]. However,

as found in the subsequent section on ”contact analysis,” the protein can interact

with the surface via hydrophobic contacts. As can be observed from Figure 5.7a
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Figure 5.6: Secondary structure probablity comparison between control, Na-MMT

and Ca-MMT for (a) chain A (b) chain B and (c) chain C.

and 5.7b, all chains except chain A in the Ca-MMT system have negative interac-

tion energy indicating attraction with the MMT surface. The average interaction

energy in Ca-MMT for chains A, B, and C was 773, -1483, and -157 KJ/mol, re-

spectively, and for Na-MMT, it is -269, -1047, and -241 KJ/mol for A, B, and C,

respectively. Although the average interaction energies show attractive interaction

between chains and surface, only chain B shows consistently strong attraction and

is more pronounced for the Ca-MMT system. Other chains show relatively weaker

interaction with the surface. The highest interaction energy between chain B and

surface explains the maximum structural deviation for chain B in RMSF analysis.

Since chain B is the most flexible among all three chains, which lets it interact with

the MMT surface more readily, we observe the strongest interaction between chain

B and the MMT surface.

MMT surface’s high negative charge (-628e) is balanced by the presence of posi-
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Figure 5.7: Time evolution of interation energy between chains of S protein and

MMT surface in (a) Ca-MMT and (b) Na-MMT system. (c) Distribution of contact

frequency of ions (Na+, Ca2+) on MMT surface in Na-MMT and Ca-MMT systems.

tively charged ions (Na+, Ca2+). The presence of ionic species is known to influence

protein-surface interaction[23, 41, 45]. To quantify the extent of ion-surface interac-

tion, we evaluated the contact frequency of ions with the surface. Figure 5.7c shows

the number of ions and the corresponding percentage of contact frequency with the

MMT surface for Na-MMT and Ca-MMT systems. It can be observed from Figure

5.7c that MMT surface in the Ca-MMT system has a very strong interaction with

Ca2+ ions, as indicated by a very high number of Ca2+ ions with 100 % contact

frequency. Na+ ions in the Na-MMT system show weaker interaction with MMT

surface, as can be observed from significantly less number of Na+ ions in the high

contact frequency range. However, there are a substantial number of Na+ ions in

the 40 to 60 % range of contact frequency, but total number of Na+ ions in contact
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with MMT surface are still very less in comparison to the number of Ca2+ ions. The

binding of Ca2+ ions firmly to the MMT surface than Na+ ions was also found in a

previous study[23].
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Figure 5.8: Electrostatic potential maps for (a) Na-MMT and (b) Ca-MMT systems.

The color bar shows the range of colors based on potential around that region. S

protein and MMT surface colored based on electrostatic potential for (c) Na-MMT

and (d) Ca-MMT systems. Red, blue and white color represents negative, positive

and neutral potential respectively.

Figure 5.8 shows electrostatic maps of systems. It can be observed that the

Ca-MMT system (Figure 5.8b) shows higher positive potential density at the MMT

surface, indicated by the blue color, than in the case of the Na-MMT system (Figure
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5.8a). However, it can be observed that the region around protein in potential maps

is white for both the systems and the color is much denser in the case of Na-MMT

than in the Ca-MMT system. The denser white color in Na-MMT could be because

the Na+ ions readily diffuse from the surface to the bulk and interact with negatively

charged polar residues of the protein, creating a net neutral environment around the

protein. However, divalent Ca2+ ions hold on firmly to the MMT surface and are not

readily available for protein to directly interact with; therefore, a lighter white color

is observed in the potential map of the Ca-MMT system. This is in agreement with

Anderson et al.’s study[23], where they proposed the surrounding of Gb1 protein

by Na+ ions, screening the protein-surface interactions and consequently preserving

the protein’s conformation in the Na-MMT system. While for the Ca-MMT system,

they found that the Gb1 protein’s conformation was disturbed since ca2+ ions were

tightly bound to the MMT surface, and the protein is more exposed than in Na-

MMT.

To examine the effect of ions on S protein’s conformation, we compared the

root-mean-square deviation(RMSD)(Figure 5.9) of all three chains of S protein in

Na-MMT and Ca-MMT systems. However, as seen in Figure 5.9, we do not find any

significant difference in the time evolution of the RMSD between the Na-MMT and

Ca-MMT. Although the RMSD for chain A(Figure 5.9a) showed slight differences,

they are not remarkable enough. To understand which chain is most affected due

to the presence of the MMT surface, we compared the RMSD evolution of each

chain within a system for Na-MMT and Ca-MMT (Figure 5.9d and 5.9e). We can

observe from Figure 5.9d and 5.9e that chain B has the highest RMSD, and the

RMSD curve for chain B is unstable compared to other chains in both systems.

The RMSD analysis indicates that chain B conformation is the most affected in

the presence of MMT surface. Moreover, structural representation colored with

electrostatic potential shows the distribution of potential for the systems (Figure

5.8c and 5.8d). It can be observed that the surface in the Ca-MMT system (5.8d)

shows more part of it covered with blue color than Na-MMT system (5.8c), which

indicate positive potential and must be because of stronger adsorption of Ca2+ ions

than Na+ ions on the MMT surface. Also, a difference can be observed in the

distribution of potential on protein’s structure between both systems. The colors
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Figure 5.9: Comparison of time evolution of RMSD between Na-MMT and Ca-MMT

for (a) chain A (b) chain B and (c) chain C and between all three chains within a

system for (d) Na-MMT (e) Ca-MMT.

of some regions of protein’s structure in the Ca-MMT system (5.8d) are bright red,

while the same region in the Na-MMT system (5.8c) are paler in color. This is again

due to Na+ encompassing the protein, while in the Ca-MMT system, most of Ca2+

ions are strongly adsorbed on the MMT surface.

5.3.4 Interacting Residues and Glycans

Contact analysis is performed to identify the critical residues and glycans of S protein

closely involved in the interaction with the MMT surface. We searched for all the

pairs of atoms, with one atom from S and the other from MMT, which are within

5Å of each other.

Figure5.10 shows the time evolution of the number of contacts between protein

atoms and MMT surface atoms. It can be observed from Figure 5.10a that protein in

the Na-MMT system shows much higher and sustained contact with MMT surface
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than in Ca-MMT. Figure 5.10b and 5.10c shows contact number for each protein

chains in Na-MMT and Ca-MMT respectively. It can be noted that the maximum

contribution for protein-MMT surface contact is from chain B in the case of Na-

MMT.
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Figure 5.10: (a) Time evolution of number of contacts between all protein atoms

and MMT surface atoms for Na-MMT and Ca-MMT system. Comparison of contact

number evolution with time for all protein chains for (b) Na-MMT (c) Ca-MMT.

At the same time, in the case of Ca-MMT also, chain B shows the maximum number

of contacts, but chain A also shows a substantial contribution. We calculated the

residue-wise number of contacts to know the type of residues that play a dominant

role in the close interaction between S protein and MMT surface and consequently

the nature of interactions. In our simulations, we found residues from the N terminal

region and some residues from RBD of S protein in close contact with the MMT

surface. Figure 5.11a and 5.11b shows the number of contacts of interacting residues

for chain A and chain B, respectively. It can be noted from Figure 5.11a that for

chain A, VAL445, which belongs to the RBD region of S protein, has the highest

number of contacts in both the systems (Na-MMT, Ca-MMT). The GLY446 is

another residue that shows contact with the MMT surface in chain A for both

systems. LYS444 residue of chain A in the Na-MMT system also shows a significant

number of contacts. The interacting residues of chain B show much higher contacting

frequency (almost ten times) (Figure 5.11b) than Chain A.

Moreover, the number of interacting residues in chain B is more than in chain

A. In the case of Na-MMT, all interacting residues of chain B belong to the N
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Figure 5.11: Number of contacts between key interacting residues and MMT surface

in Na-MMT and Ca-MMT system for (a) chain A and (b) chain B. Representative

snapshot of interacting residues and MMT surface in (c) Na-MMT and (d) Ca-MMT

system. The chains and interacting residues are shown in new cartoon and licorice

and MMT surface is shown in quick surf representation.

terminal. Residues with the highest number of contacts in chain B for the Na-MMT

system are MET1, PHE2, PHE4, and LEU5, while VAL3 and LEU7 also show

a significant number of contacts. However, chain B in Ca-MMT has only MET1

showing noticeable contact; however, VAL 445 also shows some degree of contact

towards the surface(Table 5.2b). Figure 5.11c and 5.11d show the representative

snapshot of Na-MMT and Ca-MMT system’s trajectory. Table 5.2 shows the list of

all interacting residues for Na-MMT(Table 5.2a) and Ca-MMT(Table 5.2b). It can

be observed from the contact analysis of S protein and MMT surface that most of the
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interacting residues are hydrophobic, such as methionine, valine, phenylalanine, and

leucine. It implies the presence of hydrophobic interaction between these residues

and the MMT surface. Moreover, the presence of phenylalanine, which contains an

aromatic side chain, indicates a possibility of cation-π interaction with ions(Na+,

Ca2+) adsorbed on top of the MMT surface. Also, S protein residues show much

higher contact in the Na-MMT system than Ca-MMT system. The reason must be

less interference of surface cations in the case of Na-MMT since, as discussed in the

earlier section, the Ca2+ ions are strongly adsorbed and have broader coverage of

MMT surface than Na+ in the Na-MMT system. Hence, residues in the Na-MMT

system have more surface available for interaction.

