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“ .. everything that is living can be understood in terms of the jiggling and wiggling of

atoms.”

Richard Feynman
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by Anil Ranu Mhashal

In the present thesis, we have explored the properties of biomolecules, especially proteins
and lipid membranes at the atomistic level using Molecular dynamics simulations. The
thesis is mainly divided into two parts. Part A of the thesis focuses on understanding
the mechanism of DNA unwinding by helicase while the part B of the thesis is on a lipid

membrane interactions with nanoparticle and different surfaces.

In the part A of the thesis, we deal with enzyme PcrA helicase which is known to unwind
the double stranded nucleic acid into its single stranded components. PcrA helicase
breaks inter-strand base pairing using the energy released during the process of binding,
hydrolysis and release of ATP. Therefore, understanding of ATP binding and unbinding
from the active sites of the helicases is an important phenomena which can be related to
their functionality in the process of unwinding of duplex DNA. In chapter 3, we have
studied the unbinding of ATP from the active site of PcrA helicase and estimated the
free energy for the transformation of helicase from the ATP bound state to the ATP free
state. As a consequence of unbinding, the local conformational changes were observed
amongst the protein residues which have been thoroughly analyzed in the same chapter.
Further, in the thesis, chapter 4 highlights the global conformational changes of the
protein domains after ATP unbinding by performing long run of all atomistic molecular

dynamics simulations.

The part B of the thesis consist of the work on properties of lipid membrane under the
influence of nanoparticles and surfaces. Chapters 5 and 6 of the thesis are focused on
interaction of the lipid membrane with bare and passivated Gold nanoparticle while in
chapter 7 investigates the interactions of self-assembled lipid membranes with model
surfaces. In chapter 5 of the thesis, we emphasize on the interactions of different sized
Gold nanoparticles with lipid membrane and have investigated the effect of perturbation
on lipid membrane both locally and distantly from the nanoparticle adsorption site. We

have elucidated how Gold nanoparticle induces deformation at the adsorption site and
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affects the properties at a distant region from it. We have also shown that the hydrophilic
Gold nanoparticle favorably interacts with the lipid headgroups and resides at the bilayer
water interface. Therefore, further in chapter 6, we have estimated the free energy
required to translocate the Gold nanoparticle from water to phase to the membrane. We
have also investigated the effect of passivated nanoparticle on lipid membrane properties
and the free energy required for permeation. The chapter 7 of the thesis deals with
the interactions of solid surfaces with the lipid membrane. In this chapter, we have
performed self-assembly simulations on flat solid hyrophilic and hydrophobic supports.
This work also addresses the self-assembly mechanism of lipids on supports with varying
strength of hydrophilicity and hydrophobicity and various parameters affecting lipid
self-assembly. The properties of the self-assembled bilayers are also analyzed and reported

in this chapter. Finally, we conclude the work in conclusion.
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Chapter 1

Introduction

The basic structural, functional, and biological unit of living organisms is cell. It functions
with assistance of specialized units of bio-molecules consisting of proteins, lipids, and
carbohydrates. Proteins involved in several cellular activities such as catalyzing the
metabolic reactions, stimuli responses etc. Lipids are the major constituents of the cell
membrane which acts as a selective barrier for the extra/intra cellular material, while

carbohydrates serves as a source of energy and also as part of the nucleic acid.

Enzymes are the class of proteins that plays a crucial role as catalyst to control the rate
of biochemical reactions. These are globular proteins with a specialized three dimensional
structure designed to perform a specific function. In biochemical reactions, enzymes
structurally modifying the micro-environment of substrate molecules and lowering the
activation energy which trigger the reaction. However, there is considerable lack of
understanding of the functional mechanism of enzymes. Based on the structure-function
relationship, it is the structure that determines the function of the protein. In simple
terms, structural changes cause the protein to function i.e. myosine, actine, F1 ATPase [1].
Therefore, it is crucial to envisage the structural and molecular details of such proteins.
A perspective of these bio-molecules at the atomic level is crucial in understanding the
nature of enzymatic reactions. Hence, in this thesis we have elucidated the properties of
these proteins in the atomistic time and length scales to understand about the enzymes

and their mode of action.

Lipid membranes are considered as a biologically relevant models to study nanomaterial-
cell interactions as it is the first contact, nanoparticles (NP) have with any living organism.
Understanding the interaction between NP and cell membrane has a two-fold importance
in terms of the evaluation of designing therapeutic agents as well as a means of reducing
NP toxicity. The membrane-NP interactions have widely been studied over the past

few decades [2-10]. However, there is still a lack of knowledge about the influence of

1
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NPs on physicochemical properties of lipid membranes. Hence, in this thesis, we have

investigated the properties of the lipid membrane under the influence of nanomaterials.

To accommodate the protein and lipid membrane systems, the thesis is divided into two
parts. Part A of the thesis, discusses the studies relating to the enzyme mechanism. Part
B of thesis elucidates the properties of lipid membranes under the influence of NP and

surface.

Part A

This part of the thesis focuses on the unwinding mechanism of DNA by enzyme helicase.
DNA unwinding is a very essential process that unwinds duplex DNA to make single
stranded nucleic acid available for replication, translation or repair. DNA helicases
are the ubiquitous motor proteins are known to unwind the duplex DNA to yield
the transient single stranded component utilizing free energy from ATP hydrolysis
[11-15]. Different types of helicases have been investigated both experimentally and
theoretically to understand the unwinding mechanism of DNA assisted by these enzymes.
Previous studies reported that many helicases function as either hexamers, dimers [11] or
monomers [16-18]. The monomeric plasmid reduced copy (PcrA) helicase from bacillus
stearothermophilus is known to be best suitable model for understanding the helicase
mechanism. It is single stranded DNA (ssDNA) translocase with helicase and ATPase
activity [19, 20]. Reports in the literature elucidate the progressive translocation of PcrA
protein on the double stranded region of DNA, which breaks the inter-strand hydrogen
bonds with the rate of 50 nucleotide/sec [21]. This process destabilizes the DNA duplex,
converting it into ssDNA. It is known that PcrA helicase utilizes the free energy from
ATP hydrolysis for translocation over the DNA [22, 23]. At the structural level, the
translocation of these protein motors is governed mainly by the change of conformation
of protein which occurs because of ATP binding and hydrolysis. Previous studies have
shown that these conformational changes are the key factors in the process of DNA
unwinding by helicase [16, 22-24]. The well accepted inchworm model for PcrA helicase
explains the series of events that occurs during the unwinding of DNA. It involves the
binding of PcrA protein to ssDNA nick of the dsDNA followed by ATP binding to the
enzyme active site [23]. The ATP binding causes proteins to undergo the compact closed
substrate state which is followed by the hydrolysis of ATP. The free energy released after
the hydrolysis is utilized in the conversion of closed domain state to structurally wider

domain product state conformation which allows helicase translocation [25, 26].

Inchworm model suggests that binding and the hydrolysis of the ATP are crucial events for
the protein to be functionally active [23, 25, 26]. Therefore, in this thesis we emphasized
on one of the crucial event of ATP unbinding from the catalytic site and studied its effect

on the protein conformations. We also have computed the free energy required for the
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ATP binding to the catalytic site. We have also studied the effect of unbinding on the
local conformational flexibility at residue level. We have also investigated the effects of

ATP on global conformational flexibility of the ATP bound and ATP free protein.

Part B

The second part of the thesis elucidates the properties of lipid membranes in the presence
of NPs and surfaces. The lipid membrane is a semi-permeable cell wall which allows
selective of the ions and molecules in the cell. It surrounds the cytoplasm of a cell and
separates the interior of the cell from the extracellular environment. The cell membranes
are primarily composed of the lipids with proteins embedded in them. Lipids are the
amphiphilic molecules with hydrophlic headgroups and hydrophobic tails of hydrocarbon
chains arranged spontaneously to form lipid bilayer. These lipid bilayers have attracted
a great deal of interest to researchers as a model object for studying the cell membrane
properties. In recent years, it has acquired attention due to its importance in the areas
of biological and pharmaceutical research [27-29], such as signaling and transport of
molecules, drug discovery and delivery. The cell membranes have been extensively studied
for many decades, both experimentally and theoretically [30-34]. The investigations
have provided an extensive amount of information about the intriguing physicochemical
aspects of membrane systems. However, the interaction of membrane with foreign
materials has not yet been explored and properly understood. Therefore, this part
of the thesis is dedicated to the investigation of the properties of the lipid membrane
under the influence of the NP and surfaces. Several practical concerns have attracted
the attentions to the problem of NP and cell membrane interactions. The toxic and
beneficial effects of the NPs have been studied extensively as living bodies are often
exposed to NPs [2-10]. NPs are widely being used in biotechnology, biomedical and
pharmaceutical science [35, 36]. Their promising applications as bio-medicines such as
drug and gene delivery vectors have attracted lots of attention. Gold NPs are widely
used as drug-gene delivery agents, medical diagnostics and therapeutic agents [37—42].
The engineered NPs has been successfully proven to be a potential agent for targeting
the cancer cells [43-46]. However, despite of their huge benefits, it is important to assess
the potential risks associated with the NPs. The possible environmental and biological
fate and toxic effects of the NP should be addressed. A number of reports are available
in the literature overviewing the NP toxicity, still very little work has been conducted
in this area so far [47-49]. The NPs emitted from various sources, e.g. automobiles,
industrial processes and even cosmetics that imposes very serious health concerns because
of their detrimental effect on living organisms. For example, the carbon NPs emitted
into atmosphere from the combustion, can cause serious health damage. These NPs get
absorbed through the process of respiration and deposits on the epithelial cells in the

lungs which triggers a number of responses.
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NPs are highly effective to penetrate the cell membrane which affects the cellular activities
within the cell. Their mode of penetration is mainly through internalization mechanisms
like physical rupturing, membrane mediated transport, pore formation. Common to
all these routes of cell entry is the initial NP-membrane interaction. However the link
between the NP membrane interaction and translocation in the cell is not yet understood.
Lipid bilayers are considered to be biologically relevant models to study nanomaterial-cell
interactions. The understanding of interaction between them is important in terms of
nanosafety and the effectiveness of NPs in biomedicinal applications as well. Available
studies highlight the role of physical and chemical properties of NPs and its effect on
their interactions with lipid membrane. Properties of NP include size, shape, chemical
composition, surface charge, morphology and surface coatings. For example, NP size can
affect the specificity of uptake in cells, with potential to induce cellular responses [50-52].
The shape of a NP is equally crucial. Recent studies have investigated the effect of NP
geometry on the transfer of NP across the membrane [53, 54]. The relationship between
the NP shape and their translocation rate across the membrane as shown by Nangia et
al. [53]. Tt has been observed that negatively charged NPs induce local gelation fluid
bilayer whereas NPs of positive charge fluidize the lipid membrane locally [55]. NPs have
also been used with the surface modifications with ligands attached to the NP surface
for efficient transportation across the lipid membrane [56-58]. It has been observed that
surface composition such as hydrophobic/hydrophilic surface patterning enhances the
permeation of NPs [59]. The free energy profiles of carbon based NPs with different
morphology [60] have also been investigated which suggest that the surface morphology
of the NP plays an essential role in its permeation [56, 57, 61, 62].

Endocytosis and direct penetration (diffusion) are two main ways by which NPs pass
through membranes [54, 56, 63]. Large particles of diameter varying from 10 ns to 100
ns usually cross the membrane by endocytosis. However, smaller particles of several
nanometers or even smaller, penetrate the membrane via diffusion. The process of NP
penetration by endocytosis can be divided into three parts: [64—66] adsorption of particles
to the membrane, membrane wrapping, and finally the pinch-off (particlelipid complex
detaching from the membrane). It has been observed that, NPs, when interact with
lipid membrane, induces the perturbation at the adsorption site [55]. It causes the
maximum perturbation by deforming the local lipids in contact with NP. However, part
of lipid membrane away from the adsorption site is also expected to be getting perturbed.
The properties of the lipid membrane far from the NP adsorption site are still poorly
understood. Therefore, in the present thesis, we focus on the investigation of structural
and dynamical properties of the lipids membrane both locally and at a distant region

from the NP adsorption site to understand the effect of NP on lipid membrane. The
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study also highlights the perturbation effect of different sized NPs on the lipid membrane

at a various regions of the lipid membrane.

Since nanometer-sized particles (NPs) are capable of crossing cellular barriers can migrate
into circulation, and therefore, attention is given to factors that influence the permeation
process. NPs cannot cross the membrane on their own hence adding an external force
on NP is required for their penetration [54, 63, 67-69]. Some of the commonly used
approaches such as direct microinjection [70, 71], electroporation [72] and conjugation
of natural cell-penetrating/-fusogenic chaperons to nanomaterials [73] are used in the
transportation of the nanomaterials into the cell. Moreover, NPs are also functionalized
with ligands like polyethelene-glycol (PEG), 11-mercapto-1-undecanesulphonate (MUS),
tri-octyl-phosphene-oxide (TOPO) or octane-thiol (OT) to improve the penetration
[56-58, 74-77]. NP surface properties such as hydrophilicity or hydrophobicity are also
crucial in penetration as it can guide the location of the NPs on the surface or within a
specific compartment of the vesicle [78, 79]. Several recent simulation studies focused
specifically on the effect of hydrophobic and hydrophilic patterns on the ability of a
nanoscale object to translocate through a lipid membrane. Scientists have investigated
NPs designed with striped and random distribution of hydrophilic and hydrophobic
groups [59, 80, 81]. They have found that the striped NPs experience a significantly lower
free-energy barrier compared with the NP with a random distribution of hydrophilic
and hydrophobic ligands [59]. Recent studies have reported the minimum driving force
required for the penetration of different shaped NPs and estimated their penetrating
capability [54]. During the penetration, NPs have to overcome a hydrophobic barrier in
the membrane that is always present in biological systems. Therefore, one could target
to reduce free energy barriers of NP permeation for their efficient transfer across the
cell membrane. It is known that the NPs coated with suitable ligand molecules can
be responsible for important properties such as cell membrane penetration free energy
[59, 79, 81].

Gold nanoparticles (AuNPs) coated with a self-assembled monolayer of thiolated molecules,
have multiple potential applications, such as sensing, catalysis, drug delivery and molec-
ular recognition [37, 38, 81-84]. Experiments and theoretical calculations showed that
amphiphilic AuNPs protected with a binary mixture of alkanethiol ligands were able
to insert into and fuse with the hydrophobic core of lipid vesicles and suspended lipid
bilayers [85, 86]. The interactions between monolayer-protected AuNPs and lipid bi-
layers have been a subject of investigation aimed to elicit the role of surface charge,
ligand composition and particle size among other tuning parameters on nanobio interac-
tions [5, 53, 79, 87-92]. Thus, the work in thesis emphasizes on the investigation of the
free energy associated to the permeation of bare AuNP and alkane-thiol capped AuNP
through the lipid membrane. The findings can be useful in designing more NPs. The
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energies will guide whether a NP will cross the membrane energetically favorable to cross

the membrane to reach the target.

Further, in the lipid section(Part B), we have investigated the supported lipid bilayers
(SLBs). Experiments dealing with the cell membrane are oftenly carried out with the SLB.
These bilayers provide an excellent model system for studying the cell membranes [93-95]
with potential bio-technological and pharmaceutical applications [27-29]. SLBs are
accessible to a wide variety of surface-specific analytical techniques [95-98]. Thus, it
makes possible to investigate processes such as cell signaling, ligand - receptor interactions,
enzymatic reactions occurring at the cell surface [99-102]. A large number of systems have
been investigated, including solid-supported lipid bilayers [103-107], polymer-cushioned
lipid bilayers [108-110], hybrid bilayers, [111, 112], tethered lipid bilayers [113], suspended
lipid bilayers [114, 115], or supported vesicular [116, 117] layers.

The supported lipid bilayers are constructed on the solid substrate like silica based
substrates (e.g. glass, aerogel and xerogels) [27, 118-120]. Langumuir-Blodgett [121, 122]
and the vesicle fusion [123] are the most commonly used methods to construct the SLB.
Although, it is a the excellent cell membrane model, SLB compromises many of the
important properties of the membrane. It has been reported that, despite the existence
of the water layer between the solid hydrophilic support and bilayer, the structure and
the properties of the bilayer are affected by the physical and chemical properties of
the solid substrates. Recent studies reported the effect of substrate on the properties
of the supported bilayers, e.g. decoupled phase transition [54, 124-126], asymmetric
molecular distribution between upper and lower leaflet of SLB, structural and dynamical
heterogeneity in the leaflets [127-129]. It is difficult to control the bilayer membranes with
functional substrate membrane systems on solid devices as the lipids and the proteins are
more prone to get denatured. Therefore, it is important to understand the interaction
between solid substrates and lipid bilayers to obtain the stable cell membrane with all

the properties of bilayer intact.

Apart from the conventional methods, self-assembly of the lipids on the substrate can
produce the SLB, which may be the alternative approach to construct the supported
lipid bilayer. It requires proper understanding of the complex self-assembly process and
lipid substrate interactions under the influence of external perturbation (i.e. substrate).
The structure of the lipid assembly depends upon the nature of the material used as a
substrate. The studies reported that hydrophobic carbon nanotube causes formation
of the cylindrical micelle, where hydrophobic carbon NPs induces the adsorption of
lipids in monolayer fashion. However, lipids maintain the bilayer (head-tail-tail-head)
morphology when suspended over the hydrophilic supports. Hence, it is expected that the
self-assembly of the lipids may vary depending upon the substrates used. Therefore, the
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part of the thesis is dedicated to envisage the process of lipid self-assembly on different
flat hydrophilic and hydrophobic support and the properties of the self-assembled lipid
bilayer. The work mainly contributes to finding the best optimal support which can least

affect the bilayer properties.

Molecular dynamics (MD) simulation is a useful tool to predict and understand experi-
mental observables at the molecular level. It serves as a complement to the experiments
and enables us to obtain microscopic molecular level details with reasonable accuracy.
MD simulations act as a bridge between microscopic length-time scale and the macro-
scopic laboratory world. Nowadays, MD simulation is widely being used in understanding
complex problems like protein folding, polymer dynamics, enzyme-substrate binding
etc. Over the last two decades, molecular dynamics (MD) simulations have become
one of the important tools to tackle many of the complex problems due to the highly
efficient computers and simulation algorithms. MD simulations are now routinely used to
understand structural and dynamical properties of soft materials ranging from polymer

to bio-molecules.

In the present thesis (part A), we have employed MD simulations to understand the
unwinding mechanism of DNA assisted by helicase. We have simulated the process of
ATP unbinding from active and its effect on the catalytic site residues of enzyme PcrA
helicase. The study also reports the binding free energy of the ATP to the active site.
Steered molecular dynamics simulation is used to generate the configurations around
a reaction coordinate and umbrella sampling simulation was used to calculate the free
energy of the process. The enzyme was further studied for its structural flexibility by

performing long run MD simulations.

In the part B, we have employed MD simulation on lipid bilayers which is used as a
model to represent the cell membrane. This part mainly focuses on the interaction of
lipid membrane with nanopartcles and surfaces. We have investigated the interaction of
different sized nanopartcles on the lipid membrane. From simulation studies, we have
examined the physicochemical properties of the lipid membrane under the influence of
NPs. It is known that the NP can deform the membrane most on adsorption site whereas
the effect of perturbation away from the adsorption site is still unknown. Therefore, in
this work, we have investigated the perturbation effect locally as well as far away from
the nanopartcle adsorption site. This work is continued by modifying the surface of NPs
with a certain ligands. We have calculated the free energy required to cross the lipid

membrane for above bare and surface modified NP.

Apart from lipid NP interactions, we have also studied the lipid bilayer formation on a
solid surface. Lipid self-assembly over the solid substrate can be one of the approaches to

construct the supported bilayers. The influence of external perturbation in the process
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of self-assembly and the interactions between the lipids and support were studied in the
final working chapter of the thesis. In this chapter, we have also studied the properties

of the lipid bilayer on hydrophobic and hydrophilic surfaces.
The layout of the thesis is as follows.

In chapter 2, computational procedures are discussed in brief.
Part A,

In chapter 3, ATP unbinding free energy and the conformational flexibility of residues is

discussed.

In chapter 4, conformational flexibility of protein domains is discussed.

Part B,

In chapter 5, Effect of AuNP on the fluidity of lipid membrane is discussed.

In chapter 6, permeation free energy of bare and capped AulNP is discussed.

In chapter 7, self-assembly of the phospholipids on the flat support is discussed.

In chapter 8, conclusions from above studies are discussed.