The S protein is extensively glycosylated, and the glycans are known to play

a crucial role in viral cell entry[46–48]. Since S protein is densely covered with

glycans, it can play an important role in the interaction between S protein and the

MMT surface. Hence, we calculated the number of contacts and identified glycans

with high contact frequency with the MMT surface. Figure 5.12a shows the time

evolution of the total number of contacts between glycans and MMT surface for Ca-

MMT and Na-MMT. The time evolution of the number of contacts for glycans shows

similar behavior to that of protein chains, as the glycans in Na-MMT show higher

and more sustained contacts than in Ca-MMT. We also examined the chain-wise

time evolution of contacts of glycans. It can be observed that glycans attached to

chain B have the maximum number of contacts in both Na-MMT (Figure 5.12b) and

Ca-MMT (Figure 5.12c), as observed similarly in protein residue-MMT contacts.

Next, to identify the key interacting glycans, we computed the number of con-

tacts for each glycan. Figure 5.13a and 5.13b shows the number of contacts of the

key interacting glycans for chain B and chain C, respectively. We found N17 from

N terminal domain (NTD), N165, and N343 from RBD in the case of chain B to

be highly interactive with MMT surface (Figure 5.13a) for both the systems. How-

ever, N17 in Na-MMT shows much higher contacts than in Ca-MMT, while N165

exhibits more contacts in Na-MMT than in Ca-MMT. Similarly, N149 and N165

of chain C show high contacting affinity for the Ca-MMT system, while chain C in

Na-MMT also have these two glycans coming in contact with the MMT surface, but

the frequency is much lesser (Table 5.1a).
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Figure 5.12: (a) Time evolution of number of contacts between all glycan atoms and

MMT surface atoms for Na-MMT and Ca-MMT system. Comparison of contact

number evolution with time for glycan atoms of each chain for (b) Na-MMT (c)

Ca-MMT.

However, chain A has only one glycan having contact with the surface per system

(Table 5.1), with only N165 in Na-MMT showing high contact frequency (Table

5.1a). In particular, N165 is a key interacting glycan across all the chains in both

systems. N165 was also found to play an important role in the interaction of S

protein with ACE2 and antibodies in previous studies[48, 49]. Also, N343, which is

found to be a key interacting glycan, was found to play a critical role in the binding

of various antibodies to S protein[49]. Figure 5.13c and 5.13d show representative

snapshots of the interacting glycans along with the MMT surface for the Na-MMT

and Ca-MMT system, respectively.
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Glycan Contacts Chain

N165 19160 A

N17 125601 B

N149 15 B

N165 33389 B

N343 3254 B

N17 60 C

N165 100 C

(a)

Glycan Contacts Chain

N165 207 A

N17 4587 B

N165 104904 B

N343 318 B

N149 5140 C

N165 11860 C

(b)

Table 5.1: Glycans closely interacting with MMT surface, number of contacts they

have with MMT surface throughout the trajectory and the chain of S protein to

which they belong to for (a) Na-MMT (b) Ca-MMT.
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Residue Contacts Chain

LYS444 625 A

VAL445 12015 A

GLY446 2141 A

GLY447 14 A

TYR449 13 A

GLN498 17 A

THR500 19 A

MET1 119140 B

PHE2 134420 B

VAL3 3605 B

PHE4 135708 B

LEU5 41350 B

VAL6 1323 B

LEU7 5808 B

LEU8 344 B

LEU10 27 B

VAL445 13 B

VAL445 152 C

GLY446 57 C

THR500 12 C

(a)

Residue Contacts Chain

VAL445 7530 A

GLY446 234 A

MET1 16103 B

PHE2 26 B

PHE4 29 B

VAL445 491 B

GLY446 13 B

TYR449 16 B

VAL445 178 C

GLY446 44 C

(b)

Table 5.2: Residues closely interacting with MMT surface, number of contacts they

have with MMT surface throughout the trajectory and the chain of S protein to

which they belong to for (a) Na-MMT (b) Ca-MMT.
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5.4 Conclusions

In this work, via MD simulations, we investigated fully glycosylated S protein-MMT

surface interaction and the effect of two different counterions, Na+ and Ca2+, on

them. The structural analysis revealed a reduction in flexibility of many residues

and heavy loss of helical content in the S protein in the presence of the MMT surface.

Chain B of all three chains of S protein was found to have the strongest interaction

with the MMT surface. The nature of the interaction between S protein and MMT

surface was found to be predominantly electrostatic. The interaction energy analysis

revealed stronger electrostatic interaction in the case of the Ca-MMT system. How-

ever, we also found many neutral hydrophobic residues, such as valine, methionine,

leucine, and phenylalanine, closely interacting with the MMT surface, indicating the

presence of hydrophobic interaction between S protein and MMT surface. These hy-

drophobic interactions were found to be more pronounced in the Na-MMT system.

Also, The Ca2+ ions showed stronger adsorption than Na+ on the MMT surface,

which impacts the mechanism of protein-surface interaction in Na-MMT and Ca-

MMT. Additionally, we found many N-glycans closely interacting with the MMT

surface. Particularly, N165 and N343 among the interacting residues were found

to have a prominent role in S protein-antibody and S protein-ACE2 interactions

in recent studies. Overall, our work provides detailed atomistic information about

the nature of S protein-MMT interaction, which can lead to the design of better

therapeutic agents in the future.
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Chapter 6

Role of Binding Site Specificity in

the Disaggregation of Aβ42 Fibrils

via Synthetic Paratope

6.1 Introduction

Despite decades of extensive research, Alzheimer’s disease (AD) continues to pose a

significant challenge in the field of neurodegenerative disorders. The exact mecha-

nism and cause of AD remain elusive. However, one of the most common pathologi-

cal hallmarks of AD is the presence of amyloid beta (Aβ) plaques and neurofibrillary

tangles of Tau proteins[1] in the brains of AD patients. Therefore, misfolding and

aggregation of Aβ peptide are widely considered as one of the most accepted hy-

potheses for the cause of AD[1–5].

Aβ peptide is produced by the cleavage of amyloid precursor protein(APP) by β

secretase and γ secretase[2]. The splitting of APP by γ secretase produces Aβ pep-

tides of varying lengths such as Aβ1-36 to Aβ1-43[6], Aβ4-42 and Aβ5-42[7], Aβ1-26

and Aβ1-30[8]. However, the fibrils of species Aβ1-40 and Aβ1-42 are the major

constituents of the senile plaques found in AD patients’ brains[2]. Among the two,

Aβ1-42 is less abundant but is higher in toxicity and aggregation propensity than

Aβ1-40[9]. The formation of mature Aβ fibrils occurs through a complex multistep

self-assembly process through a nucleation-condensation and polymerization mecha-
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nism, which involves multiple intermediate metastable species such as oligomers and

protofibrils, which are also toxic in nature[10–13]. Aβ fibril also exhibits structural

polymorphism demonstrated by various studies reporting models having U-shaped,

S-shaped, and LS-shaped topology[14–17].