Chapter 2

Computational Methods

Molecular modelling spans over a wide range of fields from computational chemistry,
drug design, computational biology and materials science for studying molecular systems
ranging from small chemical systems to large biological molecules and material assemblies.
It provides the atomistic level description of the molecular systems that can be used to
model or mimic the behavior of molecules. The objective of these techniques is to predict
and understand the experimental observable at the microscopic level. It may range from
the more detailed and accurate electronic level to the atomistic, coarse grained level,

mesoscale or macroscopic continuum level.

The properties of soft matter systems are determined by processes and interactions
occurring over a wide range of length and time scales. Therefore, various simulation
methods at various levels of time and length scale are developed in order to understand
the properties of soft matter that are determined by a wide range of scales [130, 131].
Quantum mechanical methods solve Schrodingers equation for all of the subatomic
particles in a system and is used to address electronic/energetic properties at a high-
resolution microscopic level. However, the methos is limited to short length and time
scales. In the classical mechanics, atoms are treated as classical particles connected via
elastic sticks corresponding to bonds and the laws of classical mechanics which define the
dynamics of the system. The classical all atom simulations can reach upto nanometer
length and few microsecond time scales based on the computer hardware and simulation
algorithms used in last two decades. The particle-based coarse grained approaches are
capable of sampling microscopic to mesoscopic scales. Especially these methods are also
able to access large conformational fluctuations, yet still fail to cover many macroscopic
phenomena. To achieve this, one needs to go beyond (purely) particle based approaches
and use the methods like Lattice Boltzmann [132] or DPD [133, 134] or other mesoscopic

methods to include hydrodynamic effects such as continuum modeling.
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In the present thesis, the protein simulations are performed with all atomistic MD
simulations and the properties such as conformational flexibility of protein and the active
site residues are studied. The interactions of nanoparticle with the lipid membrane are
also investigated in the chapter 5 and 6 all atomistically. In chapter 7 of the thesis, we
have employed coarse grained MD simulation to achieve the self-assembly of the lipid

which is otherwise difficult using all atom model.

2.1 Classical all atom molecular dynamics

In the present study, we employed all atomistic classical molecular dynamics simulation
in order to achieve the desired microscopic/macroscopic properties of the systems. The
term classical refers to the use of Newtonian mechanics to define the physical basis of the

model. The Newton’s equation of motion for N interacting particles is given as below,

827“2‘
g2

=F,i=1.N (2.1)

where m; and r; represents the mass and the position of a particle and t is the time. The
force (F;) exerted on the particle is expressed as a negative gradient of potential energy

from all the interacting particles in the system.

F=- ’ (2.2)

The potential energy (V) between the particles is defined as a function of their positions
r;. For each timestep of the MD simulation these equations are solved and the particles
are propagated in an appropriate ensemble coupled with thermostats and barostat. MD
simulation generates a series of configurations with position and velocity of each particle
written to an output file which is referred as trajectory. The trajectory can be used to
visualize the evolution of the system as a function of simulation time, calculating the
properties to compare with the experiments and also to compute the numbers which are

not available experimentally.

MD simulation consists of three essential inputs such as coordinates, forcefield and
simulation parameters. The coordinates are the set of the numbers to determine the
position of every atom in a space which are derived from the experimental techniques
such as X-ray crystallography or NMR etc. These model structures are deposited in the
repositories such as protein data bank (PDB), PubChem and Chemspider etc. which
serve as a starting structures for the simulation. These starting structure need to be

energy minimized to bring them to the minima at the potential energy surface otherwise
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the simulation may fail. The initial structure after solvation might have inappropriate
geometry or steric clashes therefore it needs to be removed first to relax the structure.
Steepest descent and conjugate gradient are the commonly used algorithms for energy

minimization.

The force fields are the set of paramaters and the potential energy functions that defines
the inter-actomic potentials. The parameter sets are empirical and consist of various
information about the chemical model such as different types of atoms, chemical bonds,
dihedral angles and so on. The force field defines connectivity between the atoms in
molecule depending upon the inter-atomic potentials. The inte-ratomic potentials are of
two types, bonded potentials and non-bonded potentials. Further the bonded interactions
are divided into bond length, bond angle and dihedral while non-bonded interaction
terms are taken care by Lennard Jones and Coulomb. The energy functions in MD

simulation are expressed as,

V= %onded + Vnonbonded

Vionded = 3 le(b — b))+ Y %Ke(ﬂ — 00+ Y Ky(1+cos(ng — )

2
bonds angles dihedrals
_ vj vj 1)
Vnonbonded = Z4€ij |:<’l“> - <T> :| + Z 77T6 e
LJ v v coulomb o't

(2.3)

The bonds and angles are commonly treated with the hormonic potentials, however cosine
periodic functions are used in case of the dihedral angles. K3, Ky and K, represents the
bond, angle and dihedral angle force constants and values b, 6 and ¢ are the values at
time t deviating from equilibrium values by, 6y and ¢g. The dihedral potential function
is defined with multiplicity n and phase A. However, improper dihedrals are used to
maintain the planar geometry of the planar molecules (e.g. aromatic rings) or sometimes
to avoid the flipping at the chiral centers in a molecule. The nonbonded interactions
have three terms which include a repulsion , dispersion and a Coulomb term. The
repulsion (—-1) and dispersion (— =) between particle i and j term can be taken care
with Lennard-Jones. The ¢;; signifies negative well depth and a steep repulsive wall at a
distance r < 0;;. However, charged contributions are computed from the Coulomic term

where ¢; and ¢; are the charges on the corresponding particle separated by distance r;;.

In terms of bonded interactions, values of bond, angle and dihedral constants, and the
corresponding equilibrium values are available in a force field, and hence are input to MD
simulation. Similarly, for nonbonded interactions such as o;;, €;;, and charges for all the

particles are provided as input to MD simulations. All the parameters available in a force
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field (also called force field parameters), are calculated empirically. The tedious process
of force field development involves calculation of these empirical force field parameters.
Commonly used force fields are OPLS [135, 136], AMBER [137], CHARMM [138, 139],
and GROMOS [140]. They include force field parameters for different class of complex

chemical moieties.

Along with with starting structure and force field, a set of instruction or parameters
are needed to run the simulation. The MD simulation algorithm involves successive
calculation of force at each timestep followed numerically solving Newtons equations of
motion. However, for the initiation of the MD simulation position and the velocities
are always needed. The initial velocities for every atom are generated from Maxwell-

Boltzmann velocity distribution by following equation,

[ my ’rTLZ"UZ-2

where k is Boltzmanns constant. It computes a distribution of velocities generated from

random numbers. However, all velocities are scaled so that the total energy corresponds

exactly to T (input parameter).

In MD simulation the forces are used to integrate Newtons equations of motion, and hence
propagate the particles in the system. Among many integration algorithms available
leaf-frog algorithm [141] is commonly used. It updates the positions and velocities using

the forces at time t according to the following relations

1 1 At
v(t + iAt) =o(t— §At) + EF(t)
r(t+ Af) = 1t + Sto(t + %At) (2.5)

r(t + At) = 2rt — r(t — At) + %F(t)Az + O(Ath

The At is the timestep chosen to integrate the Newton’s equation of motion. Timestep
is generally used as 1 fs, while in some case 2 fs also used to enhance the performance
in simulation time by keeping bond vibration constant. Such bond constraints are
incorporated in MD simulation using LINCS [142] or SHAKE [143] algorithms.

Calculation of the nonbonded terms is the most time consuming part of MD simulation.
It is pair additive. Hence, in principle, the energy between every pair of atoms is
computed so that the number of steps increases as the square of the number of atoms
(N?). Therefore, to speed up the computation, a cut-off radius is defined separately for

LJ and Coulombs interactions and the calculation of the non-bonded energies beyond this



13 Chapter 2. Computational Methods

distance cut-off are ignored. The LJ interactions are truncated using a shift and switch
function which sets the interaction potentials to zero after the cut-off distance [144]. The
long range electrostatic interactions are important in terms biomolecular process hence,
they must be modeled accurately. However, as we use larger cut-offs to treat a long range
Coulombic interactions, the computational cost will dramatically increase. Therefore,
such interactions are treated with the reation field, Ewald sum, or particle mesh Ewald
method. In reaction field the electrostatics are taken care with a uniform dielectric
constant beyond the short-range cutoff value. Ewald sum [145] method computes the
long-range interactions in an infinitely periodic systems and summation of interaction
energies (long range) is done in fourier space.The periodicity is taken care of by the

periodic boundary conditions.

In PME [145, 146], direct summation method of the Ewald summation method is
replaced by summation over point particles (particle part of PME). Ewald summation
takes advantage and reduces the complexity and scales up to N %, though impractical
while dealing with larger biological systems. PME is a faster algorithm that uses fast
fourier transform to bring down the complexity to NlogN and thus substantially reduces
the computational time needed. However, the speed and accuracy depends on the mesh

size, interpolation scheme etc.

The thermodynamic ensembles are essential in order to obtain the desired properties
out of the system. Microcanonical (NVE) ensemble can be used if the total number of
atoms N and the volume V(of the unit cell) are kept constant along with the energy
(E). However, one can chose the canonical ensemble to maintain the number of atoms
(N), volume (V) and temperatute (T) of the system constant. The temperatute of the
system is kept constant by coupling of the system with the thermostat. Most commonly
used thermostats are V-rescale, Berendsen and Nose-Hoover. Isothermal-Isobaric (NPT)
ensemble is used to maintain the constant pressure in the system. Berendsen and

Parrinello-Rahman barostat are used to keep maintain the system pressure constant.

With these inputs molecular dynamics algorithm integration of the equations of motion
for each timestep (given as input) for a desired simulation time (calculated as Ax number
of steps) then yields a trajectory that describes the positions, velocities and accelerations
of the particles as they vary with time. In the present thesis, all the simulations are
performed using Gromacs simulation suit [147-149]. Gromacs is a fast and flexible
parallel code to perform MD simulations. The analyses reported in the thesis are obtained
using the Gromacs analysis tools however, we also have written some codes for special

cases. Details of such analysis codes are provided as they appear in the different chapters.
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2.2 Free energy calculation

In a molecular dynamics simulation, one often wishes to explore the macroscopic properties
of a system through microscopic simulations such as calculation of solvation free energy,
binding free energy of a particular drug, or to examine the energetics and mechanisms of
conformational change. There are several free energy calculation methods based on MD
simulation are available, such as MM-PBSA [150], thermodynamic integration [151], free
energy perturbation [152] and umbrella sampling [153-155] which can calculate the free

energy of the system.

The umbrella sampling, biased MD simulation, is the one of the efficiently used technique
to calculate the free energy of the system changing from one thermodynamic state to
another (e.g. reactant and product) as a function of the reaction coordinate. This
method involves simulation of systems with a biasing umbrella potential to reach the
conformational phase space which is not possible with the conventional MD simulation.
The sampling windows along the reaction coordinate are generated and simulated inde-
pendently. The sampled distribution of the system along the reaction coordinate are
used to calculate the free energy change in each window and then combined together to

generate the continuous smooth energy profile.

The bias potential w; of window ¢ is an additional energy term, which depends only on

the reaction coordinate.

E*(r) = E"(r) +wi(¢) (2.6)

The term E°, E%(r) and w;(£) are the biased, unbiased energy functions and umbrella

potential added to the system respectively.

The free energy is related to the probability distribution of the system along given
reaction coordinate . In umbrella sampling, the distribution of the system along given

reaction coordinate is calculated with probability distribution function.

Assuming the ergodic system, the probability distribution biased system along a reaction

coordinate Pib can be computed as,

_ Jeap[=BIE(r) + wi(€ (r)N0[€'(r) — ]dVr

[ eaxp[—BE(r) + wi(€'(r))]dVr (2.7)

P(¢)

The unbiased free energy A;(£) can be obtained from the unbiased distribution,
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_ [ eap[-BE)S[¢ (r) — €]dNr

O = T el B

(2.8)

As the bias depends only on ¢ and the integration in the enumerator is performed over

all degrees of freedom but &,

J exp[—BE(r)]o[¢'(r) — €l
[ exp[=BlIE(r) +wi(& (r))]]dNr

P! (€) = exp[—Bw;(€)] x

4(e) — Pb(e) eaplBuw ()] x 1 EPLBIEW) + wil€(n)|d™r
PL(€) = PAE) eapluil€)] x =

[ exp|=BE(r)]exp|—Buw;[¢(7)]]dVr (2.10)
[ exp[—BE(r)]dNr
= P(€) exp[Bw;(€)] (exp[—Bwi(€)])

= P(€) exp[Bw;(€)] x

Using Eq. (2.10), A;(€) can be evaluated. As PP(€) is obtained from an MD simulation of
the biased system, w;(£) is given analytically, and F; :—%ln<exp[— Bw;(§)]) is independent

of & which is a constant,

A6) = —<;>lnPf<s> —wi(€) + F (2.11)

Therefore, by this way, the free energy A;(&) for every sampling window is calculated.
However,the free-energy curves A;(§) of more windows are needed to be combined together
to get one global A({). Therefore, the Fi have to be calculated as they are associated
with the bias potential and connect the free-energy curves A;(£) obtained in the different

windows:

The F; can be calculated as,

exp(—BF;) = (exp(—Bui(€)))
- / PUeap|—Buw;(€)]de (2.12)
_ / exp[—BIA(E) + wi(€)]]de

with P*(¢) being the global unbiased distribution. The F; cannot directly be obtained

from sampling. It can be done with the weighted histogram analysis method.
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2.2.1 Weighted histogram analysis method

This method is used to calculate the global distribution by weighted average of distribution
obtained from the individual sampling windows. It aims to minimize the statistical error
of P"(&).

windows

P Y p©PNE) (2.13)

7

The weights p; are chosen in order to minimize the statistical error of P“:

da?(PY)
—— =0 2.14
o (2.14)
under the condition > p; = 1. This leads to
a;
a;(§) = Niexp[=pwi(£) + SF] (2.15)

pi: Zja/j’

where NV; is the total number of steps sampled for window 4. The F; are calculated by
Eq. (2.12)

exp(—BF;) = / P (€)eap|—Bun(E))de (2.16)

Because P" enters Eq. (2.16) and F; enters Eq. (2.13) via Eq. (2.15), these have to be

iterated until convergence. For many bins, this convergence can be slow.

2.3 Coarse graining molecular dynamics

One of the major problems in atomistic simulation is the limited sampling of the phase
space. The atomistic simulations are practically limited to simulation times and system
up to 1 g and 10 nm, respectively. With the current computational facilities, one
cannot fill the time-scale and length-scale gap between computational and experimental
methods of studying biological systems. Therefore, coarse graining of the systems to
represent it with reduced (comparison with atomistic systems) number of degrees of
freedom is a possible way to extend molecular modeling and bridge it with experimental
techniques. Coarse grained (CG) models, in which small groups of atoms are represented
by single interaction sites, are becoming increasingly popular to study systems of lipids

and surfactants [156-158]. The overall aim of the coarse graining approach is to provide a
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model that is computationally fast and able to reporoduce the experimentally observable

properties.

In the present thesis, chapter 6 and 7 includes the self-assembly of the lipids, which is
typically limited in terms of detailed atomistic simulations. Therefore, alternatively we
employed CG graining simulations in order to explore the large length and longer timescale.
We used Martini forcefield which is widely used for the biomolecular simulations. It is a
very simple yet fast model developed by the groups of Marrink and Tieleman [158-160].
Martini model provides transferable potentials that describe the effects of hydrophobic,
van der Waals, and electrostatic interactions between sites as a function of their polarity
and charge. These potentials have been optimized and calibrated to reproduce the

partitioning of model compounds between aqueous and hydrophobic environments [159].

The Martini model is based on the four-to-one mapping where a cluster of four heavy
atoms is represented by a single interaction site (bead). The mapping is chosen as the best
compromise between the computational efficiency and chemical representibility. Martini
force field consists of beads that are divided into four types based on the chemical nature
of the underlying structure. Polar (P), non-polar (N), apolar (C) and charged (Q). The
charged and non-polar beads are further divided as hydrogen bond donor (d), accepter
(a), donor-accepter (da) and none (0). While polar and apolar beads are subdivided on

the basis of the degree of polarity in a increasing order from 1 to 5.

TABLE 2.1: Interaction energies (¢;;) between martini beads.

Q P N C
subldald |[a [0 |5 (4 |3 |2 |1 |dald|a |0 |5 (4 (3 |2 |1
QdaO (O |O I O |[O |O I I |I |I I |IV|V |[VI}VI[]IX |IX
d|OoOjI O ||IIT O |0 |0 |I I I |IIII IV|V [VI|VII[IX [IX
alO Ol |I |lO |O |O|I |I |I |I |[IHIIV|V |VI[VII|IX |IX
0 [II |IT |IT IV I O I |IT |IIIIIIIIIIINIV |V |VI|VII|IX [IX
P55 O OO [O |[O |O O (O] I I |IV|V VI|VI |VII|VIII
4 |0 |O |O |O |O [I I II |IT |IIDIIDIINIV |V |[VI|VI |VII|VIII
3 |[O|0 |0 |0 [I I |II |IT |IT |IT |IT [IV|IV|V |V |VI |VII
2 (I |I |I |II (O ({II |II {II |IT |II |IT |IT |IITIV|IV|V |VI |VII
1 I (I |I |III|O |II |II |IT |IT |IT |IT |II [III|IV|IV|IV |V |VI
Nida [I I |I |IIT|I IIT |IT (1T ({II (1T |II (II IV|IV|V |VI |VI |VI
d I [III|I |III I IIT |IT (I |{II (II |III{II IV|IV|V |VI |VI |VI
a |I I |III|IIT |T IIT |IT (I (IT (1T |II (IITIV|IV|V |VI |VI |VI
0o |IV IV [IV |[IV |[IV IV |IV [III III|IV(IV[IV|IV|IV]IV|IV |V |VI
Ci5 |V [V |V |V |V |V [IV IV [IVIIV{IV|IV|IV]IV]IV]IV |V |V
4 |VI |VI |VI|VI |VI |VI |V [IV [IV|V |V |V [IV|]IV|IV|]IV |V |V
3 |VII|VII\VII|VII|VI |VI |V |VI [IV|VI|VI|VIIV|]IVIV|IV IV IV
2 |IX |IX |IX (IX |VII |VII |VI |VI |V |VI|VI|VI|V |V |V [IV IV IV
1 |IX |IX [IX (IX |VIII|VIII|VII|VII|VI|VI|VI|VI|VI|V |V [IV |IV [IV

The nonbonded interactions in the Martini are described by Lennard-Jones (12-6) poten-

tials. The interaction strength between the beads is determined by the LJ well-depth
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€¢;; depends on the particle i and j interacting with each other. The effective size of the
particle is governed by o is 0.47 for all normal particle types except for the two special
classed of rings (04=0.43) and antifreeze particles (0;,=0.62). Based on the interaction
strength energy, each type of interaction is classified into a interaction level described as
follows, O, € = 5.6 kJ/mol, I e = 5.0 kJ/mol, 11 € = 4.5 kJ/mol, 111 € = 4.0 kJ/mol,
IV e = 3.5 kJ/mol, V e = 3.1 kJ/mol, VI € = 2.7 kJ/mol, VII € = 2.3 kJ/mol, VIII €
= 2.0 kJ/mol, IX € = 2.0 kJ/mol (0=0.62 nm). The level of all inter-bead interactions

are summarized in Table 2.1

Level O depicts highly polar interaction between the beads, is used to model the strong
hydration shell of charged groups. Level I interaction also represents the strong polar
interaction, but relatively lesser than of O level. Level II and III mimics ethanol or
acetone in water, whereas IV models water-aliphatic chain interactions. Interactions
V-VIII represents the hydrophobic nature of the interactions, however IX depicts the

most apolar medium.

In the chapter 7 of the thesis, we have constructed the hydrophilic-hydrophobic model
solid supports based on these interaction energies and have studied the effect of support

hydrophilicity and hydrophoncity on the self-assembly of the lipids.



Chapter 3

ATP Induced conformation

flexibility in PcrA helicase!