The finding ”Aβ fibrillation is the primary cause of AD” revolutionized the

field of AD research and led all the drug development and therapeutical approaches

toward finding a way to inhibit and reverse the Aβ fibrillation process. These ap-

proaches involve experimental investigation of many potential inhibitors such as

nanoparticles[18–20], peptides containing amyloidogenic core region(KLVFF) of Aβ

and other short peptides[21–23], small molecules[24–26] and antibodies[27, 28]. Fur-

thermore, these experimental studies also inspired many simulation studies[29–33]

to deepen our understanding of the interaction of the drug and Aβ and the mech-

anism of inhibition/disaggregation of Aβ fibrils at a molecular level. Lemkul et al.

performed an MD simulation to study the molecular interactions involved in the

destabilization of Aβ fibrils by a flavonoid called morin. They found that morin

can block the attachment of a new peptide by binding at the end of the preformed

Aβ fibril. Also, morin diffuses to the core of the Aβ fibril, consequently disrupting

crucial hydrophobic interactions[29]. Viet et al. used MD simulations to study the

inhibition of Aβ oligomerization by two breaker peptides, KLVFF and LPFFD. Al-

though both breaker peptides showed inhibitory effects, LPFFD exhibited stronger

interference with aggregation and higher binding affinity to Aβ16–22, attributed to

favorable hydrophobic interactions[30]. Agrawal et al. employed MD simulations to

study the disruption of U-shaped Aβ40 trimer by 12-crown-4 ether. The study re-

vealed that the 12-crown-4 ether enters the hydrophobic core region and causes the

loss of β sheet content by interacting strongly with key hydrophobic residues. Also, it

destabilizes the Asp23-Lys28 salt bridge by interacting with Lys28[31]. Zhang et al.

used explicit MD simulations to study the interaction between graphene nanosheet

and preformed Aβ fibrils. The graphene sheet is found to be interacting strongly

with Aβ fibrils leading to structural deformation, particularly for residues having

outer side chains. The van der Waals forces were recognized to be the dominant

driving force for Aβ- graphene binding, while solvent was found to mediate the in-

teraction between them[32]. Zhan et al. conducted explicit atomistic simulations to
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understand the mechanism behind the disruption of Aβ42 protofibril by green tea

extracts epigallocatechin-3-gallate(EGCG) and epigallocatechin(ECG). The work

concluded that the EGCG exhibited higher disruptive capacity than EGC, owing

to the presence of the gallic acid ester group in EGCG. The study sheds light on

various atomistic interactions through which EGCG and EGC interact with Aβ42

protofibril such as π-π, cation-π, hydrophobic and hydrogen bonding interaction[33].

Recently, Paul et al.[34] designed and synthesized a flexible, hairpin-like synthetic

paratope(SP) as a potential drug candidate for inhibiting the aggreagation of Aβ

and disaggregating the preformed fibrils. A paratope is a part of the antibody

which recognizes and binds to the epitope region of the antigen. The SP’s design

was inspired by a peptide fragment(LVFFA) of Aβ. The study also tested the

efficacy of the newly developed drug(SP) against the inhibition of Aβ aggregation

and disaggregation of preformed fibrils and the results were quite promising. Herein,

we performed explicit MD simulation to investigate the disassembly mechanism

of Aβ fibrils via interaction with SP at a molecular level. In our simulations we

observed significant disruption of Aβ fibrils in the presence of SP. Specifically, we

analyzed the β sheet content of Aβ fibrils and found to have a marked reduction in it

due to SP binding. Moreover, the salt bridge between K28 side-chain and terminal

residue A42’s COO− group, a crucial stabilizing fchapter04orce for the structural

integrity of Aβ fibril, was found to have disrupted in SP’s presence. We were able

to identify locations of various binding sites of SP on Aβ fibril and the participating

residues of Aβ and SP. In particular, hydrophobic and aromatic residues were found

to be playing the central role in the binding of SP on Aβ fibril. π − π interactions

were found to be the dominant mode of interaction between Aβ fibril and SP.

6.2 Methods

Control System Design. The initial structure of the Aβ42 protofibril was obtained

from the protein data bank entry: 5OQV, which is derived using cryo-EM[16]. The

chosen model contains nine chains of LS-shaped conformation of full-length Aβ1−42

monomers. The nine chains are two multimers: tetramer and pentamer(Figure 7.1a).

The nonamer(nine chains) protofibril is solvated with water molecules in a cubic box
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with an edge length of 9.4 nm. The box length is designed such that the closest

distance between the protofibril and box boundary is at least 1.2 nm. The solvated

system is further neutralized by adding twenty-seven sodium(Na+) ions. The final

system contains 78120 atoms in total.

Ligand and Ligand System Design. The structure of the ligand(SP)(Figure

7.1d) was obtained from the work by Paul et al.[34]. As shown in Figure 7.1d,

the structure of SP has two copies of short peptide fragment(LVFFA) from the

amyloidogenic core region of Aβ, connected with a flexible turn region made with

adipoyl, polyethylene glycol, and succinyl, to create a β hairpin-like structure. For

a detailed account of the design and synthesis of SP, the reader is referred to the

work by Paul et al.[34]. The atomistic model of SP for our MD simulations was

constructed, optimized, and energy minimized using Avogadro[35]. The CGenFF

program[36] was used to generate CHARMM-compatible forcefield parameters and

partial charges for the SP molecule. These parameters were further refined using the

forcefield toolkit[37] in the visual molecular dynamics(VMD) program[38]. Subse-

quently, a merged system is constructed with SP molecules placed randomly around

Aβ42 nonamer at a distance of 1.2 nm from the nonamer and from each other(Figure

7.1b). The number of SP molecules in the ligand system was kept in a ratio of 1:1

to the number of Aβ42 chains. The merged system is solvated with water molecules

in a rectangular box of dimension 9.2× 10.5× 12.7 nm3. The box dimensions were

so designed that any atom of SP or Aβ42 protofibril is at least 1.2 nm away from

the simulation box’s boundary. Further, 27 sodium ions were added to the system

to maintain charge neutrality. The final ligand system contains 114876 atoms.

Simulation Details. All simulations were performed using the NAMD 2.14

MD simulation package[39]. The Charmm36 force field[40] was used for the Aβ fibril

and TIP3P water model[41]. All systems were energy minimized using 5000 steepest

descent steps. The systems were then equilibrated for 100 ps using the canonical

(NVT) ensemble, followed by a further 100 ps equilibration simulation with the

isobaric-isothermic (NPT) ensemble. The production runs for all the systems were

performed in the NPT ensemble. All the covalent bonds involving hydrogen atoms

in water molecules were constrained using SETTLE algorithm[42], and those except

water molecules were constrained with SHAKE algorithm[43]. We used a time step of
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Figure 6.1: (a) LS-shaped Aβ42 nonamer(pentamer + tetramer) protofibril obtained

from cryo-EM resolved structure(PDB ID: 5OQV). (b) The initial configurtation

of Aβ42 + SP system with SP molecules randomly placed around Aβ42 nonamer.

(c) Structural features of LS-shaped Aβ42 protofibril shown on a single chain.

The protofibril structure is divided into three regions region-1(D1-G9), region-

2(Y10-N27) and region-3(K28-A42) encapsulating the three hydrophobic cores. The

residues shown in the green color(LVFFA) belongs to the amyloidogenic region of

the Aβ, these residues are also the core ingredients of the ligand(SP) used in the

study. The salt bridge between K28 and A42 shown by red dotted line plays a

crucial role in the stability of the Aβ42 protofibril. (d) Molecular structure of the

ligand, a hairpin like synthetic paratope where two strands of the amyloidogenic

region(LVFFA) of Aβ are joined by a flexible chain.

2 fs for integrating the equations of motion. Particle mesh Ewald (PME) method[44]

was used to calculate long-range electrostatic interactions with a real space cutoff
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of 1.2 nm. The van der Waals (vdW) interactions were calculated using a cutoff

of 1.2 nm. All MD simulations were performed at a temperature of 310 K, and

the temperature control was achieved using a Langevin thermostat[45]. A constant

pressure of 1.01325 bar was maintained in an NPT ensemble by using Nosé-Hoover

Langevin barostat[46, 47].

Analysis Methods. All the analysis was performed using MDTraj[48], VMD[38],

NAMD[39], and our in-house developed Tcl, python, and bash codes. The RMSD

of Cα atoms of Aβ42 protofibril was computed with MDTraj. The initial struc-

ture of Aβ42 protofibril was taken as a reference, and the RMSD for each chain

in the tetramer/pentamer was calculated and averaged over all the chains in the

tetramer/pentamer. The secondary structure calculations were performed with the

STRIDE algorithm[49] in VMD. The K28-A42 salt bridge plays a critical role in

the structural stability of Aβ42 protofibril. The K28-A42 salt bridge is said to ex-

ist if the distance between positively charged Nζ of K28 and negatively charged

Cγ-carboxylate of A42 is within 0.4 nm. Residue-wise interaction energies were

extracted using the pari-interaction facility in NAMD. All the interaction energies

reported here are vdW energies unless otherwise stated. In the analysis of con-

tacts between the residues of tetramer/pentamer(contact maps in Figure 6.5), the

contacting frequency is computed between two residues separated by two peptide

bonds. The contacting frequency was calculated for residue pairs in a single chain

and then averaged over all the chains in the tetramer/pentamer. A contact is said

to exist if the distance between two non-hydrogen atoms is within 0.5 nm. All the

visualizations were performed with VMD[38].

6.3 Results and discussion

We have performed six independent 600 ns MD simulations for two sets of systems:

1) Aβ42 (2) Aβ42 + SP. Figure 7.1a and 7.1b shows the atomistic models of isolated

Aβ42 and Aβ42 + SP systems. The Aβ42 protofibril model used in this study is a full-

length (1-42) LS-shaped Aβ protofibril, which is a nonamer(containing nine chains)

in the form of two separate protofibrils, one with five chains(pentamer) and an-

other with four chains(tetramer) as shown in the Figure 7.1a. Figure 7.1c shows the
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key structural features of the LS-shaped Aβ42 protofibril model used in the present

study. The overall structure of the protofibril is stabilized by three hydrophobic

cores (Figure 7.1c), and the residues forming the stabilizing hydrophobic contacts

inside these cores are as follows: (1) core-1: A2, F4, L34, and V36 (2) core-2: L17,

E19, and I31 (3) core-3: A30, I32, M35, and V40. The salt bridge between the

positively charged NH+
3 group of K28’s side chain and negatively charged COO−(C-

terminus) of A42 is also an important interaction for the Aβ42 protofibril’s structural

stability. Figure 7.1d shows the chemical structure of the SP molecule. The most

crucial part of the SP’s structure is the sequence ”LVFFA,” chosen from the central

hydrophobic core(CHC) region of Aβ42 protofibril(Figure 7.1c). The reader is re-

ferred to the Methods section for a detailed discussion about the ligand design and

system preparation.

SP Disrupts the Structure of Aβ42 Protofibril, with Severe Structural

Destruction of Tetramer. Root-mean-squared-deviation(RMSD) is a frequently

used measure for assessing the structural stability of proteins, and any perturbation

to the protein’s structure will reflect in the RMSD. We calculated the time evolution

of RMSD for Cα atoms of Aβ42 protofibril for tetramer and pentamer in isolated Aβ42

system and Aβ42 + SP system with respect to their corresponding initial structure.

From now on, we will refer to the isolated Aβ42 system as control and Aβ42 + SP

system as ligand unless otherwise stated. Figure 6.2a, and 6.2b compares control

and ligand’ Cα RMSD of Aβ42 for tetramer and pentamer, respectively. The RMSD

analysis shows that the SP causes profound disruption of Aβ42 protofibril’s structure

in the case of tetramer(Figure 6.2a). The RMSD for the ligand system in tetramer

shows a sharp increase during the first 50 ns and then converges and fluctuates

around 0.2 nm up to 300 ns; during this interval(50 ns - 300 ns), the RMSD does

not show any drastic changes and remain in between 0.2-0.25 nm. However, after

300 ns, we observe an acute increase in the RMSD, reaching up to 0.5 nm, indicating

a severe disruption of the tetramer’s structure in the presence of SP. Contrarily, the

tetramer’s RMSD in the control system increases quickly during the beginning of

the trajectory and then converges at around 0.12 nm. The RMSD suggests that

the structure of Aβ42 tetramer in the control system remains stable throughout the

trajectory, except for a slight increase at around 200 ns and 370 ns, the RMSD stays
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Tetramer Pentamer

(e) (f) 

(g) Aβ42 (h) Aβ42 
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(a) (b) 

(c) (d) 

Figure 6.2: Time evolution of Cα RMSD of (a) Tetramer in control(light green) and

ligand(dark green) system (b) Pentamer in control(light blue) and ligand(dark blue)

system. Cα RMSD values of different regions of Aβ42 protofibril averaged over last

200 ns for the (c)Tetramer in control(light green) and ligand(dark green) system (d)

Pentamer in control(light blue) and ligand(dark blue) system. Initial structure of

Aβ42 protofibril of (e) Tetramer and (f) Pentamer. Structures of Aβ42 protofibril at

the end of the simulation time (g) Tetramer (h) Pentamer in the control system and

(i) Tetramer (j) Pentamer in the ligand system.

within 0.12-0.19 nm. In the case of pentamer, the RMSD(Figure 6.2b), for both

the control and ligand system, stabilizes at around 0.15 nm after an initial increase.

The RMSD analysis for the pentamer reveals that the presence of SP does not have

a marked influence on the structure since the RMSD for the ligand system shows

no noticeable deviation from that of the control system. Furthermore, a comparison

between the RMSD of the tetramer and pentamer in the control system shows that

the pentamer’s RMSD stabilizes at 0.15 nm and that of the tetramer at 0.19 nm,

implying that the pentamer possesses higher inherent stability than the tetramer.

To further illuminate the effect of SP on the structural stability of Aβ42 protofib-

ril and to explore its most affected region due to the presence of SP, we calculated

the average RMSD of different regions in the protofibril’s structure for pentamer
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and tetramer. The three selected regions are shown in Figure 7.1c. The selected

regions are region-1: D1-G9, region-2: Y10-N27, and region-3: K28-A42. Figure

6.2c shows the average RMSD for tetramer in the control and ligand system. The

RMSD suggests instability in all three regions of tetramer in the presence of SP, indi-

cated by higher RMSD in the ligand system. Interestingly, region-2(Y10-N27) in the

tetramer shows the highest RMSD(0.42 nm). Region-2 contains the CHC(LVFFA)

of Aβ42, which is also the key ingredient in the SP’s design and is known to be a

self-recognition unit. Hence, the high RMSD of region-2 indicates that the SP can

recognize the CHC region and bind around it. However, in other sections, we will

discuss the specific binding site of SP on Aβ42. The RMSD for D1-G9 and K28-

A42 regions for control/ligand was found to be 0.18/0.22 and 0.21/0.10, respectively.

RMSD analysis for tetramer shows that SP significantly destabilizes all three regions

of the protofibril. Contrarily, pentamer’s RMSD(Figure 7.1d) shows that SP’s pres-

ence has minimal effect on the protofibril’s structure. The RMSD(control/ligand)

for region D1-G9(0.11/0.09) and Y10-N27(0.11/0.09) shows a slight decrement in

the presence of SP, suggesting that SP is stabilizing the protofibril in the case of

pentamer. Conversely, the K28-A42 region in the pentamer shows a little increase

in RMSD(0.09/0.11) in the ligand system, indicating a slight perturbation of the

structure due to SP. The RMSD analysis reveals that the presence of SP strongly

affects the tetramer’s structure, particularly the CHC-containing region-2 is severely

affected. However, pentamer do not show any significant structural changes in the

presence of SP. A visual analysis of the initial and final conformation of pentamer

and tetramer protofibril(Figure 7.1e-j) also agrees with the results obtained by the

RMSD analysis.

SP Destroys Tetramer’s β Sheet Structure. β sheets are the characteristic

structural features of amyloid beta fibrils. Hence, the disruption of ordered β sheets

is a crucial indicator of the efficacy of a potential drug aiming to disaggregate the Aβ

fibrils. In order to evaluate the impact of SP binding on the β sheet structure of Aβ42

protofibril, we calculated per-residue β sheet probability for tetramer and pentamer

in control and ligand systems. Interestingly, the β-sheet probability analysis of

tetramer(Figure 6.3) shows a substantial loss of β-sheet content, in the presence of

SP, around the region-2 of the protofibril. Specifically, residues between Y10 and
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F19(Y10, E11, V12, H13, H14 and F19) shows drastic reduction in the β sheet

probablity. These observations for region-2 reveal crucial information about the

SP binding and the protofibril disaggregation. The residues observing the highest

reduction in the β-sheet probability are all sequential(Y10-H14), implying that the

disaggregation process primarily occurs around these residues; this can be verified

visually from Figure 6.2e and 6.2i. It can be observed that the region around core-1

has been disrupted severely, and the β-sheets have turned to random coils for all the

chains in the tetramer. Moreover, the heavy loss of β-sheet content in sequential

residues suggests that the SP preferentially attacks region-2 and probably enjoys

the strongest binding around these residues(precise details of SP binding will be

discussed in another section). However, it can also be observed from Figure 6.3a that

there is an increase in β-sheet probability for some residues in the tetramer, such as

D1, E3, E22, D23, and G29. In contrast, the β-sheet probability for pentamer(Figure

6.3b) shows an increase in β-sheet content for most of the residues in the presence

of SP. The residues showing a significant increase in β-sheet probability are E22,

D23, and V24, and residues between S8-H14. Intriguingly, S8-H14 is the same

region that witnessed a drastic reduction in the β-sheet content for tetramer in the

presence of SP. Another interesting observation here is that the β-sheet around the

C-terminal region(A30-V40) remains stable and relatively unaffected by the SP’s

presence in case of both tetramer and pentamer. Overall, the β-sheet probability

reveals interesting details about residues and the regions of Aβ42 protofibril, involved

in the disaggregation process and about the probable region of SP binding.