3.1 Introduction

The process of binding and hydrolysis of adenosine-triphosphate (ATP) of a protein/en-
zyme may result in the change in conformations of residues at the active site, which
drives enzymatic reactions. This process is associated with a penalty in total energy.
ATP hydrolysis is the source of energy, which facilitates many biologically important
reactions where the chemical energy stored in the form of the chemical bonds is used to
do work. The unwinding of duplex DNA by the enzyme helicase is a known example
of such enzymatic reaction. These enzymes are motor proteins which translocate along
nucleic acid unwind DNA in reaction that are coupled to the binding and hydrolysis
of ATP [16]. Helicase transduces the chemical free energy change of ATP hydrolysis
into the mechanical energy and translocate along the DNA. As a result helicase opens
the duplex DNA (dsDNA) and converts it into single stranded DNA (ssDNA). The
translocation is essentially driven by the conformational changes in the enzyme which
assists DNA unwinding. The activity of these enzymes is coupled with the free energy of
ATP binding and hydrolysis, which is intimately linked to the translocation of the protein
along the DNA with a specific rate of approximately 50 nucleotides per second [21].
Therefore, understanding the helicase catalyzed unwinding process at the molecular
level requires information about the coupling of ATP binding, its hydrolysis and the
resultant protein translocation during the unwinding reaction. Helicases are grouped into

3 super-families SF1, SF2, and SF3 depending upon the conserved motif and structural

!This chapter is adapted from the publication Mhashal AR, Choudhury CK and Roy S (2015) Probing
the ATP-induced conformational flexibility of the PcrA helicase protein using molecular dynamics
simulation. Journal of Molecular Modeling (2016) DOI 10.1007/s00894-016-2922-3

19
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organization [161, 162]. SF1 superfamily consists of monomeric enzyme [19, 20], which
acts as ssDNA 3-5 translocates. The members of SF1 superfamily, binds at 3 of the
ssDNA and move towards the double stranded region progressively [163-165]. Rep, UvrD
and PcrA are members of SF1 while RecG, PriA and HSV NS3 belong to SF2 superfamily
and these are dsDNA translocates [162]. The DNA unwinding mechanism catalyzed
by helicase is often explained by two popular models a) active rolling model [16, 24]
and b) inchworm model [16, 23, 24, 166-168]. The active rolling model proposed by
Lehman and Wong suggests that the dimeric helicase binds alternatively to dsDNA and
ssDNA and the DNA unwinding is governed by conformational changes in the protein
due to ATP binding and its hydrolysis. The entire process results in the breakage of
inter-strand hydrogen bonds, leading to the destabilization of the DNA helix and finally
separation of strands. In inchworm model, it is proposed that helicase binds to the
ssDNA and then translocate unidirectionally along the DNA (with the help of ATP
binding and hydrolysis), which results into the continuous breakage of the hydrogen
bonds of the duplex [22]. Different families of DNA helicases were studied and addressed
experimentally [16, 24, 166, 169] and theoretically [24-26, 162] to explain the unwinding
process and the role of protein domains. Betterton et al. [170] addressed the function of
helicases by using mathematical models. They investigated the coupling between ATP
hydrolysis and translocation of the protein to describe the unwinding mechanism of DNA.
Tuteja et al. [162] reviewed the protein sequence and performed sequence analysis of dif-
ferent DNA helicases and correlated experimental findings to understand the mechanism.
Dittrich et al. [23] reported large scale conformational changes at the active site coupled
with ATP hydrolysis using quantum mechanics and molecular mechanics (QM/MM)
studies. Molecular dynamics (MD) simulation approaches were also used to investigate
the structural properties of the helicase, mechanism of ATP hydrolysis, ATP binding,
and conformational changes of the protein [24, 25, 171, 172]. PcrA (plasmid reduced
copy) helicase from B. stearothermophilus has been crystallized and resolved at high
resolution, in substrate state complex with ATP (3PJR) and a product state without
ATP/ADP bound (2PJR) state which are available in protein data bank [173, 174]. The
enzyme also crystallized in apo form (isolated protein) complex with ATP (1QHH) and
without ATP (1PJR)(See Figure 3.1). PcrA helicase is a monomeric protein with four
functionally important domains 1A, 2A, 1B and 2B. It is an ATP driven 3-5 helicase
which binds to the 3 end of DNA and translocate towards the duplex region and open
the dsDNA as proposed by the proposed inchworm model [168]. The whole mechanism
is directed by the binding and hydrolysis of ATP which causes structural changes in the
protein. The domains 1A and 2A of the protein are considered to be the functionally
important domains which plays an important role in unwinding. These domains forms
ATP binding site and are also involved in the translocation of helicase. The domains 1A

and 2A undergo the conformational changes upon ATP binding and hydrolysis which
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leads to the unidirectional motion by creating separation of domains referred as closed
(ATP and DNA bound substrate) state and opened (DNA bound product) state, respec-
tively [20, 25]. Binding of ATP freezes the domain to move closer to each other and ATP
hydrolysis results in the domain separation, thus mediate translocation. Moreover, other
domain, i.e., the 2B subdomain of PcrA helicase also shows significant movement by
rotation about a hinge region emerging from the 2A subdomain [169]. The 2B subdomain
of Rep monomer of same SF1 family can rotate by at least 130 form open and closed
conformations [175-177]. So it is observed that every helicase domain plays an important
role in the unwinding mechanism. Experimental and theoretical works till date lack of
the understanding in many facets of the DNA unwinding mechanism. PcrA helicase
domains exhibit translocation in absence of ATP (after hydrolysis and unbinding) [25, 26].
Therefore, the role of ATP unbinding in conformational change of the protein, which
finally mediates the DNA unwinding, is an imperative problem to address. However,
aiming the mechanism of ATP hydrolysis is beyond the scope of the conventional classical
MD simulation. Therefore, in the present study, we have focused our investigation on
the ATP release from its binding site of PcrA helicase. We have addressed the following
questions. What is the energetic and the mechanism of ATP unbinding process from the
binding site? What are the residues that actively take part in hydrogen bonding with the
ATP molecule? Conformational change of the residues at the active site of the protein
while unbinding of ATP? From the MD simulations, we have analyzed the structural
changes of the protein domains when it goes from the substrate to the product state. In
this work for the first time, we have explored the energetics of ATP unbinding from the

substrate to the product state by calculating free energy of this process.

The work is organized in the following order with computational methods followed by
results and discussions. We have reported the free energy of unbinding of ATP from the
binding site of 1QHH and quantified the related local interactions and concluded the
findings.

3.2 Computational Methods

All atomistic MD simulations were performed using GROMACS version 4.5.5 [147-149]
with amber03 force field [137]. The crystal structure of 1PJR and 1QHH were obtained
from the RCSB database (http://www.rcsb.org) [174]. We have considered and performed
three different types of the simulations; a) equilibrium MD simulation to investigate the
domain flexibility, b) steered MD simulation to pull the ATP molecule from the binding

pocket of the protein, and ¢) umbrella sampling simulations on the reaction coordinate
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FIGURE 3.1: Crystal structures of PcrA helicase (a) 1QHH (ATP bound, cartoon view)
(b) ATP bound to binding site, surface view, and ¢) ATP free binding site (1PJR, surface
view).



23 Chapter 3. ATP Induced conformation flexibility in PcrA helicase

of steered MD simulations, to determine the potential of mean force (PMF) of the ATP

unbinding.

3.2.1 Equilibrium MD simulations

The helicase structure (1QHH) was solvated with explicit SPC [178] water molecules.
Periodic boundary conditions were used in all the directions. Energy minimization of the
starting structures was performed by the steepest descent method [179] as implemented in
GROMACS. After minimization, the protein (excluding water molecules) was positioned
restrained with a force constant 1000 kJ mol-1 for 5 ns in isothermal-isobaric (NPT)
ensemble. The simulations were performed at 300 K and 1 bar. The v-rescale thermostat
[180] with coupling time constant 0.1 ps and Berendsen barostat [181] with coupling
time constant of 1 ps. The simulation time of 5 ns was enough for water molecules to
equilibrate around the protein structure and penetrate to the solvent accessible areas. It

was followed by steered molecular dynamics run simulations.

3.2.2 Steered MD simulation

Steered MD simulations (SMD) were performed to pull the ATP molecule from the
binding pocket of the protein. The equilibrated structure of (after 5 ns of equilibration)
1QHH from the above MD simulations was used as a starting structure for SMD. During
the SMD simulations, structure 1QHH (excluding water molecules and ATP) was position
restrained with a force constant 1000 kJmol~1. The ATP was pulled along the z axis
with the force constant of 1000 kJ/mol/nm? and pull rate of 0.005 nm/ps for 2 ns
with the pull code as implemented in GROMACS 4.5.5 [147-149]. The electrostatic and
van der Waals cut-offs of 0.9 nm and 1.4 nm, respectively, were used. The simulation
trajectory was written after every 1 ps. Initial 1 ns SMD trajectory was used for analysis.
The same SMD trajectory was then used to generate configurations, which served as the
starting coordinates for umbrella sampling simulations along the reaction coordinate. We
have repeated the SMD simulations in total three times with the same reaction coordinate
to check the reproducibility and better statistics. The center of mass (CoM) distance
between ATP and protein from the three SMD runs were similar and are reported in
Figure 3.2, which indicate that the system has followed the similar path of unbinding

and the interactions of protein residues with ATP are similar during pulling.
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FIGURE 3.2: CoM distance between ATP and protein as a function of simulation time.
Black, red and green lines represent SMD simulation set 1, 2 and 3 respectively.

3.2.3 Umbrella sampling simulation

To calculate the free energy of unbinding of ATP from 1QHH, PMF was calculated
by using umbrella potential [153-155]. We have extracted the frames (configurations)
from SMD trajectory from initial 450 ps along the reaction coordinate (description
of the reaction coordinate is given in the results section). The reaction coordinates
were considered (CoM distance) for umbrella sampling simulation till the separation
of distance between protein and ATP reaches 4.2 nm the (~ 450ps). We have taken
windows (configurations) till 450 ps from 2 ns SMD trajectory, as the PMF reaches
plateau within this time. For umbrella sampling simulations, an asymmetric distribution
of sampling windows was used with spacing in sampling windows from 0.1 nm to 0.5 nm

2 was used

depending upon the separation. An umbrella potential of 1000 kJmol‘nm™
for each window to hold the pulling group at the window positions. For small molecules,
a force constants of 1000 kJmol~'nm=2 is found to be reasonable for producing the
reliable PMFs. [182, 183] If the force constant is too small, the restrain force will not be
sufficient to create a structure ensemble in a desire reaction coordinate. On the other
side, too strong force constants restricts the sampling in a small region and hence the
more number of sampling windows are required which would increase the computational
cost. The protein (reference group) was position restrained using force constant of 1000
kJmol~'. The position restraints enforce to prevent the complex from tumbling. This
also allows to restrict the bias in the system to a given direction or path of unbinding
otherwise, there might be chances of getting incorrect reaction coordinates. We simulated
30 sampling windows in total, each for 2 ns with umbrella potential. Thereafter, the
weighted histogram analysis method (WHAM) [184] was used to calculate the PMF and
finally Gibbs free energy. Number of bins and boot-strapping [185] steps were chosen to
be 200 and 25 respectively to compute the statistical errors of the PMF. The umbrella

sampling simulations were repeated two more times with the same reaction coordinate
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FI1GURE 3.3: Potential mean force profile for ATP unbinding for three different set.
Colors red, green and blue represents PMF for sampling set I , IT and III respectively
and black line shows average PMF profile.

to check the consistency of PMF obtained (Figure 3.3). However, we report here the
average of the PMF taken from the 3 sets.

3.3 Results

3.3.1 Free energy for unbinding of ATP

Binding of the ATP at the active site transforms the helicase into closed substrate
state with a minimum separation between protein domains. However, the hydrolysis of
ATP in the substrate state induce the conformational changes in the protein domains,
which rescues of the frozen domain (less mobile) state [24, 25, 171, 172] into the more
mobile state. The free energy released as a result of ATP hydrolysis is then converted
to mechanical energy used to translocate the protein domains. It converts ATP bound
substrate state protein to the ATP free product state. Therefore it is expected that
binding/unbinding of ATP is a crucial event in the DNA unwinding mechanism by PcrA
helicase and plays a significant role in the domain motion by its presence and absence
in 1QHH and 1PJR respectively. Hence, it is important to address the course of ATP
binding or unbinding, the energetics of the process and the effect of it on PcrA helicase,
particularly on protein domains 1A and 2A, which are important in the unwinding
process. The process of unbinding of ATP can be understood by slowly detaching the
ATP from its binding site. Therefore, we have separated the ATP and protein from each
other as a function of their CoM distance by using MD simulation with pull force. The
increase in CoM distances between protein and ATP as a function of simulation time

during the SMD simulation is shown in Figure 3.4a (red line).

Thereafter, a series of configurations was generated along the pulled direction (z axis).

The pulling direction or the reaction coordinate is schematically represented in Figure
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FIGURE 3.4: (a) H-bond count (black line) and distance between CoM of protein and

ATP (red line) as a function of time. (b) Schematic representation of 1QHH after ATP

is pulled along the Z direction. (c) PMF for ATP unbinding, X-axis represents the
separation of ATP (CoM) from protein (CoM of domains 1A, 1B, 2A, and 2B) .

3.4b. The reaction coordinate and its direction are represented as the vector connecting
the CoM of the whole protein and CoM of ATP. We have used a pull rate of 0.005 nm/ps
and force constant 1000 kJmol™1 to detach ATP molecule from the binding site of the
protein. From the SMD simulation trajectory, we have extracted various configurations
of the system based on the distance of the ATP from the protein along the reaction
coordinate. These configurations were considered as starting structures and simulated
for 2 ns by incorporating an additional umbrella potential. Umbrella sampling [186]
was performed to calculate the change in free energy of unbinding of ATP from the
active site. The WHAM [184] method was used to compute the potential of mean force
for the unbinding of ATP and is plotted in Figure 3.4c. We have ensured a sufficient
overlap between histograms of configuration of the adjacent windows, which is necessary
to obtain continuous smooth PMF from WHAM along the reaction coordinate (Figure
3.5).

The free energy change described by the PMF includes average effects of the separation
between the two entities and explicit solvent molecules. The PMF was plotted against the
separating CoM distance between ATP and protein in Figure 3.4c. The statistical errors

of PMF were computed using the bootstrap analysis and plotted in the same figure. From
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the PMF plot, the estimated free energy for the unbinding of ATP from the active site of
1QHH is ~ 85kJmol~1 (i.e., the binding free energy is -85 £5kJmol~1). The binding
free energy estimated in the current work is in good agreement with the free energies
reported for small molecules (e.g., oxime drugs) and ATP, which ranges in between -70
to -90 kJmol~! [187-189]. However, the contribution to the free energy from the long
time scale domain motion could not be accounted, as this time scale is out of reach for
the all atomistic MD simulation. This time scale can be achieved by the coarse-grained
methods where we lose the atomic details hence the important degrees of freedom i.e.,
local conformation changes of the residues at the active site. In fact, the calculated free
energy includes mainly comes from conformational changes of residues of protein near
to the binding site and hydrogen bonds between ATP and protein. Therefore, we have
further investigated the details of local interactions between ATP and the residues of the

protein at the binding site.

To make sure the consistency of the PMF results, we also carried out the SMD even
slower pulling velocity of 0.001 nm/ps which resulted in the production of nearly identical
trajectory as for pulling velocity of 0.005 nm/ps. We also carried out the umbrella
sampling simulation and generated the PMF. The potential of mean force obtained for
the smaller velocity does not deviate much from the free energy reported with pulling
velocity of (0.005 nm/ps) (see Figure 3.6). In consistence with our findings, we also
obtained the stationary phase with much slower pulling rate which is very similar with

the previous one.

3.3.2 Effect of ATP unbinding

The ATP bound state (1QHH) is the most stable conformation and thus has a minimum
energy (Figure 3.4c). During the unbinding process of ATP, we observe that the system

acquires stability (plateau) in the PMF at the reaction coordinate between 2.42 nm
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FIGURE 3.6: Potential mean force profile for ATP unbinding with slower pull rate of
0.001 nm/ps.
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FIGURE 3.7: Snapshots representing ATP at CoM distance a) 2.3 nm b) 3.5 nm and c)
4.1 nm from CoM of protein.

and 2.52 nm, thereafter a steep rise in the energy profile is seen (Figure 3.4c). While
unbinding, ATP has to overcome local interactions arising from the residues near the
binding site. Therefore, the stability near the binding site may occur due to the favorable
interactions of ATP with the nearby residues (interactions schematically represented in

Figure 3.7).

However, the presence of stable region may be also a result of the local re-arrangement
or change in the orientation of the residues at the active site of the protein that enhances

the interactions. The interactions between protein and ATP are mainly non-bonded
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interactions e.g. hydrogen bond. Therefore, we investigated it further by calculating
the variation in the number of hydrogen bonds (H-bonds) between the protein and ATP
during the process of unbinding (plotted in Figure 3.4a, black line). The hydrogen bonds
were computed based on the donor-acceptor distance of 34 or less and the H-donor-
acceptor angle of 20° or less. All the H-bond donor and acceptor atoms of protein residues

and ATP were taken into consideration for the hydrogen bond calculation.

3.3.3 Variation of Hydrogen bond as the ATP is pulled

In an ideal scenario, the interaction between the two moieties decreases as the separation
between them increases. From Figure 3.4a, we have observed a gradual decrease in the
hydrogen bonding between protein and ATP with the increase in the CoM distance
between them. This decrease vanishes as the separation between ATP and protein is
approximately 4 nm. Interestingly, we notice a slight increase in the number of H-bonds
at the early stage of unbinding (50 ps or ~ 2.4nm). Also, we have observed a significant
number of H-bonds till 180 ps (i.e., at a separation of 2.52 nm). Thus the initial increase
and a significant number of H-bonds between ATP and protein till 180 ps illustrates
favorable interaction, which may give rise to the stationary phase in the PMF plot (at
the CoM distances between ~ 2.42 to ~ 2.52 nm) in Figure 3.4c. It suggests that during
the unbinding process, initially, ATP tries to attain a relatively stable configuration.

Therefore, we have explored the reason for such stability further in the thesis.

The formation of the hydrogen bonds may be enhanced by the change in the conformations
or local fluctuation of the nearby residues during unbinding of ATP. We have examined
the fluctuations of the protein residues during ATP unbinding. Root mean square
fluctuations (RMSF) of the protein were computed from the first 500 ps of the SMD

trajectory and are shown in Figure 3.8a.

It is observed that, some residues of the domain 1A and 2A are fluctuating at higher
extent amongst all. These are mainly the conserved residues of the helicase family, which
forms the inter-domain cleft necessary for ATP binding. Tuteja et al. [162] and Dittrich
et al. [23] revealed that amongst 1A and 2A domain, residues Gly34, Gly36, Lys37, Thr38,
Arg39, Arg75 (domain 1A) and GIn254, Tyr286, Arg287, Gly569, Leu570, Glu571, and
Arg610 (domain 2A) are known to be highly conserved residues in the helicase family
and are found at the active sites of the protein and involved in DNA and ATP binding.
The spatial arrangement of these residues at the active binding site is depicted in Figure
3.8b with ATP (1QHH). The nature of the interaction of these residues with ATP is
mainly non-bonded, especially governed by hydrogen bonds (H-bonds). Thus, we have

calculated the percentage occupancy of H-bond (the percentage of time that various
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FIGURE 3.8: (a) Root mean square fluctuation (RMSF) of protein residues during the
unbinding of ATP from 1QHH. (b) snapshot of the crystal structure of 1QHH. It shows
the residues at the active site of 1QHH. ATP is represented as blue sticks.

hydrogen bonds observed during the simulation) during the SMD simulation and are
tabulated in Table 3.1. For example, if a particular H-bond remains intact during 30%
of the simulation time, then its occupancy is 30%. These are averaged values from three
sets of independent SMD simulations. It shows that Arg (Arg610, Arg75, Arg39, Arg287)
from both the domains and Thr38 from domain 1A have higher occupancies than other
residues. So these residues contribute more in forming H-bond interaction with the ATP

molecule.

We have also carried out two more independent (of previous direction) sets of SMD
simulations with different unbinding pathway to check the effect of different pulling
direction. ATP was pulled in the tilted direction toward x and y directions (of the box,

away from the protein) with respect to the z direction (termed as xz and yz respectively)
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TABLE 3.1: Shows percent occupancies of hydrogen bonds between ATP and various
active site residues of 1QHH system during SMD runs. Here side refers to the side chain

atoms and main refers to the main chain atoms.