SP Dismantle the Salt Bridge Network in Tetramer and Pentamer, But

Tetramer Shows Higher Degree of Disruption. Salt bridges plays a prominent

role in stabilizing the Aβ protofibril’s structure. The presence of a salt bridge as

an essential structural feature has been found across all the different morphological

species of Aβ protofibril reported in the literature[16, 50–52]. The salt bridge in

Aβ42 protofibril(used in the present study), forms between of lysine(K28) and of

alanine(A42). These salt bridges contributes to the stability of core-3 by stabilizing

the C-terminus(Figure 7.1c and Figure 6.4g) of all the chains in the protofibril. To

quantify the effect of SP binding on the stability of the salt bridges, we calculated

the probablity density function(PDF) of the distance between the center of mass
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Figure 6.3: Residue-wise β sheet probability of Aβ42 protofibril for (a) Tetramer and

(b) Pentamer. The β sheet probability calculations were performed on the last 200

ns of the trajectory.

of NH+
3 group of K28 and COO− group of A42. Figure 6.4a and b shows PDF

of intra-chain salt bridge distance for tetramer and pentamer respectively. The

tetramer PDF in control system(Figure 6.4a) shows a sharp and high peak at around

0.45 nm with an average probability value of 0.85. The presence of a narrow and

sharp peak in PDF indicate a stable network of salt bridges for tetramer in conrol

system. On the other hand, PDF curve for the ligand system is spread across the

higher salt bridge distances and also the area under the curve is much wider with a

smaller peak(probability value = 0.2) at around 1.4 nm. These observations suggests

that the intra-chain salt bridge network of tetramer is critically destabilized in the

presence of SP. In case of pentamer(Figure 6.4b), we observed a stable salt bridge

network for the isolated Aβ42 protofibril, indicated by two sharp peaks, one at 0.36

nm and a higher peak at 0.4 nm. A comparison between PDFs of tetramer and

pentamer in the control system reveals that the intra-chain salt bridge network in

pentamer is more stable than tetramer, since the dominant peak for pentamer’s

PDF appears at a smaller distance(0.4 nm) than of tetramer(0.45 nm). The PDF

of pentamer in ligand system shows a single distinctive peak at around 0.8 nm

with a probability value of 0.6, also the area under ther curve of ligand’s PDF is

broader than control’s. These findings suggests that the SP effectively disrupts the

intra-chain salt bridge network in the pentamer, however, the disruption is not as

severe as in tetramer. The pentamer’s PDF also explains why average RMSD for
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region-3 shows an increase while region-1 and region-2 shows a decrease with the SP

binding(Figure 6.2d). Since PDF shows that SP binding disrupts salt bridge network

in pentamer and both the residues(K28, A42) participating in the formation of the

salt bridge lies in region-3, hence, this disturbance get reflected in the RMSD.
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Figure 6.4: Effect of SP binding on inter-chain/intra-chain K28-A42 salt bridge.

Probability distribution function of the intra-chain distance between K28 and A42

for (a) Tetramer and (b) Pentamer. Contact probability maps for all the possible

inter-chain and intra-chain K28-A42 salt bridges in tetramer: (c) control system (d)

ligand system and pentamer: (e) control system (f) ligand system. Snapshots of salt

bridges at the start and end of simulation for (g-i) tetramer and (j-l) pentamer.
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We also investigated the effect of SP binding on the stability of inter-chain salt

bridges between the adjacent chains of Aβ42 protofibril. We calculated the probabil-

ity contact maps of intra-chain and inter-chain salt bridges of tetamer and pentamer

in control and ligand systems(Figure 6.4{c− f}). As shown in the Figure 6.4c, the

contact map for tetramer in the control system is well populated indicating a stable

network of intra and inter salt bridges. Although, the contact map suggests a weaker

intra-chain salt bridge for chain-1 indicated by a very light color(almost blank) in

the grid (1,1), it is comepnsated by a strong inter-chain salt bridge between A42 of

chain-1 and K28 of chain-2 suggested by the strong green color of the grid (1,2). In

the contact map for tetramer in the ligand system(Figure 6.4d) except for grid (1,2)

and (2,3) showing a very light color, all grids are blank reflecting a complete disrup-

tion of both intra and inter salt bridge network of the tetramer in the presence of

SP. In case of pentamer, a comparison between the contact map for control(Figure

6.4e) and ligand(Figure 6.4f) system reveals that the SP binding disrupts the salt

bridge network in pentamer, however, only intra-chain bridges are effected and the

inter-chain salt bridges remain intact. A visual inspection of the initial and final

states of the trajectories of control and ligand systems(Figure 6.4g-l) corroborates

well with the PDF and contact map analysis. The tetramer’s final state(Figure 6.4

shows a completely disordered salt bridge network, while the pentamer’s a slight

disruption of the salt bridge network.

SP Destabilizes the Hydrophobic contacts in Tetramer and Pentamer,

Critically in Case of Tetramer. The three hydrophobic cores(Figure 7.1c) are

hallmark of LS-shaped Aβ42 protofibril. These cores are stabilized by the contacts

formed between the hydrophobic residues present in these cores. The residues in-

volved in hydrophobic interactions in the three cores are core-1: (A2, F4, L34, V36),

core-2: (L17, E19, I31), and core-3: (A30, I32, M35, V40). To examine the per-

turbation caused to these contacts due the presence of SP, we computed pairwise

contacting frequency of these residues for each system(control and ligand). Figure

6.5 shows the contact maps for all the systems. As shown in the Figure 6.5a the

tetramer in the control system have strong contacts in all three cores indicated by the

high contacting frequency observed for the residues in these cores. Alternatively, the

contact map for tetramer in the ligand system(Figure 6.5b) shows weaker contact-
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ing freqency for the key residue pairs in all three hydrophobic cores. This indicates

that SP has caused disruption of key hydrophobic contacts in the tetramer of Aβ42

protofibril. In particular, the contacting frequency for the residue pairs F4-L34,

F4-V36 in core-1, L17-I31, E19-I31 in core-2, and A30-V40, I32-V40 in core-3 has

greatly decreased. Core-3 observes the most drastic disruption of the contacts among

all the cores of the tetramer, all the dark colors(implying high contact fequency) in

the grids of core-3 box (red box) of the control system(Figure 6.5a) have almost

vanished in the ligand system(Figure 6.5b). Moreover, a comparison of contacts in

core-3 between control(Figure 6.5a) and ligand(Figure 6.5) system also reveal the

critical disruption of intra-chain salt bridge network(K28-A42) in tetramer, which is

in agreement with the results obtained in the analysis of salt bridges in the previous

section. However, the hydrophobic contacts A2-V36 and M35-V40 of the core-1 and

core-3 of tetramer respectively, are unaffected by the presence of SP and remains

intact. The contact analysis of tetramer reveals that SP has caused significant dis-

ruption of key hydrophobic contacts in all the three cores of the protofibril. Figure

6.5c shows the contact map of pentamer in the control system. The contact map

reveals weaker interactions between the hydrophobic residues of core-1 for the pen-

tamer of isolated protofibril. The only residue pair showing substantial contacting

frequency in the core-1 is A2-V36. Although, the contact map for pentamer in the

control system revealed weaker hydrophobic interactions in core-1, the presence of

SP further weakend these interactions, as can be seen in Figure 6.5b. The core-2

of the pentamer shows stable contacts indicated by high contacting frequency of

residue pairs inside the core-2 box(green box)(Figure 6.5c). Although, there is a

decrease in contacting frequency for many residue pair in core-2 in the presence of

SP as can be seen in the Figure 6.5d, the key hydrophobic contacts L17-I31 and

E19-I31 remains unaffected. Finally, the bold contacting frequencies of the residues

in core-3 of the pentamer(red box in Figure 6.5c) suggests a stable core region in

the control system. The presence of SP although influenced some residue pairs in

core-3(red box in Figure 6.5d), however, the critical hydrophobic contacts A30-V40,

I32-V40 and M35-V40 remain unaltered. Moreover, the contact maps also shows

that the intra-chain salt bridge(K28-A42) of the pentamer, which is also a crucial

stabilizing interaction of core-3,stay almost undisturbed by the SP binding. This
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observation for pentamer’s intra-chain salt bridges is in corroboration with the salt

bridge analysis in the previous section.

core-1 core-1

core-3 core-3

core-2
core-2

core-1 core-1

core-2

core-2

core-3core-3

(a) Tetramer(Aβ42) (b) Tetramer(Aβ42 + SP)

(c) Pentamer(Aβ42) (d) Pentamer(Aβ42 + SP)

Figure 6.5: Residue-residue contacting frequency maps for tetramer in (a) control

system (b) ligand system and pentamer in (c) control system and (d) ligand system.

Residue contact pairs for core-1, core-2 and core-3 of Aβ42 protofibril are highlighted

in brown, green and red dashed boxes respectively. The contacting frequency maps

were computed with last 200 ns of the trajectory.

Binding Site Analysis and Governing Interactions. So far, we discussed

the effect of SP on the structural integrity of Aβ42 protofibril, and the results demon-

strated that the fibrillar structure is severely disrupted due to SP’s presence. How-
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ever, it is also noteworthy that the pentamer’s fibril structure is relatively stable

and unaffected by the SP’s presence, while the tetramer suffers a drastic loss of β

sheet content and disruption of salt bridges, this suggests that the SP is interacting

differently with pentamer and tetramer. Hence, to identify the specific binding sites

of SP on tetramer and pentamer and decipher the nature of these interactions, we

calculated residue-wise average interaction energies(Figure 6.6a and b) and contact

numbers(Figure 6.6c and d) between Aβ42 protofibril residues and SP molecules.

We can note from Figure 6.6a that the tetramer’s residues showing high binding

affinity with SP are F20, V18, K16, and I31 in the order of decreasing interaction

energy. The presence of phenylalanine, valine, and isoleucine in the above list of

the key interacting residues reveals the prominent role of hydrophobic and aromatic

residues in the SP binding. Interestingly, the residues K16, V18, and F20 belong to

the amyloidogenic core region(KLVFFA), and the subunit LVFFA from this region

is the primary ingredient in the design of SP. The high binding affinities of these

residues indicate that the SP can recognize the subunit in Aβ42 protofibril and bind

strongly to it. Figure 6.6c shows the number of contacts each residue of tetramer

has with SP. The contact number analysis tells a similar story as the interaction

energies for tetramer. The residues with high contact numbers are the same with

high interaction energies and in the same order. Additionally, the contact anal-

ysis highlights the role of side-chain interaction in the binding of SP. As can be

observed from Figure 6.6c, all the key interacting residues have higher side chain

contacts, indicating the presence of aromatic and hydrophobic interactions with SP.

For pentamer, the key interacting residues involved in SP binding, as revealed by

interaction energy(Figure 6.6b and contact(Figure 6.6d) analysis are: F20, Y10,

L34, D23, G25, G9 and F4 in the order of decreasing interaction energy and contact

number. Again, the residues in pentamer that show high affinity towards SP are

primarily aromatic(F20, Y10, and F4) and hydrophobic(L34). Also, the contact

analysis for pentamer(Figure 6.6d) shows that the key interacting residues exhibit

higher side-chain contacts.

Although the number of key interacting residues in the case of pentamer is higher

than tetramer, a comparison of interaction energies(Figure 6.6 a and d) and number

of contacts(Figure 6.6 c and d) between tetramer and pentamer shows that tetramer
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exhibits higher binding affinity towards SP, particularly F20 of tetramer displays in-

teraction energy and contact number that are at least twice than any residue in

pentamer. Moreover, as explained above, the tetramer residues with high binding

affinity to SP belong to the amyloidogenic core region, while these residues in pen-

tamer show relatively weaker interaction with SP. Furthermore, the markedly strong

interaction of F20 with SP suggests weakening of the π− π interaction between the

benzene rings of F20 residue of adjacent chains of the tetramer. And as these inter-

actions play a central role in the formation of Aβ fibrils[? ? ], any perturbation to

these interactions will cause modification of the fibril’s structure. Thus, all the above

observations explain the pronounced destabilization of fibrillar structure in the case

of tetramer while not so much for pentamer. Figure 6.6e shows the relative position

and orientation of the key interacting residues in the LS-shaped Aβ42 protofibril.

We can observe from Figure 6.6e that residues with high binding affinity to SP

have the side chains oriented outside the surface of the protofibril. The preferential

binding of SP to the residues with side chains oriented outwards can be attributed

to the complex hairpin-like chemical structure of the SP(Figure 6.6h). Due to the

structural restrictions, it would be difficult for SP to interact with the residues with

side chains facing inward; therefore, it preferentially binds to the outward-facing

residues. However, Figure 6.6e shows few inward-facing residues(F4, I31, and L34)

also, showing favorable interactions with SP. These residues must belong to the cor-

ner chains of the protofibril(tetramer/pentamer), where they are easily accessible to

SP for interactions. Still, these residues exhibit relatively weaker interactions with

SP than the outward-facing residues, as observed from the interaction energy and

contact number plots.

Residue-wise interaction energy and contact analysis provided information about

the residues of Aβ42 protofibril participating in the binding with SP. However, to

gain a deeper understanding of SP-Aβ binding, we computed contacting frequency

maps(Figure 6.6f and g) residue pairs between Aβ42 and SP. Figure 6.6h shows dif-

ferent residues of SP in different colors and their corresponding name and number.

Figure 6.6f shows a contact map between the residues of SP and tetramer. The

residue K16 of tetramer shows a high contacting frequency with SUC9(succinyl),

alanine(A10), and phenylalanine(F11) residues of SP. A strong binding between
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K16(positively charged side-chain) of Aβ and F11(aromatic side-chain) of SP sug-

gest the presence of cation-π interaction. L17(leucine) shows a high contact fre-

quency with only F11 of SP, indicating a hydrophobic interaction between them.

V18(valine) of tetramer shows pronounced contacts with F11, ADP7(adipoyl), F2,

and F3 of SP. All these residues are hydrophobic/aromatic, implying a strong hy-

drophobic interaction with V18. F19 of tetramer exhibits high contacting frequency

with F2, and a medium one with SUC9 and F11 suggests the presence of π− π and

hydrophobic interactions. As evident from interaction energy and contact analysis

for tetramer, F20 shows the highest number of high-frequency contact pairs with SP

residues. The residues of SP in contact with F20 are F2, F3, V4, ADP7, F11, V13,

and F12. As can be observed, many aromatic and hydrophobic residues show close

interaction with F20, pointing towards the presence of π − π and hydrophobic in-

teractions between F20 and SP. The residue I31 exhibits aromatic and hydrophobic

contacts with F2, SUC9, and A10. Finally, I32 and G33 show marked contacts with

SUC9 and A10. Figure 6.6j shows a snapshot depicting π − π interaction between

F20 of tetramer and F2 of SP.

A superficial overview of the contact map for pentamer and SP(Figure 6.6g)

shows that pentamer has more binding sites than tetramer, evident from inter-

action energy and contact number analysis. F4 of pentamer shows strong in-

teraction with F2, F3, and F11, implying π − π interaction with each of these

residues with F4. Residues D7(aspartate) and S8(serine) show strong interaction

with PEG8(polyethylene glycol) of SP and weak interaction with A1(alanine). These

contacts are mainly with the main chain of the pentamer’s residues, as observed from

the contact number analysis(Figure 6.6d), and hence are primarily hydrophobic.

Similarly, G9 of pentamer also shows strong main-chain contacts with PEG8 and

V13(valine) of SP. Further, Y10(tyrosine) of pentamer exhibits pronounced contacts

with F11, F12, V13, and PEG8, indicating strong hydrophobic and π−π interaction;

Y10 also shows a mild interaction with ADP7. For the V18 residue of pentamer,

we observe two contacts with A1 and ADP7 with medium contact frequency and a

weak one with PEG8. The F20 of pentamer establishes strong interactions with A1,

V4, and ADP7 of SP while interactions of medium strength with F3 and PEG8. The

F20 has strong hydrophobic but a weaker aromatic interaction with SP. Residues
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D23, V24, and G25 have high contact frequency with F11 of SP, and D23 also shows

firm contact with V13. Finally, L34 of pentamer shows strong hydrophobic contacts

with F2 and considerable contacts with F3.

Overall, the residue-wise interaction energy and contact number analysis revealed

crucial residues in tetramer/pentamer participating in binding with SP. Although

pentamer showed higher binding residues, tetramer’s residues exhibited stronger in-

teraction, particularly in the amyloidogenic core region. The contact maps between

the residues of SP and tetramer/pentamer identified the residue pairs in close and

sustained contact, consequently revealing the nature of the interaction between SP

and Aβ42 protofibril. We found a range of interactions at play; however, the π − π

and hydrophobic interaction were the most dominant mode of interaction.