Donor Acceptor Occupancy (%)

ARG610-Side ATP652-Side  31.10 £ 5.96

THR38-Side  ATP652-Side  29.31 £ 6.58

ARG287-Side ATP652-Side 13.54 + 6.16

THR38-Main ATP652-Side 12.84 + 4.11

ARGT75-Side  ATP652-Side  12.61 + 4.59

ARG39-Side  ATP652-Side  11.51 £ 3.02

ARG39-Main ATP652-Side 10.91 + 3.24

LYP37-Side ATP652-Side  9.65 + 7.16

GLY34-Main ATP652-Side  5.49 + 2.32

GLN16-Side ATP652-Side  4.06 £2.73

GLY36-Main ATP652-Side  1.20 £ 0.98

LYP37-Main  ATP652-Side  0.67 + 0.98

TABLE 3.2: Percentage occupancies of hydrogen bonds between ATP and various active
site residues of 1QHH system during SMD runs along xz and yz direction.
Set 2 (xz) Set 3 (yz)

Donor Acceptor Occupancy | Donor Acceptor Occupancy
THR38-Side  ATP652-Side  66.07% ARG39-Side  ATP652-Side  36.93%
ARG287-Side ATP652-Side  48.70% THR38-Side  ATP652-Side  35.13%
LYP37-Side ATP652-Side  38.52% ARG287-Side ATP652-Side  28.94%
ARGT75-Side  ATP652-Side  37.72% ARGT5-Side  ATP652-Side  26.15%
ARG610-Side  ATP652-Side  35.33% LYP37-Side ATP652-Side  23.95%
ARG39-Main ATP652-Side 32.73% ARG39-Main  ATP652-Side 23.35%
ARG39-Side  ATP652-Side  20.16% ATP652-Side  GLN16-Side  13.97%
THR38-Main ATP652-Side 17.96% THR38-Main ATP652-Side  13.57%
ATP652-Side  HID11-Main  15.57% GLN16-Side  ATP652-Side  7.19%
ATP652-Side  GLN16-Side  12.38% ARG610-Side  ATP652-Side  5.59%
SER35-Main  ATP652-Side  9.78% GLY36-Main  ATP652-Side  2.20%
GLY36-Main  ATP652-Side  7.39% ATP652-Side  ALA10-Main  1.80%
LYP37-Main  ATP652-Side  4.79% - -

to check the effect of the different pulling direction on the conformational changes at the
binding site(Schematically shown in Figure 3.9a). We have plotted the occurrence of the
hydrogen bonds as a function of simulation time (Figure 3.9b) and reported the residues
involved in the hydrogen bond formation (Table 3.2). We have noticed the same residues

as above contribute more toward hydrogen bond formation.

Further to visualize hydrogen binding, we have computed the Non-Covalent Interaction
(NCI) by using NCIPlot developed by Garcia et al. [190] between the active site residues
and ATP. NCI characterizes the non-covalent interactions such as van der Waals interac-

tions (vdW), steric clashes (SC), and hydrogen bonds (HBs) based on pairwise distances
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FIGURE 3.9: a) Schematic representation of the pulling direction of ATP b) occurrences
of hydrogen bond as a function of simulation time.

between atoms according to their vdW radii and electronic density. We investigated
the interactions between active site residues and ATP by plotting the reduced density
gradient versus electron density multiplied by sign of second Hessian eigen value [190]
in Figure 3.10. It is computed for the binding cleft residues (Gly34, Gly36, Lys37,
Thr38, Arg39, Arg75, Gln254, Tyr286, Arg287, GLY569, Glu570, and Arg610) and ATP.
We have compared the NClIplot of ATP bound conformation with the four different
configurations extracted from the SMD trajectory at different simulation time e.g. the
bound state 0 ps and 70 ps (Figure 3.10a), 90 ps (Figure 3.10b), 110 ps (Figure 3.10c) and
at unbound state 500 ps (Figure 3.9d). The low-density, low-gradient spike at negative
side signifies the stabilizing interactions. The large negative values of sign (A2)p indicates
attractive interactions such as dipole-dipole interactions or hydrogen bonding. While,
large and positive sign (A2)p depicts repulsive interaction. The values near zero indicates
weak interactions and O signifies no interactions. From Figure 3.10, the low-density
low-gradient spikes observed for both the ATP bound and SMD configurations clearly
depicts the existence of hydrogen bonds between ATP and active site residues. However,

SMD configurations shows low-density and low-gradient spikes more towards the negative
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FIGURE 3.10: Reduced density gradient vs sign (A)p. Color black and red represents
ATP bound and SMD configurations respectively.

scale which signifies attractive interactions and more number of H-bonds Figuer 3.10 a b

and c.

It is clearly evident from the figure that as we move the ATP from the binding pocket
the interaction increases and thus stabilizes the PMF. As we move ATP further, the
interactions eventually get weakened and then vanished (Figure 3.10d). We also observed
some van der Waals and repulsive interactions from the spikes near 0 and positive side

respectively for ATP bound, 70 ps, 90ps and 110ps configurations.

Thereafter, we have plotted the density gradient isosurface to visualize these interactions.
In Figure 3.11 we have shown the gradient isosurface of non-covalent binding at different
time of SMD simulation (described above). We have used gradient cutoff of s = 0.35 au
and the color scale is 0.04 < p < 0.04 au. The colors ranging from blue to red indicates
the strength of interactions according to values of sign (A2)p. Blue indicates strong
attractive interactions and red indicates strong non-bonded overlap (repulsion). The
higher density portions of the isosurface correspond to hydrogen bonds between active
site residues and ATP. We have used the same value of s and same range of p for all
the snapshots. Therefore, From Figure 3.10 (a-c) and 3.11 (b-c), it is clearly evident

that, the interactions between the binding site residues and ATP increase after initial
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¢) 110 ps frame d) ATP unbound state

FIGURE 3.11: NCI isosurface around ATP in the active site of PcrA helicase protein.
The gradient cut-off is s=0.35 au, and the color scale is -0.04 < p < 0.04 au. Active
site residues are explicitly shown in red color.

unbinding. This confirms that when ATP unbinds from the active site, residues reorients

and stabilizes the interaction by the formation of hydrogen bonds with the ATP molecule.

3.3.4 Distance distribution between the H-bonding atoms of residues
in the binding site with ATP

From Table 3.1, it is evident that ATP primarily acts as the H-bond acceptor (also
seen from Figure 3.11). Thus, the H-bond can be formed between the donor atoms of
residues at the active site with the acceptor atoms of the phosphate moiety of ATP.
So, we have calculated the distribution of distances between H-bond donor atoms of
active site residues and the oxygen atoms of «, 8 and ~ phosphate groups of ATP. These
distributions are depicted in Figure 3.12.

The distributions were computed from the ATP bound and ATP pulling (SMD) trajecto-
ries and they represent the possibility of the formation of H-bond between enzymatically
active residues and ATP in bound state and during unbinding. The distance distribution
from the ATP bound simulation trajectory was computed and termed as bound. In case
of SMD trajectories, the distributions were generated in the successive interval of 100 ps,

e.g (0-100 ps) and termed as 0-100 ps. Similarly, the distributions 100-200 ps, 200-300
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FIGURE 3.12: Distribution of the distances between H-bond donor atoms of residues

(a) Lys37, (b) Thr38, (c) Arg39, and (d) Arg75, (e) Arg287, (f) Arg610 and oxygen

atoms of , and phosphate group of ATP of domain 1A. Bound refers to the simulation

trajectory where ATP was not pulled. 0-100 ps, 100-200 ps, 200-300 ps represent time
intervals..

ps, 300-400 ps and 400-500 ps were generated from the SMD simulation trajectory in
the time window of 100-200 ps, 200-300 ps, 300-400 ps, 400-500 ps respectively. Figure
3.12 (a, b, ¢, d, e and f) represents these distributions for Lys37, Thr38, Arg39, Arg75,
Arg287 and Arg610 respectively. The minima of the first peak of the distributions at
0.3 nm or less are the H-bonding distances. Since, ATP bound state is the most stable
configuration, we can assume that the interactions would be higher and it would fade
away as it was pulled out from the active site. However, in all the cases, the distributions
for the H-bonds formation are not at maximum for bound state (black line). These
distributions attain the maxima at the intervals of 100-200 ps for Lys37, 0-100 ps for
Thr38 and Arg610 and 300-400 ps for Arg287. This suggests that these residues come
near to the proximities of ATP during the process of unbinding and therefore show
greater peak heights at the hydrogen bonding distance between donor and acceptor
atoms (< 0.3 nm). For Lys37 (in Figure 3.12a), at the ATP bound state the H-bond
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FIGURE 3.13: CoM distance between ATP and (a) Lys37, Thr38 and Arg39 of domain
1A. (b) Arg287 and Arg610 of domain 2A.

interactions are weak as compared to the 100-200 ps plots. When ATP is pulled from
the active site, the CoM distance between Lys37 and ATP should increase; but rather it
has decreased after ~ 40 ps (Figure 3.13a, black line).

We have used a pull rate of 0.005 nm/ps to detach ATP from the binding site, therefore
in an ideal scenario; at 200 ps ATP should have moved a distance of 10 A from its
initial state (the ATP bound state). However for Lys37, from Figure 3.13a, it is evident
that ATP has moved only 6 A. This shows that there are interactions, which indeed
tries to hold ATP and as the pull force overcomes the binding energy, ATP moves away.
Similar observations are seen for Thr38 and Arg39 (Figure 3.12a). Figure 3.13 shows
that in the region of 40-140 ps time, a decrease in the CoM distance between the residues
and ATP is noted. This eventually gives rise to the greater peak heights in distance
distribution for Lys37, Thr38, and Arg39 (Figure 3.12a, b and ¢ respectively) in the time
interval of 0-100 ps and 100-200 ps. Even the CoM distance between ATP and residue
do not change (Figure 3.13a) when the ATP was pulled. The interactions, which hold
the ATP can also re-orientation the residues (see section on conformation change, section
c) i.e., induce local conformational changes. In case of Arg39 (Figure 3.12c) we observe a
significant distribution at the distance of 0.3 nm till 200 ps. However, beyond 200 ps, we
also observed a finite distribution of H-bond distances (at 0.2 nm separation between
ATP and Arg39) even though there is a gradual increase in the CoM separation between
Arg39 and ATP (Figure 3.13a) at that time. From Figure 3.14a (and visualizing the
trajectory), we have observed a head-on orientation of Arg39 (guanidine moiety) with
ATP (Phosphate group).

Primarily, within 0 to 200 ps of time, ATP interacts prominently with the main chain
N atom. However, beyond 200 ps, the interaction of ATP gradually increases with
the side chain N atoms of guanidine (schematically showed in Figure 3.14a). Thus to
investigate it further , we have computed the CoM distance of the arginine main chain
atoms and guanidine moiety with the phosphate group of ATP and plotted in the Figure
3.14b. It shows that till 220 ps, the ATP and main chain atoms of Arg39 are closer
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FIGURE 3.14: (a) Schematic representation of residue Arg39 and ATP at time 0 ps and
250 ps.(b) CoM distance between ATP phosphate group and Arg39 main chain (black)
and Arg39 side chain (red).

than guanidine moiety of Arg39. After 220 ps, ATP-main chain distance increases and
ATP-guanidine moiety comes closer. This proves that ATP interacts with the Arg39 via
main chain atoms in the early stage of unbinding and beyond 220 ps, it moves apart and
comes near to the side chains of Arg39 (guanidine moiety). We have also observed that
there is a change in the conformation of Arg39 residues and it is discussed later in the
thesis (section 3.3.5). This also leads to a shorter separation between hydrogen bond
donor atoms of Arg39 and acceptor atoms of ATP. Figure 3.12d shows that the distance
distribution between the Arg75 (H-bond donor atoms) and ATP (H-bond acceptor atoms)
has prominent peaks in the bound state, 0-100 ps and 100-200 ps. Then at subsequent
time there is a shift and decrease in the peak height. Further distance distributions of
Gly34, Gly36 and Gln254 were computed and are depicted in Figure 3.15 and these
residues do not show any distribution at the H-bonding distance but long range weak

interactions.

For Arg287 (Figure 3.12¢), there are hardly any occurrences at the H-bonding distance for
the ATP bound trajectory. The occurrence at the H-bonding distance starts appearing
after 200 ps and in the 300-400 ps interval, a prominent peak at the H-bonding distance
(at ~ 0.2 nm) is observed which faints away after 400-500 ps. Interestingly, we observed
a similar head-on interaction between Arg287 and ATP as seen for Arg39 which leads to
a peak in distribution of H-bond distance at 0.2 nm (i.e. 200 ps) in Figure 3.12e even
though the CoM separation between ATP and Arg287 (see Figure 3.13b) increases as a
function of time. This observation is also seen on visualizing the SMD trajectory where
we observed that the H-bond acceptor atoms of ATP and H-bond donor atoms of Arg287
come close due to attractive interaction, while the remaining part of the ATP move away.
Visualization of trajectory also reveals that there are some conformational changes in
the residues and ATP. This is discussed in section c. For Arg610, we observed peaks at
the H-bonding distance for the ATP bound state. As the ATP is pulled, we found a
significant interaction between Arg and ATP at the H-bonding distance (Figure 3.12f) in
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FIGURE 3.15: Distribution of the distances between hydrogen bond donor atoms of
residues (a) Gly34 (b) Gly36 and (c) Gln254 and oxygen atoms of , and phosphate
group of ATP.

the time interval of 0-100 ps, thereafter, the distribution fades away when ATP moves
far from the binding site. Other residues from the same domain are shown in Figure 3.16
and they do not show any distribution at the H-bonding distance but weak long range

interactions are present.

3.3.5 Conformation changes among the residues and ATP

There are some distance dependent interactions, which get strengthened as ATP is pulled
from the active site of the protein. These interactions may have resulted due to the
change in the conformations or re-orientation of residues and/or ATP. In this section we
have discussed these changes both qualitatively and quantitatively. The conformational
flexibility of residues at the molecular level can be studied by monitoring the change in
torsional angle as a function of simulation time. For the protein residues there can be
torsional motions in the main chain atoms and in the side chain atoms. As the main
chain atoms are linked with the previous and subsequent residues, we did not observe
significant deviation in the dihedral rotation. The main chain dihedral angles are plotted
in Figure 3.17. Here, we have observed that the dihedral angle between the residues
fluctuates in a small range and do not change to any other conformation. We have also
calculated and plotted the dihedral angles of the side chains as a function of time in
Figure 3.18.
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FIGURE 3.17: Main chain dihedrals of the residues Lys37-Thr38-Arg30-Val40 in the
active sites of the domain 1A. (a) N-CA-Crys-Npp, (b) Crys-N-CA-Crp,(c) N-CA-C-
Narg and (d) N-CA-Ca,4-Nyg.
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simulation time.

We observed (Figure 3.18a) Arg39s CG-CD-NE-CZ dihedral changed from +180° (at 0
ps) to +50° (at 180-280 ps) and then it stayed around 180°. Similarly, side chain dihedral
angles CB-CG-CD-NE and CG-CD-NE-CZ of Arg287 also got changed (shown in Figure
3.18b and c) as a function of time. Dihedral CB-CG-CD-NE (Figure 3.18b) of Arg287
adopted an angle of 90° at 300 ps from 180°. While dihedral CG-CD-NE-CZ changed to
-135% at 300 ps from 135° (Figure 3.18c). As ATP was pulled, Arg287s guanidine moiety
got reoriented towards the phosphate group of ATP. As evident from Figure 3.12d, that
the interaction of ATP with Arg610 is prominent in time range of 0-100 ps, thus the
dihedrals (N-CA-CB-CG, CA-CB-CG-CD, and CG-CD-NE-CZ) of Arg610 in this time
range did not change significantly (Figure 3.18d, e and f). However, these dihedrals
eventually got shifted to another value with time, i.e., as ATP was pulled out from the

active site.

In addition to the conformational changes in the residues, we have calculated and plotted
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the dihedral angles for ATP as a function of simulation time. It was observed that the
dihedral OB-PB-OA-PA of ATP stayed at anti conformation (180° or -180°) till 130
ps and gradually changed to syn conformation (Figure 3.19). In this way, by changing
its conformations ATP tries to maximize the interaction with binding site residues i.e.,
Arg39 and Arg287. In Figure 3.20 we have plotted dihedral angles O2-PG-OB-PB,
PG-OB-PB-0A, 04*-C1*-C9-C8, C4-N9-C1*-04*, and O5*-C5*-C4*-C3* as a function of

time, which do not show significant rotation (predominantly stay as anti conformation).

Arg39, Arg75, Arg287 and Arg610 surround ATP, at the Arginine finger region, which
results into the stable bound state. When ATP was pulled, the residues surrounding to
it and ATP itself reorients, such that the interactions get maximized. The orientation
of guanidine moiety of Arg changes its orientation to facilitate such interactions and a
stationary stable phase is formed (Figure 3.4c) in potential of mean force of unbinding
process. This process of stabilization by reorientation of Arg residues and ATP are

observed from real time trajectory.

3.4 Conclusion

We have performed SMD simulations to pull ATP from the binding site of the protein and
the configurations generated while pulling was used for umbrella sampling simulations.
The free energy required to pull ATP from the active cleft was computed to be ~
85kJmol =t (£5kJmol~'). This energy is mainly due to the change in conformation of

residues of protein near to the binding site and breaking (and reformation) of hydrogen



Chapter 3. ATP Induced conformation flexibility in PcrA helicase 42

bonds between ATP and the helicase. The ATP unbinding process from the binding site
was facilitated by application of a constant force of pulling. Therefore, the long time scale
(1S) domain motion energy is not accounted in the calculated free energy value. Hence,
the value is slightly higher than expected. There is a formation of stable stationary
phase, which is a result of H-bond formation and stabilization of interaction between the
ATP and the active site residues. This results in the conformational change of ATP and
reorientation of the residues. ATP is surrounded with residues in the binding site. When
it is pulled, the positive charged residues (Arg) reorient themselves to maximize the
interactions. This also leads to the formation of stable stationary phase. The guanidine
moiety of Arg, reorients towards the phosphate group of ATP, to facilitate such stationary
phase. This study elaborated the atomistic details of the ATP unbinding and the effect

of ATP unbinding on local conformational flexibility.



Chapter 4

Domain Motion Studies of PcrA

Helicase!

4.1 Introduction

Binding of ATP to the PcrA helicase induces the protein to undergo small separation
between the domains. The geometrical constraints due to the ATP at active site of
protein hinder the conformational flexibility of the protein. Therefore, in previous chapter
we have detached the ATP by steered molecular dynamics simulation (applying force)
from the binding site and computed the free energy. However, in this chapter we have
reported the results base on our investigation on the global conformational flexibility
of the protein domains in substrate and product state (after ATP unbinding) of the

proteins.

Helicase is crystallized in two different conformations termed as substrate (closed) state
complexed with DNA and unhydrolyzable analog of ATP and a product (open) state
without ATP. Experimental results have showed that the binding of ATP at active site of
the protein transforms it into closed substrate state. Thereafter, hydrolysis of ATP at the
catalytic site convert it into a product state which mediate helicase to translocate on DNA
strand. As a result of this, helicase moves unidirectionally along single-stranded DNA
(ssDNA) [163-165] and opens junctions of duplex DNA. The basis of this mechanism is
the conformational changes of PcrA because of ATP binding and hydrolysis. Therefore,
we investigated such global conformational changes in the protein and demonstrated the

domain motion of helicase protein.

!This chapter is adapted from the publication Mhashal AR, Choudhury CK and Roy S (2015) Probing
the ATP-induced conformational flexibility of the PcrA helicase protein using molecular dynamics
simulation. Journal of Molecular Modeling (2016) DOI 10.1007/s00894-016-2922-3
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We selected PcrA helicase as model structure from B. stearothermophilus which has been
crystallized and resolved at high resolution [16, 174], in substrate (with ATP bound)
(1QHH and 2PJR) and a product (without ATP/ADP bound)(1PJR and 2PJR) state. In
the present work, we used the apo (without DNA) helicase enzyme complexed with ATP
(1QHH) and without ATP (1PJR) for the simulations. It is a very simple helicase model
composed of four domains (1A, 2A, 1B, and 2B) in their monomeric form. The domains
1A and 2A of this protein are considered to be the functionally important domains
which play an vital role in unwinding as reported by the experimental and theoretical
investigations [16, 24, 24-26, 162, 166, 169]. These domains form a cleft which serves as
ATP-binding site lined with a number of conserved sequence motifs, however, are also
involved in the process of translocation. The mode of translocation of the PcrA helicase
by inchworm model [16, 23, 24, 166-168]. The model suggests that the binding of ATP
at the inter-domain cleft between 1A and 2A facilitate a narrower separation between
the domains 1A and 2A which results into closed state. ATP hydrolysis and release
from cleft result into a wider separation between these domains which is the product
state [20, 25]. A successive ATP binding and its hydrolysis results into the unidirectional

translocation of protein.

Therefore, it is expected that protein domains 1A and 2A in product state exhibit more
flexibility compared to the ATP bound substrate state. However, flexibility may be
restricted in ATP bound state due to the various interactions between ATP and active site
residues situated in the inter-domain cleft. Hence, the goal of this chapter is to identify
the conformational flexibility of ATP bound substrate state and ATP free product state
protein. For this study, we have taken the apo form PcrA helicase enzyme with ATP and
without ATP. We refer the systems as ATP bound substrate state (1QHH) and ATP
free product state (1IPJR). Thereafter, we have investigated the structural properties
and the movement of protein domains by performing few hundred nanoseconds of all

atomistic MD simulation.