6.4 Conclusion

In this study, we investigated the effects and molecular mechanism of a hairpin-like

synthetic paratope binding on a preformed LS-shaped Aβ42 protofibril using MD

simulations. Our simulations show that SP can destabilize the overall structural

integrity of Aβ42 protofibril. The RMSD analysis revealed that the tetramer of the

Aβ42 protofibril is severely disrupted, while pentamer remains almost unaffected

by the presence of SP. The region Y10-N27 in the tetramer suffered the maximum

structural distortion, while D1-G9 and K28-A42 also displayed significant deviation

from their native structures in the presence of SP. The SP binding caused a con-

siderable loss of β sheet content in tetramer, particularly for the segment Y10-H14,

while pentamer showed no serious changes in its β sheet due to the SP binding.

The K28-A42 salt bridge is a crucial factor in the Aβ42 protofibril’s structural sta-

bility, and our simulations showed that SP causes severe damage to intra-chain and

inter-chain salt bridges in the case of the tetramer. The contacts in the three hy-

drophobic cores of Aβ42 protofibril are strongly affected by SP in case of tetramer,

especially the key hydrophobic contacts in these cores such as core-1:[(F4-L34), (F4-

V36)], core-2:[(L17-I31), (E19-I31)], and core-3:[(A30-V40), (I32-V40)] are heavily

disrupted due to SP binding.

The binding site analysis revealed interesting details about the differences in the
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Figure 6.6: Interaction energy between each residue of (a) tetramer and (b) pentamer

and SP. Number of contacts between main-chain(MC) and side-chain(SC) of each

residue of (c) tetramer and (d) pentamer and SP. Visual representation of the key

interacting residues of tetramer(green), pentamer(blue), and residues common to

tetramer and pentamer(brown). Contacting frequency maps between residue pair of

SP and (f) tetramer and (g) pentamer. (h) Licroice representation of the structure of

SP. The residues are shown in different colors and are annotated with residue name

and number. Snapshot of π − π interaction between one of the phenylalanine(F2)

of SP with (i) Y10 of pentamer and (j) F20 of tetramer.
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binding of SP with tetramer and pentamer and the binding mechanism of SP with

Aβ42 protofibril. Interestingly, for tetramer, the SP was able to self-recognize the

LVFFA region on the protofibril, which is the key component of the SP’s design, and

the SP binds strongly to this region with F20, V18, and K16 as the participating

residues. The key binding residues for pentamer are F20, Y10, D23, L34, and F4.

Although pentamer shows more binding sites than tetramer, the pentamer’s residues

have much weaker binding with SP, which explains why we do not observe any

significant disaggregation of fibrils in the case of pentamer. The SP preferentially

binds to the residues with side chains oriented outward from the LS-shaped Aβ42

protofibril surface. The dominant modes of interaction identified between Aβ42

protofibril and SP are π − π and hydrophobic interaction. Our study provides

interesting atomistic details about SP binding onto Aβ42 protofibril. It also sheds

light on the disaggregation mechanism of the fibrils due to SP binding. The results

of our study can prove to be useful in developing therapeutics for AD.
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Chapter 7

Aβ42 - Lipid Bilayer interactions in

the presence of β-Aspartyl

7.1 Introduction

Alzheimer’s disease (AD) is one of the most common form of dementia. Its one of

the key characterstics is deposition of fibril like structures, which mainly contains

amyloid beta (Aβ) peptides. These fibrillar structures are proposed to form a gated

channel on the lipid membrane and further cause disruption of the membrane[1, 2].

The source of cytotoxicity to the lipid membranes remains debated till date.

Some studies[3, 4] proposed that the intermediate oligomers are the toxic species. In

other studies[5, 6] the well stabilized fibrillar structures were found to be the source

of toxicity. Milanesi et al[7] used cryoelectron tomography to demonstrate the dam-

aging effect of fibrils on membrane by 3D visualization of the process. They observed

a strong interaction between liposomes and distortion of the membrane. Chang et

al [8] employed single-molecule microscopy to track the formation and diffusion of

Aβ oligomer on to a lipid bilayer at physiological concentration of the oligomers.

They found the monomers to tightly bound to the membrane, but was highly mo-

bile while higher dimensional oligomers largely remains immobilized. Chang et al.[9]

performed MD simumaltions with three types of Aβ25-35 barrels on a lipid bilayer

to understand its distortion and perturbation effect on the bilayer. They found

significant damage to the membrane by these barrels, in some cases membrane got
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damage with water leakage.

In the present study we performed explicit MD simulations to study the interac-

tions of well organized Aβ42 protofibril with a POPC lipid bilayer. We also examine

the performance of a drug molecule β-Aspartyl in screening the interactions between

the protofibril and the lipid bilayer and therefore avoiding the membrane damage

by fibrils.

7.2 Methods

Extensive MD simulations were performed to study the interactions between Aβ fib-

ril, ligand and lipid membrane. In total two systems were prepared: (1) system with

lipid bilayer, Aβ42 protofibril and ligand, (2) system with lipid bilayer, Aβ42 protofib-

ril (without ligand). Starting structure of Aβ42 protofibril was obtained from protein

data bank with pdb id:5OQV[10]. Missing hydrogens were added to the protofibril

via psfgen plugin in VMD[11]. The initial atomic structure of ligand β-Aspartyl

(Figure 7.1a) was constructed and optimized using AVOGADRO[12] chemical edi-

tor package. The forcefield parameters and partial charges were generated by the

CGENFF server[13]. The parameters obtained with CGENFF were further opti-

mized with FFTK plugin in VMD[11]. Phosphatidylcholine (POPC) lipid bilayer

membrane was created with MEMBRANE plugin in VMD. Finally lipid bilayer,

Aβ42 protofibril and ligands were merged into a single system(Figure 7.1c). The

protofibril is placed over the lipid membrane at a closest distance of 12 Å. The lig-

ands were randomly placed around the protofibril at a distance of 10 Å in the ligand

system. Next, we solvated the whole system with water molecules and ionized the

system with sufficient counterions to neutralize the whole system. Figure 7.1 b and

c shows the merged lipid-Aβ42 system without ligand and with ligand respectively.

The prepared system were then submitted for a minimization run of 5000 steps with

conjugate gradient method. Furthermore, the minimized systems were submitted

for the equilibration run in an NPT ensemble for 40 ns. Finally, the equilibrated

systems were submitted for production runs in NVT ensemble with a simulation

time of 230 ns each.

All simulations were performed with NAMD 2.11 package[14]. CHARMM36[15]
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and TIP3P[16] force-fields were used for modeling the interactions for Aβ42 protofib-

ril and water molecules respectively. A time step of 1 fs was used for the integration

of equation of motions. Vdw interactions were cutoff at 12 Å with switching distance

of 10 Å. The long range electrostatic interactions were evaluated using particle mesh

ewald[17] (PME) summation, beyond 12 Å distance. The bonds involving hydrogen

atoms were constrained with SHAKE[18] algorithm.

(a)

(b)
(c)

Figure 7.1: Atomic models of (a) ligand β-Aspartyl and the colors red, blue, cyan,

white represents oxygen, nitrogen, carbon and hydrogen. A representation of the

merged system (b) control system (without ligand) (c) system with ligand.
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7.3 Results and discussion

7.3.1 Influence on the interaction between Aβ42 and lipid

bilayer

To characterize the effect of the ligand’s presence on the interaction between Aβ42

fibrils and lipid bilayer, time evolution of center of mass (COM) distance between the

P atoms on the top surface of the lipid bilayer (surface facing the Aβ42 protofibril)

and Aβ42 protofibril is calculated. As shown in the Figure 7.2a the COM distance

for control system after around 80 ns start decreasing continuously, indicating that

protofibril after 80 ns moved continuosly towards the lipid membrane, this suggests a

strong interaction between Aβ42 fibril and lipid bilayer. However, COM distance for

ligand system shows exactly opposite behaviour than the control. Initially, the COM

distance for ligand system decreases, suggesting the protofibril’s movement towards

the membrane, but after around 90 ns the protofibril gradually and constantly moves

away from the membrane. Evolution of COM distance suggests strong influence of

ligand on the interaction between Aβ42 and lipid bilayer.
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Figure 7.2: Time evolution of (a) center of mass distance between lipid bilayer and

Aβ42 protofibril and (b) number of contacts between ligand and Aβ42 protofibril.