4.2 Computational details

All atomistic MD simulations were performed using GROMACS version 4.5.5 [147—
149] [147-149] with amber03 force field [137]. The crystal structure of 1PJR and 1QHH
were obtained from the RCSB database (http://www.rcsb.org) [174]. MD simulations
of 1IQHH and 1PJR were performed separately. The helicase structures were solvated
with explicit SPC [178] water molecules. Periodic boundary conditions were used in all
the directions. Energy minimization of the starting structures was performed by the

steepest descent method [179] as implemented in GROMACS. After minimization, both
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the structures 1QHH and 1PJR (excluding water molecules) were positioned restrained
with a force constant 1000 kJ mol-1 for 5 ns in isothermal-isobaric (NPT) ensemble.
The simulations were performed at 300 K and 1 bar. The v-rescale thermostat [180]
with coupling time constant 0.1 ps and Berendsen barostat [181] with coupling time
constant of 1 ps were used. The simulation time of 5 ns was enough for water molecules
to equilibrate around the protein structure and penetrate to the solvent accessible areas.
The position restraints were taken off and it was then followed by the production run
simulation in canonical (NVT) ensemble at 300 K. The electrostatic and van der Waals
cut-offs were 0.9 nm and 1.4 nm, respectively. Particle Mesh Ewald summation [191]
was used for accounting long-range electrostatic interactions. The integration time-step
was 2 fs as all bonds were constrained. Independent simulations of both the protein
structures were performed for 300 ns with explicit water. 1QHH consisted of 10533 atoms
of protein, 43 atoms of ATP and 34945 water molecules and 1PJR system consisted of
10533 atoms of protein and 36843 water molecules. Counter ions (Na+) were added to

neutralize the system. The trajectory was recorded at a frequency of 5 ps.

4.3 Results

Prior studies reported that the domains 1A and 2A of PcrA helicase involved in the
binding and helicase translocation along the DNA. The translocation of the protein is
aided by the binding and hydrolysis of ATP at the protein active site. Domains 1A and
2A of PerA helicase undergo narrower configuration (less separation between 1A and 2A)
upon binding of ATP at the active site. As a result of this protein domains come closer
to each other and decreases the distance between domains 1A and 2A. However, after
ATP hydrolysis these domains achieve a wider conformation (higher separation) using
the free energy released from the ATP hydrolysis. As this protein is crystallized in both
ATP bound and ATP free state, we expect that the ATP free protein domains would be
more flexible as compared to the ATP bound state. Hence, we have investigated this
by calculating the domain displacement as a function of center of mass (CoM) distance
between them from the 300 ns production run trajectory of both substrate (1QHH)
and product state (1PJR) protein (Figure 4.1). We have schematically shown the CoM
distance calculated between domain 1A and 2A in Figure 4.1a. It is observed from
figure 4.1b that, 1QHH protein domains have relatively lesser displacement between 1A
and 2A and the CoM distance fluctuates around the CoM distance of initial structure
with smaller deviation. On the other hand, 1PJR, the ATP free state shows slightly
higher fluctuation from the CoM distance. It is then further quantified by calculating
the distribution of these CoM distances which is depicted in Figure 4.1c. ATP bound
state exhibit higher peak height and lesser width than the ATP free state. This suggests
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that the protein is less flexible when it is bound to ATP. In case of 1QHH, the domain
distance fluctuates around the distance as observed in the crystal structure [16]. In
Figure 4.1d we have plotted the root mean square deviation of the 1QHH and 1PJR
from its crystal structure. It is evident that the 1IPJR (ATP free state) is fluctuating
slightly more than the 1QHH (ATP bound state)
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FIGURE 4.1: a) Schematic representation of protein domains and CoM distance, b)
CoM distance as a function of time c¢) distribution of CoM distance and d) root mean
sqaure deviation of CoM distance from reference CoM distance value.

In addition to domain displacement, the hinge angle between the two domains was
calculated (Figure 4.2). The collective CoM of domains 1B and 2B is used as a hinge
point (schematically shown in Figure 4.2a). The angle between the CoM of domain
1A, hinge point and CoM of domain 2A was calculated and plotted in Figure 4.2b. We
observe that the hinge angle for 1PJR is fluctuating more as compared to the ATP bound
state (1QHH). The domains 1B and 2B were found to have less movement as compared

with the domains 1A and 2A, therefore, choice of hinge point is justified.

From Figure 4.2b we observe the decrease of this angle initially for first 35 ns in case
of 1PJR, which corresponds to the CoM distance plot in Figure 4.1b. It is clear from
both the distance and angle between the domains that existence of significant domain
motion in 1PJR. The angle remains fluctuating around a value similar to initial value
for 1QHH which also correlates well with CoM distance between between 1A and 2A

domains. We have also plotted the distribution of these angles in Figure 4.2c. This shows
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that the distribution of the angle values shift to the lower side and distribution curve for
1PJR system exhibits wider distribution compared to 1QHH system. The distribution

correlates with the results obtained from the distance plot in Figure 4.1c.
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The inward and outward displacement of domains was investigated by calculating in/out
of plane motion of domains. We have calculated the angles that define the outward or
inward plane motion of the domains. We have taken a midpoint (mid) along the vectors
joining CoM of domain 1B and 2A (Figure 4.3a). Angles /mid-1A-2B, and Zmid-2B-1A
were calculated as a function simulation time and plotted for both the system in Figure
4.3b and 4.3c respectively. From the figure it is evident that the angles Z/mid-1A-2B
(Figure 4.3b) and Zmid-2B-1A (Figure 4.3c) gradually decreases for 1QHH and 1PJR as
a function of time but from 70 ns onwards the angles become constant. Thus, we do not

find any significant in or out plane domain motion either for 1QHH or 1PJR.

Protein is a dynamic entity, which fluctuates in response to the physical and chemical
environment. Root mean square displacements (RMSD) of protein atoms with respect
to the initial structure can provide the flexibility of the protein in product state and
substrate state. Thus, we have calculated and plotted RMSD in Figure 4.4 for PcrA;
for backbone atoms and used initial positions (crystal structure) as reference. It is

observed that there is a gradual increase in the RMSD for the product state; while for
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respectively.

the substrate state (1QHH), RMSD values were less than 1PJR. This suggests greater

degree of freedom (more flexible) of product state domains than substrate state.
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FIGURE 4.4: Root mean square deviation of backbone atoms. Black and blue lines
represents systems 1PJR and 1QHH respectively.

Distance between CoM of two domains (1A and 2A) may also change due to changes in
the compactness of each domain. It is also probable that one of the domains can deform
in a way so that the position of center of mass gets altered. Therefore, to eliminate such
chances we have also examined the compactness of each domain by calculating the radius

of gyration (Rg) as a function of simulation time. Rg is widely used for elucidation of
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structural properties of protein, e.g., protein folding, conformational fluctuations and
compactness of the three dimensional structures of proteins. In Figure 4.5a we have
depicted distribution of the the Rg for domain 1A and 2A collectively and individually
in Figure 4.5b. It can be observed from the collective graph the product state is more
flexible than the substrate. However the individual Rg plots for domains 1A and 2A
shows almost no change distribution curve. Therefore, we can infer that the domains of
the product state are moving towards each other due to absence of ATP in the binding

state and then moves to a half closed state.
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FIGURE 4.5: Distribution of radius of gyration (Rg) for PJR and QHH shown in color
black and red respectively b) R(g) distribution of domain 1A and 2A separately. Colors
black and red represents 1PJR and 1QHH systems.

We have conducted the principal component analysis (PCA) analysis on the trajectory
between 50-200 ns to filter the large-amplitude collective motions from local, fast motions.
This was done by building a covariance matrix of the atomic fluctuations followed by the
diagonalization of this matrix, which gave a set of eigenvectors and eigenvalues. This
describes collective modes of fluctuations of the protein. The eigenvectors corresponding
to the largest eigenvalues are called principal components. Finally, we have filtered the
original trajectory by projecting it along a selected eigenvector and, we are able to extract
the functionally relevant motions from the trajectory. The time scale of investigation, in
the present study, is of the order of nanoseconds (300 ns), which is smaller as compared
to the Yu et al. [25, 26] Thus we are not able to see large scale fluctuations or domain
shift. Yu et al. had shown that the domains are much fluctuating for ATP free product
state [25]. They have performed a stochastic dynamics simulation on coarse grained
systems, and so the time scales accessed by them were large. The 2B subdomain of PcrA
helicase also shows significant movement by rotation about a hinge region emerging from

the 2A subdomain which was reported earlier [169].

At the smaller time scale, we do find movement in the 1A and 2A domains for 1IPJR (ATP
free state), analyzed from CoM distance distribution and PCA. This can be extended to
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large time scale simulations where we can distinctly visualize the domain motions, as

illustrated by Yu et al. [25].

4.4 Conclusions

We have simulated ATP bound substrate state 1QHH and ATP free product state
1PJR structures of PcrA helicase in water. From the calculations, we have shown the
displacement of the domains in both with ATP (substrate) and ATP free (product state)
using long molecular dynamics trajectories. The results revealed that the domains 1A and
2A show displacement of in absence of ATP i.e. in case of product state. The individual
domains of the product state are not flexible, but considerable domain displacement
has been observed. However, in case of the substrate state, the geometrical constraints
due to the interactions between ATP and active site residues hinder the flexibilty of the
domains in substrate state enzyme. The PCA analysis does show the domain motion
for 1IPJR (ATP free state). This is an indication that after the hydrolysis of ATP, the
product state becomes more flexible can attain some domains motion in vivo and hence

can translocate toward the double stranded fork of the DNA.

DNA unwinding mechanism by helicases is difficult to probe with all atom molecular
dynamics simulations. However, we have tried to bridge a small part of mechanism by
addressing the local structural change due to the ATP unbinding from the active site of the
helicase (in chapter 3) and subsequently its effect on the global conformational flexibility
of the motor protein in this chapter using long time all atomistic MD simulations. The
time and length scale of motion is limited by the level of theory. However, one can
achieve the longer time and larger length scale using different methods e.g. stochastic

dynamics or coarse grained simulations but with the lack of atomistic details.



Chapter 5

Effect of (Gold Nanoparticle on
Membrane Fluidity!

5.1 Introduction

The part B of the thesis is essentially focused on the fundamental understanding of the
properties of biological membranes and their interactions with the nanoparticles (NPs)
and surfaces from the atomic point of view. It is undoubtedly of great biochemical,
biophysical, and medical interest. The knowledge of the structural and dynamical behavior
of membranes and associated membrane proteins can contribute to the development of

pharmaceuticals, anesthetics and drug delivery agents.

The lipid membranes serve as a barrier and selectively allow molecules to the interior
of the cell. As the cell is the central part of life, the understanding of the functionality
of cell wall, i.e. lipid bilayer membrane under the influence of foreign material is a
major challenge in biology. Living bodies are always exposed to the NP of different
size, which inevitably leads to experimentation to understand the risk and hazard
associated with NPs. Cytotoxic effects of NPs are well known and mostly depend on
the size of NPs [192, 193]. Any foreign particles, e.g. NPs, polymers, etc. enter the
cell membrane by two different ways, either by endocytosis or by diffusing through the
membrane [193, 194], which is vastly dependent on the size of the particle. Computer
simulations showed that NPs with small size (2-8 nm) get embedded into the bilayer
and it is thermodynamically favorable [195]. On the other hand, the hydrophobic and
hydrophilic nature of the NP also plays significant role in the embedding process of NPs
in the bilayer. Hydrophilic NPs generally get adsorbed and assembled at the bilayer-water

!This chapter is adapted from the publication Mhashal AR, Roy S (2014) Effect of Gold Nanoparticle
on Structure and Fluidity of Lipid Membrane. PLoS ONE 9(12): e114152.
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interface, whereas hydrophobic NPs get accumulated easily in the hydrophobic region
of the bilayer, which facilitate higher loading of the NPs in the bilayer. However, the
process of insertion of hydrophobic NP in the bilayer is difficult [76, 78]. One more
important parameter, in case of penetration, is the charge on the surface of the NPs.
Li and Gu [196] studied the adsorption of charged NPs by coarse grained molecular
dynamics simulations. They reported that the electrostatic interaction between NP and
bilayer facilitates adhesion of the charged NP to the membrane, which induces local
transitions in fluid bilayers. The shape of the NP also plays a vital role, which directs
the insertion mechanism. Yang et al. investigated the physical translocation of NPs with
different shapes like spheres, ellipsoids, rods, discs and pushpin-like particles in the lipid
bilayer [197]. The study also showed that the volume of the particle plays significant role
in penetration process and rotation of particle in the interface complicates the process of
insertion. Computer simulations of interaction of graphene [198] and fullerene [199] are
also being investigated to understand the translocation process of these low-dimensional
systems. Gold nanoparticles (AuNP) are being used as drug delivery agent [37], medical
diagnostics [38] and as therapeutic agents [39, 40]. AuNPs are successfully tested as gene
delivery agent [41] and in cancer therapy [42]. Small sized hydrophobic AuNP (less than
2nm, coated with dodecanethiol for hydrobhobicity) can enrich hydrophobic areas of lipid
bilayer by hydrophobic interactions. Rasch et al. [200] has explained how this enrichment
of capped hydrophobic AulNP occurs in the bilayer. The hydrophobic NPs can unzip
the lipid bilayers and get loaded in the hydrophobic part of the membrane. The loading
of NPs in bilayer can change in the phase diagram of a lipid bilayer. Bothum [201]
showed experimentally that augmentation of decanethiol-capped AuNPs into liposomal
membrane decreases the melting temperature at high concentration of NPs. Similarly
Sung-Sik Han et al. [202] also showed entrapped silver NPs in 1,2-dipalmitoyl-sn-glycerol-
3-phosphocholine (DPPC) liposome fluidifies the membrane, which might be because
of interactions between the DPPC lipid molecules and silver NPs. To understand the
interactions between NP and lipid molecules, molecular dynamics (MD) simulation of
a coarse grained model of AuNP and model lipid membrane was performed by Zheng
et al. [91]. They observed coarse grained NPs of size 2.2 nm with different signs of the
charges and densities of surface charge naturally adsorb to the model bilayer surface
or penetrate into the bilayer. However, all the experimental and theoretical studies
mentioned above are mostly deal with the local interactions of the NP with the bilayer
molecules and thereby penetration mechanism of the particles in the bilayer. The missing
link to all these investigations is the effect of the NPs on the lipid molecules, which
are not directly interacting with the NPs. In this present study, we aim to simulate
neutral AuNPs of different size with lipid bilayer using all atomistic MD to address the
effect of non-passivated NP on the lipid molecules (which are not directly interacting)

for the first time to the best of our knowledge. In this work we intend to understand the



53 Chapter 5. Effect of Gold Nanoparticle on Membrane Fluidity

effect non-passivated NP, however, most of the work on AuNP has been carried out by
surface capping agents. These surface passivating agents then change the chemical nature
of the AuNP. Merga et al. recently synthesized naked AuNP by reducing Au203 by
molecular hydrogen [203]. Zopes et al. synthesized small size naked AuNP by hydrolysis
of Gold complex [NMe4][Au(CF3)2] [204]. Caprile et al. studied the interaction of
naked AuNP with L-cysteine using high resolution XPS [205]. Therefore, interaction of
non-passivated AuNP with lipid bilayer is an important aspect to address from molecular
level simulation. We have considered bilayer made of lipids with unsaturation in one of
the aliphatic tail because of the higher fluidity in a such assembled membrane. Therefore,
possibly, the change in magnitude of the fluidity of such membrane interacting with
AuNP will be higher than bilayer composed of saturated lipid molecules. The fluidity
in membrane is directly related to the structural arrangement of the lipid molecules.
However, this structural arrangement of lipid may differ for adjacent to and far from the
NP adsorption site (interaction site). Therefore, we have correlated fluidity in different
parts of membrane (adjacent and far from the NP) to the ordering of the lipids. Apart
from fluidity, we have also analyzed the local structure of lipids near to AuNPs, the
diffusivity of lipid molecules in presence of AuNP and densities of water around AulNP,

which has deeply penetrated the bilayer.

5.2 Computational method

We have performed all atomistic MD simulations of 1-arachidonyl-2-oleoyl-sn-glycero3-
phosphocholine (AOPC) with different size of AuNPs separately. To set up the simulations,
we have used three consecutive processes, which includes a) self-assembly of lipid, b)
construction of AuNP followed by its simulation in vacuum and water ¢) simulation of

self-assembled lipid and AuNP systems.

5.2.1 Self-assembly of lipid

Poger D. et al. [206] studied the lipid model with mixed acid phosphatidylcholine (PC)
and developed parameter sets for various such lipid molecules. In the present study, we
have used a united atom model of AOPC (the structure of AOPC is shown in Figure
5.1) extracted from the parameter set for PC [206].

The lipid model system contains monounsaturated oleoyl (18 Carbon atoms in aliphatic
chain) with slightly longer saturated arachidoyl (20 Carbon atoms in aliphatic chain,
Figure 5.1). It is experimentally shown that lipid rafts with one saturated fatty acid

chains are involved in signaling [207] and transport of molecules [208]. It is also found
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that raft phospholipids contain longer saturated fatty acid chains [209, 210] e.g., palmitic,
stearic, and arachidic acid when compared to unsaturated fatty acids. We have performed
self-assembly simulation of AOPC lipids starting from 128 randomly distributed AOPC
molecules in water. We have used SPC water model [178] for all the simulations. The
simulations were performed using the GROMACS 4.5.1 [147, 211] MD code. Isobaric-
isothermal (NPT) ensemble with periodic boundary conditions (PBC) was used for
simulations. Phase transition temperature of AOPC is 284.9K [212]. Therefore, we have
used 300K and 1 bar pressure for self-assembly simulation. Temperature coupling was
used with v-rescale algorithm [180] with a coupling constant of 0.1 ps. The isotropic
pressure coupling was applied by using Berendsen barostat [181] only for the self-assembly
simulation. The pressure coupling time constant was 2.0 ps in order to maintain a constant
pressure of 1.0 bar. Bonds were constrained with LINCS algorithm. The Lennard-Jones
interactions were taken care with cut-off of 1.4 nm. For electrostatic interactions Particle-
Mesh Ewald (PME) [146] method was used with a cut-off of 1.4 nm. After 50 ns of MD
simulation, we have obtained the self-assembled bilayer of AOPC.

5.2.2 Construction of AuNP

The initial structures of AuNPs were constructed from fcc lattice of Gold. In crystalline
lattice the center of the NP was set on a Gold atom, then a radius 1 nm, 1.75 nm and 2.5
nm was considered. Gold atoms fall into this radius were taken as part of NPs of different
sizes of diameter 2 nm (2nm_AuNP), 3.5 nm (3.5nm_AuNP) and 5 nm (5nm_AuNP).
The initial structures of AuNP are shown in Figure 5.2. These AuNPs were further

energy optimized and subjected to MD simulation in vacuum and in water for 5 ns to
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check the stability and structural relaxation. Gold atoms in the NP interact only via

Lennard-Jones (LJ) potential.

FIGURE 5.2: Initial and final structures of AuNP (a,d) 2nm_AuNP,(b,e) 3.5nm_AuNP
and (c,f) 5nm_AuNP respectively.

These LJ parameters are obtained from the paper of Heinz et al. [213]. The parameters
suggest that the AuNPs are hydrophilic is nature. The final snapshots after 5 ns of MD
run of NP in water are shown in Figure 5.2. Distance distribution plots for Gold atoms
in a vacuum and water from last 1 ns of MD trajectories are shown in Figure 5.3. The
structures of the NP were retained intact and stable throughout the simulations (see
Figure 5.4a). In Figure 5.4b, the radial distribution function (RDF) between Gold and
Oxygen atom of water shows the hydrophilic nature of AuNP. As the head-group of lipid
membrane is hydrophilic, it is expected that hydrophilic AuNP will interact favorably
with the lipid head-groups. Note that in the present study, AuNPs do not possess any

charges on the surface.

5.2.3 Lipid-nanoparticle system

We aim to study the interaction of AuNP with AOPC lipid bilayer and its effects on
the bilayer properties, therefore, we have assembled the NPs of different sizes on the
surface of the bilayer and constructed following three systems. The smallest sized NP
2nm_AulNP was placed initially on the self-assembled AOPC bilayer of 128 molecules
( 64 molecules on each leaflet). For the second and third system with 3.5nm_AuNP and

5nm_AuNP particles, we have replicated the above bilayer in x and y direction (in each
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FIGURE 5.4: (a) Distance distribution between Gold-Gold atoms and (b) RDF between
Gold and Oxygen atoms of water. Colors red, green and blue represents 2nm_AuNP,
3.5nm_AuNP and 5nm_AuNP systems.

bilayer direction). Before placing the AuNP, the replicated bilayer was subjected to
equilibration run for 10 ns. Thereafter, the NPs were placed on the surface of the leaflet
of bilayer (in water phase) in such a way that surface atoms of both NP and lipids fall
in the range of van der Waals cut-off. The non-bonded interactions between the AuNP
atoms and bilayer atoms are calculated by using the combination rule of geometric mean
for all C(6) and C(12) parameters. To compare the effects of NP on bilayer, we have also
simulated AOPC bilayer of 512 lipid molecules without a NP for 100 ns and termed as
reference lipid bilayer. The snapshots of self-assembled bilayer with 128 lipid molecules
and a replicated bilayer with 512 lipid molecules without AuNP are shown in Figure 5.5.

All the three systems described above with AuNP in their initial positions are depicted
in Figure 5.6a, b, and ¢ and the number of atoms of each component, i.e., Gold, AOPC
and water, and equilibrated simulation box size are given in Table 5.1. These systems
were solvated with SPC water [178] and simulated for 100 ns with semi-isotropic pressure
coupling using Berendsen barostat [181] with separate coupling to xy-plane and z-direction

(the bilayer normal).
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(b)

FIGURE 5.5: Snapshots of AOPC lipid bilayer after equilibration run (a) 128 AOPC
lipid system,(b) 512 AOPC lipid system.

The remaining parameters for MD were kept same as used in self-assembly simulation.
The simulation trajectories were written after each 5 ps and used for analysis. In this
work we have analyzed the effects of NP on membrane in two different regions; near
to the adhesion (interacting) site and away from the interacting site. Therefore, we
have divided the membrane based on the distance from NP to the lipid molecules in
interacting leaflet only. As we have used short range cut-off of 1.4 nm, we have considered
the interacting short range (SR) lipid molecules (coordinates of head group Nitrogen
atoms) which fall into the distance of 1.5 nm + radius of NP (r). E.g., for 2nm_AuNP
the interacting lipid molecules are those, which fall into the distance of 2.5 nm from the
center of mass (CoM) of AuNP. To understand the indirect effect of NP on bilayer; we
have considered a region, which is away from interacting short ranged lipid molecules as

defined above. As SR lipids can diffuse with time, therefore, to get rid of hard boundary
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TABLE 5.1: Details of the bilayer NP systems.

System Gold (Au) AOPC (Molecules) AOPC(atoms) water System size Simulation box (nm)
X Y Z
Reference 0 512 28672 48949 175519 22.06 11.13 9.09
2nm_AuNP 249 128 7168 11008 40441 11.01 5.55 8.52
3.5nm_AuNP 1289 512 28672 76619 259818 22.32 11.16 12.5
S5nm_AuNP 3926 512 28672 89681 301640 22.38 11.19 14.3

(a) o (b) ' (©

C

FIGURE 5.6: Initial and final snapshots after 100 ns MD simulation of three systems.

(a,d) 2nm_AuNP (b,e) 3.5nm_AuNP (c,f) 5nm_AuNP. (g) shematic representation of

short range(SR), long range (LR) and buffer region. (h) snapshot of 3.5nm_AuNP
system with explicitely represented head-group atoms in blue color.

between SR molecules and rest of lipid molecules, we have defined a region as a buffer.
The lipid molecules fall in between distance greater than (r+1.5 nm) and less than (r+
1.5 nm + 0.5 nm) are taken as buffer region lipid molecules and are not considered in
any analysis. The rest of the lipid molecules in the same leaflet, which are at a distance
greater, than (r+ 1.5 nm + 0.5 nm) are not directly interacting with AuNP, are termed
as long range (LR) lipid molecules (Figure 5.6g). As lipid molecules (and AuNP) are
dynamic in nature, we have updated these boundaries (between SR buffer and buffer
LR region) every 10 ns and tagged the lipid molecules of these respective regions for
further analysis. To calculate the properties of long range molecules we have considered
the sufficiently large system with 512 lipid molecules which gives a total of 301640 atoms
(for details see Table 5.1) including water and NP. For all analysis we have used lipid

molecules from interacting (with AuNP) leaflet. Schematically we have shown SR, LR
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and buffer molecules in the bilayer in Figure 5.6g, and the number of the lipids falls into
respective regions is shown in Table 5.2. All the analysis programs are discussed along

with the results and discussions.

TABLE 5.2: Number of lipids in SR, buffer and LR region.

System SR lipids Buffer lipids LR lipids
2nm_AuNP ~ 16 ~ 10 ~ 46
3.5nm_AuNP ~ 44 ~ 10 ~ 218
Snm_AuNP ~ 62 ~ 10 ~ 198

5.3 Results and discussions

5.3.1 Structural properties of interacting molecules with AuNP

Four systems, including the reference system (without AuNP) are structurally character-
ized to see the position of the NP as a function of time. The snapshots of the systems as

a function of time (0 ns, 25 ns, 50 ns, 75 ns and 100 ns) are given in Figure 5.7.

Initial 25 ns

50 ns 75ns 100 ns

FIGURE 5.7: The snapshots of the systems (a) 2nm_AuNP, (b) 3.5nm_AuNP and (c)
5nm_AuNP as a function of time (0 ns, 25 ns, 50 ns, 75 ns and 100 ns).

From the snapshots at 100 ns in Figure 5.6d, e, f (intermediate snapshots at Figure

5.7) it is evident that the AuNP of different sizes gets adsorbed on the bilayer surface
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and penetrates deeper in the bilayer along with some of the head groups of the lipid
molecules (Figure 5.6h). From partial density plots (Figure 5.8), it is clear that the
head group nitrogen atoms penetrate deep into the bilayer along with AulNP. However,

the nanoparticle it stays in contact with the lipid headroups and the interface water

molecules.
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FIGURE 5.8: Partial densities of water and AOPC. Dotted lines represents lipid and solid
lines represents the water partial densities. Black, red, green and blue line respresents
reference, 2nm_AuNP, 3.5nm_AuNP and 5nm_AuNP systems respectively. Figure inset
represents partial densities of head-group Nitrogen atoms of SR and LR lipid interacting
monolayer where dotted lines shows SR lipids and solid lines are LR lipids

In Figure 5.8 (inset) nitrogen densities of interacting SR and LR lipids are shown
separately, which shows that, the densities of SR molecules are spread deep into the
bilayer. However, the Nitrogen atoms of LR lipids are at the same initial position similar
to reference bilayer system. In Figure 5.6h, we have shown the snapshot of 3.5nm_AuNP
system only with head group Nitrogen atoms of lipids. From partial densities of bilayer
systems (see Figure 5.8), it is evident that water is also penetrating along with the
AuNP of different sizes. The water molecules and head group atoms of lipids interact
with the AuNP because of the hydrophilic nature of NPs. To quantify this, we have
calculated distance distributions between lipid head group atoms (of interacting leaflet)
and interacting surface Gold atoms of AuNP and illustrated in Figure 5.9. We have
considered the Gold atoms in each frame which are at the surface of the NP and in the
vicinity of lipid molecules to calculate the distance distribution. These distributions are
further normalized by number of interacting atoms of the lipid head groups. Distance
distribution between head-groups non-ester phosphate Oxygen atoms (O4 and O5) and
Gold atoms shows the higher peak height (3c) than other two atoms (Nitrogen and
Carbon, Figure 5.9a and b) which confirms the head-groups non-bridging (non-ester)
Oxygen atoms are more ordered near to the AuNP surface. In Figure 5.10, we have
depicted separately the distance distribution between AuNP surface Gold atom and all
phosphate Oxygen atoms (O3 and O6 for bridging, O4 and O5 double bonded) which

show higher ordering of double bonded Oxygen atoms near AuNP surface.
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atoms separately.
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From Figure 5.9a and b, it is evident that the Nitrogen and N-methyl Carbon atoms
have smaller peak height, hence less ordering than Oxygen atoms. From Figure 5.9, it is
also clear that the size of the NP has no effect on the ordering of lipid atoms near the
surface of AulNP. In Figure 5.9d we have shown a snapshot of 3.5nm_AuNP along with

interacting lipid head group atoms for which we have plotted the distance distribution.

As we have observed the water molecules also penetrated the bilayer along with AuNP,
we have quantified the water density near to the AuNP. Two dimensional density map
of water is calculated and presented in Figure 5.11. From the densities of water near
different sized NPs we have observed that water penetrates into the lipid bilayer along
with Gold atoms. The density of water around the AuNP inside the bilayer is much less
than the interfacial water density. It is also evident from the Figure 5.11 that the water
molecules, which enter the bilayer region along with AulNP remain discontinuous i.e.,
the water molecules are clustered near the AuNP surface. A snapshot representing this
water cluster is shown in Figure 5.11d. The two dimensional density calculated here
is an average from last 10 ns of 100 ns trajectory. To our surprise the water clusters
formed near the AuNP surface inside the bilayer region do not change its position and
therefore shows discontinuity in the density profile. This provides a fact that, there is a
clear competition between water oxygen and lipid head group atoms to interact with
the hydrophilic AuNP. Therefore, only few water molecules penetrate the bilayer along
with Gold atoms and get stabilized locally with the Gold surface atoms. Different sized
Gold NP has no effect in altering the local structure and the density of water around the
AuNP (Figure 5.11a, b and c).

5.3.2 Comparison of structural and dynamical properties of short and

long range lipids

It is obvious that the lipid molecules, which are interacting with AuNP will get affected
the most and structural and dynamical properties of the lipid molecules will get altered.
However the LR lipid molecules, which are much away from the adhesion site, also
may get affected due to the indirect effect from the perturbation caused by AuNP. The
different sizes of AulNP also may cause alteration in properties with different magnitude.
Therefore, to understand the effect of NP, we have calculated structural and dynamical
properties of the lipid molecules and compared with the reference lipid system. To
understand the effect of perturbation of AuNP on lipid molecules, we have calculated
separately the structural properties of the head-groups and aliphatic tails of short (SR)
and long range (LR) lipids independently and compared with the reference lipid bilayer
system (without AuNP).
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FIGURE 5.11: Two dimensional density map of water (a), (b), and (c) represents systems
2nm_AuNP, 3.5nm_AulNP and 5nm_AuN P respectively (d) schematic respresentation
of water density around AuNP upto certain cut-off (bilayer not shown).
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FIGURE 5.12: Dihedral angle distribution of the head-group atoms (a) N-C25-C24-06
(b) C25-C24-06-P. Dotted and solid lines are for SR and LR lipid molecules.

The hydrophilic AuNP shows higher interaction with the hydrophilic atoms of the
head-group of lipid molecules. Because of this interaction, the dihedrals between the
head-group atoms can get altered. Therefore, we have calculated and compared the
dihedral angle distribution of head-group atoms (N-C25-C24-O6 and C25-C24-O6-P) of
SR and LR lipids (Figure 5.12a, b). The deviation in the dihedral angle distribution
is observed for SR molecules. C25-C24-O6-P dihedral (Figure 5.12b) shows changes
in peak position. This is may be because of higher interaction of Gold surface with
the head group Oxygen atom, which is observed from the distance distributions (see

Figure 5.9). However, LR molecules show the same distribution as reference bilayer
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system. Similarly, we have calculated angle distributions between the head group atoms
N-C25-C24, C25-C24-06 and C24-0O6-P from last 10 ns of 100 ns trajectory. There is
not much difference in angles between adjacent atoms of head-group of SR and LR lipid

molecules. The results are given in Figure 5.13.
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FIGURE 5.13: (a) Head-group atoms. Angle distribution of the head-group atoms (b)
N-C25-C24 (c) (25-C24-06 and (d) C24-O6-P.

The interacting atoms of SR lipids (with NP) like Nitrogen and Oxygen shows a slight
deviation in angle with neighboring atoms compared to LR molecules. We do not observe
significant differences in the angle between head-group atoms for different size of AuNPs.
The predefined parameters for angle (force constant) for harmonic angle potentials result
in large bonded interaction between atoms of angles, which does not get affected due to
much weaker interaction caused by favorable van der Waals or electrostatics. Therefore,
we do not see much of difference in angle of head-group atoms of SR lipid molecules. It is
reported in the literature that a small perturbation to the bilayer can change the fluidity
of the bilayer [201, 202, 214]. The fluidity of a bilayer is often related to the structural
ordering of the lipid molecules and in this case it is mainly aliphatic tails of the lipids.

The orientational order parameter —S.4 is an amount that provides how well a molecule
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lines up with the bilayer normal, and it is given by the equation below,

2 1
—Ped = gsx:p + gs’yy

1
—Sas = 5(3005%008% —008) ,B=1,y,2 (5.1)

088, = €,.€},

where ek is the bilayer normal vector, éx is a unit vector perpendicular to vector e; ;42,
ei i+2 is the unit vector from A; to A; 2 which is contained in the plane formed by the
i, + 1,7+ 2 particles, 6, is the angle between ék and éxz, and 0, is the angle between ék
and the unit éy which is perpendicular to the plane formed by the 4,7 + 1,7 + 2 particles.
A value of 0.5 indicates a perfectly ordered acyl chains whereas; the value 0 denotes
random /unordered alignment. In general, order decreases from the interface region to
the bilayer center. The order parameter is also related to the tilt angle of the acyl chain
with respect to the bilayer normal and gives indirect distribution of dihedral angles of
the chain. So with the increase in the order parameter (-S.4) the trans conformation
increase and tilt angle decrease. Figure 5.14a and b illustrates the order parameter -S4
for sn1 and sn2 chains of lipid as a function of carbon atom number (same number used
as in Figure 5.1). In our simulations, we have used lipid molecules with one saturated
(sn1) and other unsaturated (sn2) aliphatic chain (C37-C38 refer Figure 5.1). The order
parameters are calculated for carbon atoms C17 to C2 of snl chain and C31 to C45 of
sn2 chain (Figure 5.1). The unsaturation introduces a kink in the hydrocarbon chain

(sn2) therefore a sharp fall in parameter values is observed(Figure 5.14b).
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FIGURE 5.14: —S.q order parameters of chains (a) snl and (b) sn2. Symbols sqaure
(dashed lines), triangle (dotted lines) and circle (solid lines) represents short range,
buffer region and long range lipids respectively.

From Figure 5.14 it is evident that carbon atoms, which are located near to the head-
group (C17-C8) of sni chain, are more ordered than sn2 chain of LR lipid molecules.
The carbon atom of end-group of tails of sn1 and sn2 chains shows less ordering because

of their higher flexibility. Hence the bilayers, which are perturbed by different sizes of
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AuNP show more ordering of LR lipid tails than the reference bilayer. The lipids at
buffer region are ordered compared to the SR region, however, not as ordered as LR
region. The ordering of sn1 and sn2 tails of SR lipid molecules is much less than the LR
lipids and a reference bilayer system. So it is evident that the AuNP not only affects
the lipid molecules in the vicinity, but also causes changes in structural properties of
the lipid molecules far from the adhesion site. The observed enhancement of structural

ordering of lipid tails can cause decrease in area per head group and increase the bilayer

thickness.
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FIGURE 5.15: (a) Area per head-group of LR lipids and (b) Area per head group for
LR lipid molecules as function of time for 3.5nm_AuNP system.

However, the effect can be seen in the region where LR lipid molecules are present.
Therefore, we have computed the area per lipid of LR molecules. It is calculated by
subtracting the area of SR molecules, including the buffer region from the total area
of the box in a bilayer plane. Thereafter, this area is divided by the number of lipid
molecules present in the interacting leaflet in LR region and represented in Figure 5.15a
as a function of time (last 20 ns of 100 ns). We have observed for all the cases there is
a slight decrease (6 — 7%) in area per head group of the LR lipid molecules. In Figure
5.15b, we have shown the transition of the area per head group as a function of time

starting from 0 ns.

This gives the direct evidence that the AuNP after getting inserted enough in the bilayer
the area per head groups for the LR molecules get altered. The lipid order parameters,
area per lipid and the bilayer thickness are the inter-related properties, as one can expect
the enhanced lipid ordering can increase the bilayer thickness due to higher lipid packing.
Therefore, to check this, we have calculated the bilayer thickness. It is carried out by
dividing the simulation box in 50x50 grids using GridMAT-MD algorithm developed for
bilayer analysis [215]. In each grid we have calculated the distances between nitrogen
atoms of two leaflets and averaged it. Then the normalized distribution of the bilayer
thickness is calculated from each grid for the LR lipid region and plotted in Figure 5.16a.
The distribution of bilayer thickness for the SR lipid region is given in Figure 5.16b.
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FIGURE 5.16: Distribution of lipid bilayer thickness of (a) LR and (b) SR lipid region
respectively. Colors black, red, green and blue represents reference system, 2nm_AuNP,
3.5nm_AuNP and 5nm_AuNP systems respectively.

From Figure 5.16a it is clear that the distributions of a bilayer thickness shift towards
higher value than the reference bilayer system. This is the direct evidence of the increase
in packing of the LR lipid molecules because of a higher ordering of the aliphatic tails

lipid molecules residing in the LR region.

The ordering of the lipid will directly affect the membrane fluidity. Therefore, we have
checked the fluidity of the membrane from the mean square displacement (MSD) of SR
and LR lipid molecules and compared with the reference bilayer lipid molecules. We
have considered last 20 ns part (80-100 ns) of the trajectory to compute the MSD at
which the system is expected to be well equilibrated. However, to get the statistically
better MSD, we have divided the trajectory in the consecutive intervals of 2 ns and then
taken averaged MSD from the individual MSDs of these intervals (Figure 5.17). The
lateral and normal to the bilayer MSDs are calculated and depicted in Figure 5.18.
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FIGURE 5.17: Lateral mean square displacement of AOPC lipids from last 20 ns with 2
ns interval of each. Black solid line represents average MSD of all intervals.

In all the cases we have observed the decrease in MSDs due to the presence of the NP.
The MSDs of SR molecules decreased because of direct interaction with AuNP. However,

the decrease in lateral and normal to bilayer MSDs for LR molecules are even lesser than
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FIGURE 5.18: (a) Lateral MSD of all AOPC lipids in system, (b) lateral MSD of (only
interacting leaflet) and (c) MSD of interacting leaflet along bilayer normal. Dotted lines
represents MSDs of SR lipid whereas solid lines are for LR lipid molecules.

TABLE 5.3: Diffusion coefficient for SR and LR lipids.

System SR Lipids (x10~"e¢m?/s) | LR Lipids (x10~"cm?/s)
Reference - 1.50 £ 0.145
2nm_AuNP 0.98 + 0.145 1.42 £+ 0.101
3.5nm_AuNP | 0.86 £+ 0.199 1.45 £ 0.176
S5nm_AuNP 0.62 + 0.199 1.19 £ 0.243

the SR molecules. Different sized NPs show a similar decrease in MSDs, however the

magnitudes are marginally same. The diffusion constants calculated from these MDS are

given in Table 5.3.

We have observed the decrease in the diffusion coefficient values for both SR and LR

lipids. The lipid molecules much away from the AuNP interacting site indirectly get

disturbed, which helps in the ordering the hydrophobic tails. This ordering enhances the

packing of the hydrophobic part of the lipid molecules and thus reduces the fluidity of

the molecules.
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5.4 Conclusions

We have demonstrated the effect of interaction of single AuNP on the lipid bilayer
membrane by using all atomistic molecular dynamics simulations. AuNP can alter the
structural properties of the head-groups of lipid molecules, which directly interacts with
the Gold atoms. We have observed local structural arrangements of lipid head-group near
to the surface of the Gold atoms. The motivation of the work was to understand the effect
the perturbation caused by the AuNP on the lipid molecules, which are away from the
interacting site. To achieve this, we have performed long simulations on sufficiently large
bilayer AuNP systems. The results of these simulations are compared with the reference
bilayer. The lipid molecules which are away from the AuNP adsorption site showed an
enhancement in structural ordering of the hydrophobic tail. The higher ordering the
bilayer thickness in the LR region turn out to be increased and area per head group
got decreased. The packing of the lipid molecules in LR region became more, which
results into relatively lesser fluidity of the LR lipid molecules. The different sizes AuNPs
have the same effect on the bilayer. However, the magnitude of structural ordering and
fluidity differs. In this work we have dealt with only one AuNP at a time, so the NP
concentration on the bilayer surface was very small. Marginally higher concentration
of AuNP may enhance the effect of ordering to certain extent. However, much higher
concentration will effectively increase deformation in the adsorption sites and can cause
changes in bilayer properties. Therefore, understanding in molecular level the effect of
higher the loading of NPs in the bilayer remains open for further investigation. In this
work, we have focused on the structural change of the lipid molecules in lesser time-scale.
In a larger time-scale NPs can alter the inter-leaflet motion of the lipid molecules, i.e.,
lipid flip-flop. Coarse-gain model of lipid and NP will be useful to address such dynamics
of the lipid, which is beyond the scope of this work.