To further quantify the effect of ligand on Aβ42-bilayer interaction and to corre-

late the effect of ligand with COM distance evolution, time evolution of number of

contacts between ligand and the protofibril were calculated. A pair of atoms is said
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to be in contact if the distance between them is not more than 5Å. It can be noticed

from the Figure 7.2b that number of contacts intially rises steeply with simulation

time, representing the attempts of ligands to bind on protofibril. However, after

100 ns, we observe flattening of the curve, which means number of contacts remains

almost same throught out the simulation after 100 ns, this indicate strong binding

of ligands on protofibril. Furthermore, it can be observed that the binding of the

binding of ligands to Aβ42 protofibril (evidenced by flattening of number of contacts

curve ) is accompanied by moving of protofibril away from the bilayer (Figure 7.2a),

as they are happening in the same range of time (100 - 230 ns). This verifies the

role of ligands in screening the interactions between Aβ42 and lipid bilayer.

7.3.2 Aβ42-Ligand interaction and its Impact on Fibril’s Struc-

ture

To charaterize the nature of interaction we calculated interaction energy between

ligand and Aβ42 protofibril. Figure 7.3a and 7.3b shows time evolution of vdw and

coulombic energy between ligand and Aβ fibril. It can be noted that as simula-

tion progresses the interaction energy (both vdw and coulombic) quickly decreases,

indicating an attractive interaction.Furthermore, the vdw energy (Figure 7.3a) get

equilibrated after around 100 ns, similarly to the time evolution of number of con-

tacts, hence, again indicating binding of ligand to the protofibril. Coulombic energy

also decreases initially, but again jump to 0 and fluctuate around it. However, at

100 ns the coulombic energy starts decreasing and takes a dip of -500 KJ/mol at 150

ns, this must be possibly due to binding of the ligand, since it happened around the

same time scale which was suggested by other measures to be a binding event. The

interaction energy analysis suggests that vdw interaction are major mode of interac-

tion between ligand and Aβ42 fibril, with a significant contribution from coulombic

interactions.

To get a clearer picture of the non-covalent interactions between ligands and

Aβ42 and to know about the residue wise participation in the ligand binding we

computed contact probablity for Aβ42 residues. As described previously a contact is

considered if a ligand’s atom is not more than 5 Å away from a proteins atom. Only
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Figure 7.3: Time evolution of (a) Vdw energy (b) Coulombic energy between lig-

ands and Aβ42 protofibril. (c) Contact probablity of residues of all chains of Aβ42

protofibril with ligands.

residues having more than 60% probablity were considered. Figure 7.3c shows the

residues participating in the interaction with ligand and the corresponding contact

probablity. The x axis in the Figure 7.3c shows the name of the chain Aβ42 fibril to

which the particular residue belongs to, residue’s name and residue index. It can be

noted that there are mainly three types of residues which are in close contact with

ligands: hydrophobic (valine, leucine, glycine, isoleucine), aromatic (tyrosine, pheny-

lalanine) and positively charged (lysine, histidine). Hydrophobic residues shows the

dominance of hydrophobic interactions and also verify the presence of strong vdw
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interaction energy. The aromatic residues in the contact list suggests a possibility

of π− π interactions. Moreover, the positively charged residues found to be in close

contact with the ligands, indicate towards cation-π interactions with the aromatic

ring present on ligand, as these positively charged residues are found to be involved

in these interactions.

7.4 Conclusion

MD simulations were performed to observe the effect of ligand (β-aspartyl) on Aβ42

protofibril and lipid bilayer interactions. It was found that the ligand is capable of

screening the interactions between lipid bilayer and fibrils. The ligands were found to

bind strongly to Aβ42 protofibril indicated by different measures (interaction energy,

number of contacts), and the binding of ligand caused shielding of the inteactions

between bilayer and fibrils, indicated by COM distance evolution. The interaction

energy analysis showed a strong attractive interaction between ligand and Aβ42

protofibril and vdw inteactions were identified as dominant mode of interaction, with

a significant contribution from electrostatic interaction. Contact analysis revealed

the key residues of Aβ42 fibril involved in the interaction with ligand molecules.

It also indicated the presence of non covalent interactions between ligand and fibril

such as π−π stacking and cation-π interactions based on the class of residues present

in the contact list (hydrophobic, aromatic, positively charged). Overall, the present

study revealed the nature of interactions between ligand molecules and Aβ42 fibril

and the key residues of Aβ42 involved in the ligand binding. The work also showed

that the β-aspartyl binding to Aβ42 can disrupt and shield its interaction with lipid

bilayer.
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Chapter 8

Conclusions

In this thesis, protein’s behaviour in different environment is studied via molecular

dynamics (MD) simulations. Specifically, in the first two objectives the protein play

the role of a foulant present near to a desalination membrane, while in the last two

objectives the proteins are toxic species present within a living cell and which can

cause disorder and disease. The third objective presents the protein as an invader

of a foreign cell.

The objectives of the presented dissertation can be summarized as follows:

• Dominance of hydration repulsion force in case of FO make the foulant layer

thick and loose, while in case of RO the hydration repulsion between protein

and surface is overpowered by the hydraulic pressure being applied.

• We observed that the presence of high concentration of ions strongly effect the

protein-membrane interactions in case of both GO and PA. Specifically, GO

shows a repulsive interaction while the PA shows attractive interaction with

the BSA in the absence of ions and the time evolution analysis of distance and

interaction energy between membrane and protein shows that the presence of

ions strongly screens these interactions. The structural analysis showed that

the BSA gained stability in the presence of ions for GO system, showing a

strong screening effect on the BSA structure. However, for PA systems, the

BSA structure remains more or less uneffected by the presence of ions. We

also observed an adsorption event between BSA and PA surface in PN system.

The contact and interaction energy analysis shows that the BSA adsorption
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on PA is mostly electrostatically driven and vdW interactions were found to

be weak.

• The SARS-CoV-2’s spike protein shows strong interaction with MMT surface.

The nature of S protein-MMT interaction was found to be predominantly

electrostatic. Secondary structure of the protein was also found to be severly

affected due to the presence of MMT surface. Specifically, chain B of all three

chains of S trimer protein shows the strongest interaction with the MMT

surface. Surprisingly, chain B is known to interact with hACE of the host cell

in the cell entry mechanism of SARS-CoV-2 virus.

• Our simulations show that SP can destabilize the overall structural integrity

of Aβ42 protofibril. The structural analysis of the protofibrill revealed that the

tetramer of the Aβ42 protofibril is severely disrupted, while pentamer remains

almost unaffected by the presence of SP. The binding site analysis revealed

interesting details about the differences in the binding of SP with tetramer

and pentamer and the binding mechanism of SP with Aβ42 protofibril. In-

terestingly, for tetramer, the SP was able to self-recognize the LVFFA region

on the protofibril, which is the key component of the SP’s design, and the

SP binds strongly to this region with F20, V18, and K16 as the participating

residues. The key binding residues for pentamer are F20, Y10, D23, L34, and

F4. Although pentamer shows more binding sites than tetramer, the pen-

tamer’s residues have much weaker binding with SP, which explains why we

do not observe any significant disaggregation of fibrils in the case of pentamer.

The SP preferentially binds to the residues with side chains oriented outward

from the LS-shaped Aβ42 protofibril surface. The dominant modes of inter-

action identified between Aβ42 protofibril and SP are π − π and hydrophobic

interaction.

• The binding of ligand β-Aspartyl to Aβ42 protofibril, was found to have a

screening effect on the interactions between Aβ42 and lipid bilayer. Although,

Van der Waals interaction were found to be predominant between ligand and

Aβ42 protofibril, coulombic interactions were also found to be significant. The

key interacting residues in Aβ42 with the interaction with ligand were found to

168TH-3399_156107039



8.1. SOME IDEAS FOR FUTURE WORK

be of following classes: aromatic, hydrophobic and positively charged. The in-

teraction energy along with the key interacting residues empasize the presence

of π − π stacking, cation-π and hydrophobic interactions.

8.1 Some Ideas for Future Work

Some ideas that sprouted during the reserach of current objectives and could be

interesting are as follows:

• Incorporation of silica scalant along with protein as a foulant, can give a more

realistic picture of fouling in FO and RO.

• Taking Ph into account via constant-Ph MD simulations can give a detailed

idea of the effect of ionic environment on fouling.

• Mediation of clay nanoparticles on the interaction between SARS-CoV-2’s

spike protein and host cell’s hACE2.

• Inhibition of Aβ fibril formation with ligand can be tested with Aβ monomer.

• Interaction of lipid bilayer with preformed oligomers in the presence of β-

Apsartyl.
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