Chapter 6

Free Energy of Bare and Capped
Gold Nanoparticle Permeating
Through Lipid Bilayer

6.1 Introduction

In chapter 5, we have demonstrated that hydrophilic Gold nanoparticle (AuNP) interact
favorably with the lipid headgroups and stays near interface of lipid and water. There
would be the energy barrier that prevents the further loading of nanoparticle into the
hydrophobic region of the lipid bilayer. Therefore in this chapter, we emphasized on the
insertion process of nanoparticle from the water phase to the membrane interior and

estimated the free energy required for the process.

Nano-particles have received significant attention over the past century based on their
beneficial and detrimental health effect [2-10, 216]. Being nanometer in size, these
particles are capable of crossing the cellular membrane. Therefore, are widely being
used in biomedicines, such as drug delivery and gene carriers [35, 36]. In spite of that,
another subject of concern is its potential toxicity. Hence there is a need for extensive
experimentation to understand the risk and the hazards associated [7, 8, 216] NPs in bio

applications.

NP crosses cell membrane mainly via endocytosis or direct penetration (diffusion). The
translocation of NPs through the lipid membrane is regulated by the physical and
chemical properties of NP and lipid bilayer. The considerable amount of research
in the similar line has been carried out to understand that how NP properties, e.g.,

constituents, size, shape, surface topology, and charge influence their interactions with

71
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cell membranes [50, 56, 87, 217, 218]. It is reported that, the size of NP plays a key
role in their adhesion as well as penetration through the cell membrane. Larger NPs of
size in size range of ~ 10 — 100 nm translocate via the process of endocytosis whereas
smaller NPs penetrate the cell membrane. Kai Yang investigated the translocation of
different shaped NP such as spheres, ellipsoids, rods, discs and pushpin-like particles
in the lipid bilayer [54]. They have computed the minimum driving force required for
the permeation of the different shaped particle to estimate the penetrating capability
of the particle using dissipitive particle dynamics (DPD) model. They showed that
the translocation of the particle across the membrane is dependent more on the shape
anisotropy and initial orientation of particles than particle volume. However, in case of
isotropic spherical particles the penetration becomes difficult with increasing particle
volume [219]. Li and Gu reported the effect of charged NP which induces a local
transition in fluid like bilayer [196]. The study showed that cationic NPs fluidize the
lipid membrane locally, whereas negatively charged NPs help in forming ordered regions
in bilayer. The hydrophilic and hydrophobic nature of the NP also influences their
interaction with lipid membranes. Hydrophilic NPs generally get adsorbed at the bilayer-
water interface, whereas hydrophobic NPs get embedded in the hydrophobic region of
the membrane. However the loading of hydrophobic NP in the membrane is energy

demanding process [76, 78].

NPs cannot penetrate the membrane easily via diffusion like small molecules such as Os
and COg due to the energy barriers which increase with the volume of NP. Therefore, an
external force on the NP is often applied, which can help its penetration [54, 63, 67-69)].
Direct microinjection of nanomaterials into cells, [70, 71], the use of electroporation, [72]
and conjugation of natural cell-penetrating/-fusogenic chaperons to nanomaterials [73]
are some of the common approaches used in transport of the nanomaterials into the cell.
It was observed that, NPs coated with suitable ligand significantly lowers the energy
barrier for translocation process [59, 79]. Therefore capping of NP surface with suitable
ligand is considered as one of the efficient ways to improve translocation efficiency of NP
through the membrane. Polyethelene glycol (PEG), 11-mercapto-1-undecanesulphonate
(MUS), Tri-Octyl-Phosphene-Oxide (TOPO) and alkanethiols are widely used as ligand
for surface passivation of NP to facilitate its permeation [56-58, 74—77]. Stellacci and
coworkers studied the Gold nanoparticle (AuNP) coated with hydrophobic octanethiol
(OT) and hydrophilic mercaptopropionic acid (MPA) to understand the translocation
of functionalized NPs through fibroblast cell membrane [56-58]. AuNP, composed of a
metallic core and self-assembled monolayer (SAM) of thiolated molecules (the ligand
shell), have multiple potential applications, e.g., sensing, catalysis, drug delivery and

molecular recognition [37, 38, 81-84].
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Understanding of the energetics of the permeation process and the effect of surface
coating can be helpful in terms of designing or engineering efficient cargo NPs. Therefore,
in this chapter, we performed simulations to calculate the permeation of the AuNP
through lipid bilayer and the free energy required for NP to translocate across the bilayer.
We have also simulated the effect of surface modification (ligand bound AuNP) on the
penetration efficiency of NPs from free energy calculations. In the present work, we have
performed steered molecular dynamics and umbrella sampling simulations to estimate
the permeation free energy for bare and capped AuNP with the lipid bilayer. The lipid

bilayer properties have also been analyzed and reported here.

6.2 Computational Methods

The methodology in the present study is divided in four consecutive steps. i) self-assembly
simulations of the coarse grained lipids ii) conversion of the coarse grained model to
atomistic details iii) equilibration of the bilayer system iv) umbrella sampling simulations

to obtain the potential of mean force and free energy for the permeation of NP process.

6.2.1 Self-Assembly of lipids

We have performed the self-assembly simulations using coarse grained lipid models as
the time scale at which self-assembly of lipids takes place is typically limited for detailed
atomistic simulations [159, 160, 220, 221]. We have used Martini coarse grained force
field for the lipid self-assembly simulations [158-160]. Martini coarse graining is done
with 4:1 mapping scheme where a group of four atoms is represented by single site (or
bead) in order to reduce the degrees of freedom in the simulation to achieve higher time

and length scale.

Biological membranes are largely diversified because of their composition and structure.
The bilayers made up of lipids with unsaturated tails exhibit higher fluidity compared
with lipids with saturated aliphatic tails due to lower melting temperature. Scientists
have studied the relationship between the fluidity and the permeation of solutes across
the membrane [222-224]|. The penetration of the permeant molecules decreases with
the diffusivity of the lipids molecules in the bilayer. Thus introducing a lipid having
lower melting temperature in the bilayer can enhance/influence the permeability of the
NP. Therefore, this chapter deals with the bilayer self-assembled from the mixture of
the 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) with two unsaturated tails in 1:1 ratio. In this work we have
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considered only one ratio of lipids as we have constructed significantly larger systems

and free energy simulations are computationally intensive.

All the simulations in the present study were performed by using Gromacs 4.5.5 simulation
package [147-149]. The system consisted of 512 lipid molecules, which could yield
considerably large lipid bilayer. The lipids were allowed to self-assemble in the presence
of Martini water starting from a complete random configuration of all the molecules.
The simulations were performed with isothermal-isobaric ensemble at temperature 323 K
which is above the chain melting temperature of ~ 315K for DPPC lipids [225, 226].
The CG model allows a larger time step than that of traditional atomistic simulations.
In our case we have used time step of 15 fs. The system temperature was controlled by
v-rescale thermostat [180] with coupling constant of 1.5 ps whereas the pressure was kept
constant at 1 bar using Berendsen barostat [181] with coupling time of 1.5 ps. The cut-off
for non-bonded Coulomb interactions was set to r.= 1.2 nm and the force was smoothly
shifted to zero at cut-off. The simulations were carried with periodic boundary conditions.
Similarly the Lennard-Jones potential was shifted smoothly to zero starting from rs=
0.9 nm. The self-assembly simulation was carried out for 1 us and the initial and final
snapshots of the systems are shown in Figure 6.1. The self-assembled lipid bilayer was
then reversed mapped to the atomistic configuration which is further characterized and

studied.
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FIGURE 6.1: Coarse grained to fine grained conversion, a) initial coarse grained random
configuration b) self-assembled lipid bilayer and c)reverse mapped fined grained lipid
bilayer.

6.2.2 Reverse mapping

Reverse mapping or back-mapping is the process of conversion from coarse-grained to
atomistic detailed model. This allowed us to map back atomistic details i.e., all the
atoms to the coarse-grained beads. The equilibrated coarse grained lipid bilayer (after

self-assembly) was mapped to detailed configuration using the atomic and united-atom
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model representation. We have used the reverse transformation technique developed by
Rzepiela et al., [227] which allows to reintroduce atomistic details in CG structures to
obtain a fine grained structure. United atom model of DPPC proposed by Chandashekhar
et al. [228] and DOPC by Poger et al. [229] were used to convert the coarse grained lipid
bilayer into the atomistic configuration. The technique involves random positioning of
atomistic particles within a sphere around their corresponding CG beads. It is followed
by restrained simulated annealing (SA) to generate low energy and high resolution system.
In the simulated annealing, the temperature is gradually decreased from a high starting
value to the desired target temperature which allows the system to rapidly cross energy
barriers and attain the low-energy minimum at the end of the simulation. We have
performed SA run for 80ps, followed by 140ps equilibration at the final temperature of
300 K under the restraints. The initial temperature T;,;; was chosen 1300 K which is
high enough to overcome the relevant energy barriers during the simulation. Thereafter,
the restraining potential was removed within a time period of 10 ps. The resulting
fine grained united atom model of lipid bilayer was further equilibrated for 15 ns (the
simulation details are explained in the next section) with SPC water model [178]. The
potential energy and volume of the box computed from the equilibration trajectory
are plotted in Figure 6.2. This equilibrated bilayer was then used to construct the

NP-membrane system.
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FIGURE 6.2: (a) Potential energy and (b) box volume as a function of simulation time.

6.2.3 Construction of nanoparticles

A spherical bare AuNP of size 3 nm in diameter was constructed using fcc lattice of
Gold atoms. The initial structure of AuNP is obtained by taking the Gold atom which
falls in the spherical cut-off of 1.5 nm from an atom (defined as central atom) of the fcc
crystalline lattice (Figure 6.3). The non-bonded Lennard-Jones parameters were obtained
from paper of Heinz et al. and were used to define the interaction potential between the

Gold atoms [213]. These parameters maintain integrity of the NP shape throughout the
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simulation as seen in the previous chapter. We have used this bare AuNP for further

simulations. The snapshot of the initial spherical AuNP is shown in Figure 6.3a.

~
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FIGURE 6.3: (a) Initial configuration of bare AuNP and (b) capped AuNP.
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FIGURE 6.4: Distances between Au-S (black), S-C (red), C-C (green) atoms.

In this present study, we considered capped AuNP modeled with octane-thiol (OT)
molecules linked to NP surface (Figure 6.3b). A united atom representation was used to
treat the octane-thiol molecules in the simulations. The connectivity between surface
Gold atoms and alkane chains was defined with the thiol linkage between Gold and
sulphur atom. The Au-S bond strength and the angle bending (Au-S-C) parameters were
taken from the work of Seminario et al. [230] and Hautman et al. [231] respectively. The
octane chain was represented by the GROMOS53a6 united atom model. The AuNP was
functionalized with 115 chains of octane-thiol (Figure 6.4b). The surface area occupied
by single alkane-thiol is 21.6 A2, [232, 233] therefore 115 chains were enough to cover
the AuNP surface (Figure 6.3b). The coated AuNP was then equilibrated for 10 ns in a
simulation with water as solvent and the final structure was used for further simulations

with bilayer. We have calculated and plotted the distances between Gold-Sulphur,
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Sulphur-Carbon atoms and Carbon-Carbon atoms of a octane thiol chain to check the

consistency of the bonds (Figure 6.4).

6.2.4 Equilibration of a AulNP-lipid bilayer system

In two different simulation boxes containing equilibrated lipid bilayer with atomistic
details, we placed bare and capped AuNP on the top of the bilayer approximately at
distance ~ 6 — 7 nm away from the bilayer center of mass. These simulation boxes were
then solvated and equilibrated initially with SPC water model [178] by restraining the
position of AuNP for 10 ns. Another 2 ns additional equilibration run was performed
without any position restraint to relax the NP structures. We have simulated a sufficiently
large system, which includes 512 lipid molecules, AuNP and water molecules accounting

total of ~ 190000 atoms (system details are given in Table 6.1).

TABLE 6.1: Details of the bilayer NP systems.

System Gold (Au) OT  Lipids water  Total  Simulation box (nm)
X Y Z

Bare NP 627 0 26624 155919 183170 12.67 12.67 14.12
Capped NP 627 1035 26624 171000 199286 12.78 12.78 14.97

Isothermal and isobaric ensemble with periodic boundary conditions are employed to
perform all the simulations. A temperature of 300 K was kept constant using v-rescale
thermostat [180] with coupling constant of 0.1 ps. Constant pressure of 1 bar was
maintained by using Berendsen barostat [181]. All bonds were constrained with LINCS
algorithm. The non-bonded LJ interactions were taken care with the cut-off of 1.4 nm
and electrostatic interactions Particle-Mesh Ewald (PME) [146] method was used with
1.4 nm cut-off. These equilibrated structures were then used to perform steered molecular

dynamics (SMD) simulations.

6.2.5 Free energy calculation

We employed SMD simulations to pull the AulNP the along the bilayer normal from
bulk water to bilayer interior. Two independent SMD runs of 5 ns for bare and capped
AuNP were carried out, allowing the NP to penetrate the bilayer. The AuNP was pulled
along the 7 axis with a force constant of 1000 kJ/mol/nm? with pull rate of 0.005 nm/ps
using pull code as implemented in GROMACS 4.5.5 [147-149]. The pull rate is carefully

chosen such that NP does not rupture the lipid membrane. The non-bonded cut-off were
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used same as used for equilibration run. The simulation trajectory was written after

every 2 ps.

The potential of mean force (PMF) of AuNP bilayer systems as a function of the distance
between the centre of mass (CoM) of the NP and the center of mass of the bilayer were
calculated using umbrella sampling simulations. In total 50 and 75 configurations (win-
dows) for bare and capped AuNP respectively, were extracted from the respective SMD
trajectories and then used to perform simulations by incorporating umbrella potentials.
Independent umbrella sampling simulations were performed with harmonic umbrella
potential [153-155] with a force constant 1000 kJmol~!. All the sampling windows were
simulated for 5 ns. The spacing between adjacent umbrella sampling windows was chosen
carefully between 0.1 and 0.5 nm depending upon the separation between bilayer and
NP CoM distance. Weighted histogram analysis method (WHAM) [184] was used to
calculate the PMF and finally Gibbs free energy.

6.3 Results

6.3.1 Free energy

PMF for the permeation of bare and capped AuNP are calculated from the umbrella
sampling simulations. The PMF of the systems as a function of the distance between
the NP and the bilayer for bare and capped AuNP are plotted separately in Figure 6.5a
and b. The free energy profile of both the systems comprises of two different regions, NP

adsorption and loading of NP into bilayer interior.
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FIGURE 6.5: Potential mean force for the permeation of (a) bare and (b) capped NP.
The reaction coordinate z (bilayer normal) is the center of mass distance between lipid
bilayer and NP.

From Figure 6.5a, a sharp decrease in the PMF is noted because of adsorption of the
AuNP to the hydrophilic region (bilayer water interface) of the bilayer. The drop in the

PMF continues till it reaches the most energetically favorable state at the CoM distance
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of 3 nm between bilayer and NP. At this point, the interaction between hydrophilic
headgroups and Gold atoms of the NP are optimum to minimize the free energy of
the system. This indicates the hydrophilic nature of the AulNP interact well with the
lipid head groups and water around it. To quantify these interactions we have further
calculated the distance distribution functions (RDF) between the Gold atoms of bare
AuNP and water oxygen (Au-OW, Figure 6.6a) and lipid head group nitrogen atoms
(Au-N, Figure 6.6b). We have also checked the RDF of surface Carbon (C1) atoms of
capped AuNP with OW and lipid headgroups. The RDFs clearly depict the ordering
of lipid head groups and water molecules near the bare AuNP due to the favorable

hydrophilic interactions compared to capped AuNP.
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FIGURE 6.6: (a) RDF of water Oxyegen (OW) with surface Au atoms of bare NP and

surface C1 atoms of capped (C1) NP colored black and red respectively (b) RDF for lipid

headgroup atoms (N) and Au with C1 represented as black and red lines respectively.
Figure (c¢) two dimensional density map of the water.

We have calculated two dimensional density map of water (averaged over the Y axis) and
depicted in Figure 6.6¢ which clearly shows the ordering of the water near the NP. As
a result of this favorable interaction with interface water and lipid headgroup, the free
energy of -150 kJmol™! indicates a forward reaction of adsorption of bare NP on bilayer
surface. However, in between 3 to 1.5 nm (CoM distance between NP and bilayer), a

gradual increase in the PMF is noted with a sharp rise after the CoM distance reaches 1.5
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nm. The free energy required for further loading of the NP after adsorption is positive

and calculates as ~ +125kJmol ™.

The free energy profile obtained for the octane-thiol capped AuNP showed a slight dip in
the free energy profile after 5 nm as shown in Figure 6.5b followed by a sharp rise in PMF
as observed in the case of bare AuNP. The dip in the free energy profile resulted due
to the NP interaction with lipids, which introduces disruption in a membrane leaflet by
inserting the octane chains into the hydrophobic region (see Figure 6.7) of the bilayer. It
shows favorable interaction to open up the membrane for insertion of NPs into the bilayer.
However, the free energy change is very small (-30 kJmol~!). Thereafter, the calculated
free energy required to load the capped AuNP from the interface to the membrane
interior is more than bare AuNP. The free energy of ~ 500kJmol~! clearly shows that

the accumulation of caped NP in the bilayer interior is energetically unfavorable process.

The computed adhesive forces between NP and bilayer in the present study are good
agreement within the range provided by Vasir et al. [234] from their experimental
observations. They have shown that modified NPs demonstrate greater adhesion toward
cell membrane and interact more favorably with the greater adhesive force (50- 1200 pN)
than unmodified NPs which show fewer interactions (20- 280 pN). These adhesion forces
are the results of binding of NP surfaces with the molecules present on cell surfaces. In
the present study, hydrophilic bare NP interacts favorably with outer leaflet of the lipid
bilayer with the probable force of (~ 249 pN) whereas capped AuNP shows the lower
limit of the range (~ 50 pN). One should note that the size and capping agents used for

NP passivation are different from experimental work.

FIGURE 6.7: Snapshot for the interaction of capped AuNP with lipid bilayer.

Experimentally researchers have observed that hydrophobic NPs favor to stay in the

hydrophobic membrane interior but their loading into the membrane is difficult [76, 78].
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Hence, an external force is always needed to accelerate the permeation efficiency of the
NP [54, 63, 67-69]. Besides hydrophobicity, the particle volume is also a crucial factor
of translocation. The penetration of a spherical particles becomes more difficult with
increase in the particle volume [219]. Therefore in our case, the hydrophobic nature of
the capping and the particle volume because of surface capping made the penetration
energetically unfavorable. In addition, we have analyzed the bilayer-NP system further
to investigate the factors involved in the loading of NP which finally contributes to the

free energy.

6.3.2 Density profile

The partial densities of lipid, NP and water along the bilayer normal are computed
and plotted in Figure 6.8a and b for bare and capped AuNP respectively. The partial
densities were computed from the different sampling windows depicting the location of
the NP in a simulation box. From Figure 6.8, a nearly identical density profile for the
both systems are observed when NP resides in bulk water and the deformation in the

lipid bilayer is seen as NP progresses towards the lipid bilayer for both NP system.
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FIGURE 6.8: Partial densities for lipids (dashed lines), NP (dotted lines) and water

(solid lines) of (a) bare NP and (b) capped NP consisting system. Colors black, red and

blue depicts the location of nanoparticle as in water phase, bilayer water interface and
inside the lipid membrane respectively.

AuNP induces deformation in the lipid bilayer by pushing lipid molecules inside the
membrane. Therefore, a gradual decrease in lipid partial density (at distance 6-10 nm
for bare NP and 7-11 nm for capped NP system) is noted in both cases. However, the
extent of perturbation caused by capped AuNP is more as seen from the widely spread

lipids in the simulation box.
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6.3.3 Penetration of water

Both AuNPs disrupts the lipid membrane and thus allows water molecules to penetrate
the hydrophobic region. This is examined by calculating the partial density of the water
along bilayer normal axis (Figure 6.9a). The umbrella sampling simulation trajectories
were chosen correspond the location of NP (i.e. bulk, interface and inside) to compute
the partial density. The partial densities of water in the hydrophobic region of lipid
membrane for both the systems are plotted in Figure 6.9a. The left and right panel of
the figure describes the water densities for systems consisted of bare and capped AuNP
respectively. It is evident from Figure 6.9, that water molecules penetrate into the lipid
bilayer along with bare Gold nanoparticle and a significant amount of water molecules in
the hydrophobic regions of lipid membranes are noted in both cases.
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FIGURE 6.9: Penetration of water molecules (a) Partial densities of water at different
NP location (b) snapshot for NP permeation along with water (¢) two dimensional
density map of lipids and (d) number of water molecules in membrane interior.

In bare AuNP system, water molecules penetrate along with hydrophilic NP. On the
other hand, capped AuNP creates a pore like structure in the lipid bilayer by pushing of
some lipid headgroups of the interacting leaflet (can be attributed as an effect of pulling).
This allows water to enter along the lipid headgroup. The disruption in the membrane is

further checked by calculating the two dimensional density map of lipids averaged over z
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axis (for interacting leaflet) and plotted in Figure 6.9c. It is evident from the figure that
capped AuNP create more local deformation on the lipid bilayer and the periphery of
the pore is less dense (lipid) compared to bare NP-bilayer. This is due to the presence of
the ligands, which spread around the NP and cause more perturbation to the interacting

leaflet.

Further, in this section, we have calculated the number of water molecules penetrated
along NP and plotted in Figure 6.9d. We have considered the umbrella sampling trajectory
with most perturbed bilayer to calculate the number of penetrating water (see Figure
6.9b). The water molecules fall in the distance cut-off of 1 nm from the NP surface
were considered. We have discarded the water molecules which are at the bilayer water
interface. From Figure 6.9d, we clearly see significant a higher number of water molecules
penetrate with capped AuNP compared to bare AuNP. This is counter intuitive because
hydrophobic NP (i.e., capped with hydrophobic ligand)imparts more mobility of water
molecules. However, this is may be due to larger the size of NP (because of capping)
than bare NP and differences in pore formation mechanism. We have discussed this

further in the following sub-sections.

6.3.4 Bilayer curvature

The NPs are known to affect the lipid membranes by inducing the membrane curvature
or by the formation of pores. A number of simulation studies have demonstrated that
NPs that interact favorably with the lipid headgroups can promote curvature formation
on the lipid membrane [235-237]. Therefore, to quantify the curvature of lipid membrane
induced upon AulNP interaction, we have calculated the tilt angle between the lipid
headgroup phosphorous atoms (P), lipid CoM and bilayer normal. The umbrella sampling
simulation trajectories (non perturbed and maximally perturbed membrane) were used to
compute the tilt angles. The distributions of these tilt angle were calculated and plotted
for systems consisting bare and capped AulNP in Figure 6.10a. The left and right panel
of this figure shows tilt angle distribution for upper (interacting with AuNP) and lower
leaflet respectively. The angle of 0° shows the perfect alignment of the lipid headgroups
with the bilayer whereas the wider distribution of tilt angle denotes the bending of lipid
headgroups.

In case of a capped AulNP system, a nearly identical angle distribution for perturbed
and non perturbed membrane is observed. However, for the upper leaflet, the effect of
perturbation can be clearly seen from a slight fall in the angle distribution at angle 20°. In
case of hydrophilic bare NP, a notable shift in tilt angle is been observed. The distribution

of tilt angle shifts towards higher values than the non-perturbed membrane. This suggests
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FIGURE 6.10: (a) Headgroup tilt angle distribution (b) Nitrogen atom partial density
along z axis (c) snapshot and two dimensional density of nitrogen atoms averaged over
y axis

that bare NP induces curvature in lipid layer by pushing the lipids toward the inner
leaflet. It is further elaborated by calculating the partial densities of headgroup nitrogen
atoms along the bilayer normal. We have calculated partial densities for the nitrogen
atoms of both the systems and plotted in Figure 6.10b. It shows wider distribution of
lipids for bare AuNP compared to capped AuNP. We have further calculated the two
dimensional density map averaged over the y axis (Figure 6.10c). From the density map,
it is evident that bare AuNP pushes the lipid headgroup towards the inner leaflet of the
membrane. As a result of this, lipid membrane adapts a curvature near to the NP. The
snapshots taken from the most perturbed sampling window are presented in same figure
shows the curvature of lipid bilayer near bare AuNP. On the other hand, because of a
capped AuNP upper leaflet of the bilayer opens up. However, we do observe few lipid
headgroups within the hydrophobic region in case of capped AuNP-bilayer system, may
be due to the high pulling rate of large sized NP.
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6.3.5 Lipid ordering

We have observed in the previous chapter that ordering of lipid tails gets affected due to
the interaction of NP with bilayer leaflets. We have correlated this with the fluidity of the
membrane. Korgel et al. [200] has explained the enrichment of hydrophobic NPs within
the lipid bilayer which finally affects the properties of lipid bilayer such as lipid packing
and the lipidlipid interactions. They have also shown that the NPs get accumulated
in the bilayer interior by unzipping of the leaflets. We have shown in this chapter that
the energy needed for this accumulation (via an unzipping mechanism as suggested by
Korgel et al. [200]) for hydrophobic capped NP is very high. This leads to changes in
lipid packing especially the lipid tail ordering [201, 238|.

Lipid order parameter is a quantity which can be affected as a consequence of this
bilayer leaflet unzipping. The orientational order parameter (-S.q) for the lipid tails
with reference to the bilayer normal axis according to Chau et al. [239] and Tieleman et
al. [240] is calculated for bare and capped NP-bilayer systems. The order parameter is

based on the tilt angle of the acyl chain with respect to the bilayer normal.
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FIGURE 6.11: Lipid tail order parameter for all (a) DPPC and (b) DOPC lipids
respectively. Figure (c) shows lipid order parameters for NP interacting lipids. The left
and right panel are for DPPC and DOPC lipid tails respectively.
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The order parameters for lipids DPPC (saturated chains) and DOPC (unsaturated chains)
plotted separately in Figure 6.11 for both bare and capped AuNP-bilayer. The order
parameters for bilayer (without any NP, termed as Pure system) also plotted in the
same figure (Figure 6.11 a, b) to compare the effect of NPs on the membrane. The
effect due to the perturbation caused by NPs is clearly seen in the both cases. Bare
AuNP significantly perturb the system and is higher than the capped AuNP. This is
may be due to differences in insertion mechanism. Because of the hydrophobic nature
capped AuNP, it gets inserted into the membrane by unzipping the lipid membrane, thus
perturbs the bilayer less. Whereas, bare NP pushes the leaflet and causes more decrease

in the ordering (packing) of the lipid tails.

We have also quantified the effect of perturbation locally at the NP adsorption site. The
lipid molecules directly interacting with the NP (lipids within 1.5 nm from NP surface)
were considered to calculate the tail order parameters. From Figure 6.11c, left (DPPC)
and right (DOPC) panels it is evident that the lipids, which are interacting with the
hydrophilic bare AuNP are severely affected compared to the capped AuNP. The size of
the capped AuNP is larger than the bare AuNP, intuitively larger particle should cause
more distortion to the bilayer. However, because of different insertion mechanisms we

observe less disorder caused by capped AuNP.

6.3.6 Bilayer thickness

From the partial density plots, it was observed that lipids were pushed inside along
with the NP and lipid tail order parameter showed the higher ordering upon interacting
with the capped AuNP than bare AuNP. It is reported that the increased chain order
leads to increased hydrophobic thickness [241, 242]. We have further investigated this by
calculating the thickness of the bilayers while interacting with NPs. The bilayer thickness
is computed as a distance between the phosphorous atoms of lipids from upper and lower
leaflet using a GridMat algorithm [243]. The bilayer was divided into 20x20 grids along
the XY plane (i.e., bilayer plane) and the lipid molecules falling in each grid were chosen
to compute the distance between P atoms of headgroups residing in two leaflets. The last
2 ns of umbrella sampling simulation trajectory (of adsorbed AuNP) was used to compute
the thickness. In every grid, the distances were calculated between the lipid headgroups.
Thereby, a contour plot obtained from these 20x20 grid distance data points which is
depicted in Figure 6.12a and 6.12b for bare and capped AulNP system respectively. A
distinctive contours of thickness of 0.5-1.5 nm is observed for both the NP bound systems
which is an indicative of local disruption of the lipid bilayer at the NP adsorption site.

The smaller bilayer thickness values depict pushing of the lipids to membrane interior



87 Chapter 6. Free Energy of ... Lipid Bilayer

thus yield lower values. Larger contour area of smaller thickness values is observed for

bare AuNP (Figure 6.12a) compared to capped AuNP bound bilayer.
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FIGURE 6.12: Contour plot for bilayer thickness of systems with (a) pure lipid bilayer,

(b) bare NP and (c) capped AulNP respectively and (c¢) represents distribution of the

lipid bilayer thickness. Color black red, and blue shows distribution for pure lipid bilayer,
bare and capped AuNP consisting system.

Further, to quantify this we have calculated distribution of thickness values and plotted
in Figure 6.12c. From figure 6.12c, a clear shift towards the higher value is observed
for the capped AuNP bound system. In addition to that a finite distribution for values
between 8-10 nm is also observed for capped AuNP, whereas a wide range of values are
observed for bare AuNP. This shows that the insertion of capped AuNP in the membrane
interior unzips the lipid bilayer which does not effect the lipid ordering as much as for
bare AuNP.

6.4 Conclusions

In summary, we have investigated the translocation of NPs across the lipid membrane
using all atomistic molecular dynamics simulations. We have calculated the free energy
required for the loading of bare and capped AuNP in the lipid membrane using SMD
and umbrella sampling simulations. We have shown that how the surface passivation
of the NP with hydrophobic ligands change the mechanism of permeation process. The

estimated adsorption free energies for bare and capped AuNP are -150 kJmol~! and
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-30 kJmol ™! respectively. However, further loading for both the AuNPs are found to be
energetically expensive. The free energies calculated for loading of bare and capped AuNP
in the hydrophobic region of bilayer are +125 kJmol~! and +500 kJmol ™! respectively.
The high energy barrier for the capped AuNP comes from the cumulative effect of

hydrophobic surface coating and increased particle volume.

We have also shown that bare AuNP induces curvature in the lipid bilayer with local
deformation of the lipids ordering at the site of adsorption. The octane-thiol capped
AuNP gets inserted into the lipid membrane by unzipping it whereas, bare AuNP pushed
the lipid molecules along with it. As a result of this, we observe less ordering of the
lipids and decreased bilayer thickness for bare AuNP compared to capped AuNP. We
have reported in this chapter the penetration of the water molecules along with the NP.
The bare AulNP pushes the lipid to the membrane interior along with water molecules
attached with the headgroups. However, capped AuNP ruptures the lipid membrane by
forming pores. In this work, we have dealt with only one AuNP at a time. The higher
concentration of AuNP may have different effect on the bilayer properties. This work
can be extended by investigating the NPs functionalized with different types of ligands

(charged and amphiphilic ligands) which may have different permeation characteristics.

The findings of the current work will lead to better understanding of the translocation
mechanism of NPs across lipid membranes, which can be useful in developing efficient
nano-cargoes for delivery of therapeutics and better understanding of the mechanisms

for cytotoxicity of some types of NPs.



Chapter 7

Self- Assembly of Phospholipids
on Flat Model Supports!

7.1 Introduction

Extending the study of the interaction of lipid membranes with the nanoparticle (chapter
5 and 6 of part B), interaction of lipid bilayer with the surfaces is studied in the chapter
7. Lipid bilayers supported on the surface provides an artificial platform which can mimic
the cell membrane. It helps to exclude various factors influencing the experiments carried
out on real cells and provide a possibility to focus on the phenomena of interest. This
chapter investigates the physico-chemical properties of the lipid membrane under the
influence of the solid supports. Supported bilayer is used for studying the cell membrane
as it preserves the functions and properties of the lipid bilayer as observed in living
cells [93-95]. Therefore, it has gained a lot of attention due to its various applications in
the areas of biological and pharmaceutical research [27-29]. SLBs are excellent model
to understand the T cell immunological synapse, [99, 100] neuronal interactions, [101]
and the triggering of EphA2 receptor in mammary epithelial cells [102]. The SLBs are
also used as biosensors and biodevices [95-98]. Richter et al. [244] reviewed various SLB
systems that includes solid-supported lipid bilayers, [103-107] polymer-cushioned lipid
bilayers, [108-110] hybrid bilayers, [111, 112] tethered lipid bilayers, [113] suspended lipid
bilayers, [114, 115] and supported vesicular layers [116, 117]. Experimentally, the SLBs
are formed on solid substrates like silica-based surfaces (e.g., glass, aerogels, xerogels)
and mica [27, 118-120]. Among the several experimental methods for the formation of

SLBs [93], the vesicle fusion [123] and Langumuir-Blodgett [121, 122] are considered as

!This chapter is adapted from the publication Mhashal AR, Roy S (2015) Self-Assembly of phospho-
lipids on the at model supports. Physical Chemistry Chemical Physics, 2015,17, 31152-31160

89
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the most commonly used techniques to yield SLBs. However, theoretical studies dealt
with SLB involve deposition of self-assembled lipid bilayer over solid substrate. One of
the theoretical investigations of SLB was done by Xing et al. [245]. They performed
molecular level simulations of free standing pre-assembled bilayer on the model supports.
They transferred pre-assembled lipid bilayers in water to model supports which was
further simulated by using molecular dynamics. The study emphasized on the properties

of lipid bilayer as a function of the geometry and chemical nature of the support.

The support essentially plays a vital role in determining the properties of supported
membrane. The physical and chemical properties of the substrate often change the
properties of deposited bilayer /monolayer such as decoupled phase transitions [54, 124—
126] and structural and dynamical heterogeneity of inner and upper leaflet [127-129].
Cha et al. showed that the surface charge density of support controls the rupture of
adsorbed lipid vesicles to form stable, supported phospholipid bilayers [246]. Lin X. et al.
investigated the interactions between hydrophilic nanoparticle with the bilayer supported

on the surface [247].

Self-assembly of the lipids on the supports can produce supported lipid bilayers alterna-
tive to the deposition of the pre-assembled lipid assemblies on supports. Besides that,
the self assembly of lipids from the complete disordered state in the presence of artificial
model surface is unexplored till date. Therefore, it would be interesting to understand
the complex self-assembly process in the influence of the external perturbations due
to supports. Hwankyu Lee [248] studied the self-assembly of lipids on single-walled
carbon nanotube by performing molecular simulations. They performed simulations of
lysophospholipids and phospholipids grafted /ungrafted with polyethylene glycol (PEG)
and studied the assemblies of these lipids on the nanotube. They reported the forma-
tion of cylindrical monolayer resembling micelle of the di-palmityl-phosphotidylcholine
(DPPC) and di-palmitoyl-phosphatidylglycerol (DPPG) lipids around the nanotube. The
hydrophobic nature of the carbon nanotube induces the adsorption of the lipid in a
monolayer fashion. Hydrophobic support are also been extensively studied [249-251]

and have reported the formation of lipid monolayers on the support.

However, on the other hand, the substrates used in case of SLBs are mostly hydrophilic
in nature e.g., silica derivative substrates. The supported lipids on the such substrate
maintain the bilayer morphology in head-tail-tail-head fashion with lipid head-groups
facing hydrophilic support [245, 247]. Hence, after self-assembly, one could expect
different macroscopic structure depending on the chemical nature of the substrate. A
number of attempts have been made to construct the SLBs on hydrophilic surfaces such
as gold, [124] SrTiO2, [252] TiO2, [253] and platinum experimentally [254]. However,
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mica and silicon-based materials, such as glass, Si3N4, or silica considered to be the most

common surfaces used for the preparation of SLBs [27, 118-120].

It is also reported that the chemical nature of the support has an effect on the bilayer
properties [54, 124-129, 245]. Tt is believed that hydrophobic or hydrophilic nature of
substrates can affect the bilayer properties differently. However, it is also probable that
different strength of hydrophilicity or hydrophobicity of the support affects the bilayer
properties to a different extent. Peter Lenz et al. [250] performed successive plasma
oxidation of the poly-dimethylsiloxane (PDMS) substrate from SiCH3 to SiOx and found
out the formation of monolayer and then bilayer when moved from hydrophobic substrate

to hydrophilic substrate.

To the best of our knowledge, self-assembly simulations of lipids on flat surfaces having
different hydrophobicity and hydrophilicity were not studied. Therefore, in our study, we
have simulated self-assembly DPPC lipids on flat supports by varying the hydrophobicity
and hydrophilicity to elucidate the mechanism of self-assembly. We have also analyzed
and compared the properties of the self-assembled supported bilayers. The choice of
the parameters to define hydrophilic or hydrophobic support was decided on the basis
of the water droplet simulation on the model support. In the present work, we have
constructed eight supports with different strengths of hydrophobicity and hydrophilicity
and have employed molecular dynamics (MD) simulation to self-assemble the lipids on
these supports. The present work is mainly focused on the following issues a) self-assembly
lipids on flat support and b) effect of hydrophobic and hydrophilic nature of support on
self-assembly of the lipids ¢) properties of the lipid bilayer on different support and d)

the mechanism and energetics of lipid self-assembly process.

7.2 Computational methods

All the simulations were carried out using GROMACS 4.5.5 [148, 149] simulation code.
The coarse grained Martini model for lipid and water proposed by Marrink were used [158—
160]. In this work, we have considered model solid supports made of hydrophilic and
hydrophobic beads. The hydrophobicity and hydrophilicity of the support were decided
on the basis of interaction strength (parameters) €g,, between the support beads (S) and
water (W) beads. Martini force field consists of 4 types of beads, polar (P), nonpolar
(N), apolar (C) and charged (Q). The hydrophobic moieties in force field are represented
as type C beads with five variants from C1 to C5. Type C1 bead is the most repulsive
to water with interaction parameter €¢;; = 2.0 kJ/mol and the C5 bead (¢;; = 3.1
kJ/mol) is relatively less hydrophobic in nature while hydrophilic P5 bead is most

attractive €;;=5.6 kJ/mol bead among all beads. Therefore, we have constructed the
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hydrophobic and hydrophilic supports based on the above parameters and have checked
their effect on the water droplet. We have also modified the parameters to tune the
hydrophobicity /hydrophilicity of these support beads and performed MD simulations of
whole system consisting of the support, DPPC and water beads.

The non-bonded terms in the Martini force field are modeled by pairwise Lennard-Jones
(LJ) interactions and cross terms o;; and €;; are defined by combination rule of geometric
mean. The hydrophobic supports were constructed by considering the most hydrophobic
bead. Type C1 is the most water repulsive bead in the Martini force field, represented
by €;; = 2.0 kJ/mol. We have constructed the support with beads with hydrophobicity
more than C1 (eg, < 2.0 kJ/mol) beads (see Figure 7.1).
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FIGURE 7.1: Lennard Jones potential between water and surface beads. Colors black,
red, green, blue, yellow, magenta, orange and violet represents systems Hb1, Hb2, Hb3,
HIl1, HI2, HI3, Mhll and MhI2 respectively

The strength and reliability of the hydrophobicity of the support were further checked
by performing water droplet simulations. Water droplet simulations were performed
on model support made of four layers of fixed particles (S) positioned on a square grid
separated by 0.3 nm distance. This results in the adjacent support beads of 0.47 nm
radius and diagonally placed beads to overlap on each other, hence leaving no gap in
the support thereby not allowing any water bead to pass through it. However, the
support-support bead interactions were turned off in all the simulations. The dimension
of the support was 12.6 nmx12.6 nm along the XY plane (details of which are explained
in the following section). We have kept additional 0.3 nm of box dimension in both X
and Y direction to maintain the periodicity of support beads without superimposition.
A semi-hemispherical water droplets of 4580 water beads were then simulated on six
different supports with €, = 1.0 kJ/mol, €5, = 1.5 kJ/mol, eg, = 1.7 kJ/mol, eg, = 1.8
kJ/mol, €g, = 2.0 kJ/mol and €4, = 5.0 kJ/mol. The o values for all the beads were
chosen as 0.47 nm as in the Martini force field. The droplet simulations were performed
for 60 ns and wetting or dewetting of the supports were quantified by calculating the
number of water beads coming into the contact (with in 1 nm from support) with support

surface as a function of simulation time (Figure 7.2a).
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FIGURE 7.2: (a) Water beads count near the support (b) final snapshots after 60 ns
simulation.

The wetting of the support surface indicates the hydrophilic nature of the support beads
and it is accounted from the number of the water beads in contact with support. Similarly,
the lesser count of water in support surface contact indicates the hydrophobic nature
of the support. The wetting of the support surface can also be visualized from the
droplet spreading depicted in Figure 7.2b. From Figure 7.2a, we have shown that the
supports with eg,= 1.0 kJ/mol (Hbl), €5,= 1.5 kJ/mol (Hb2) and eg,= 1.7 kJ/mol
(Hb3) retains the droplet structure and does not wet the surface. A rise in the number
of water beads near the support is observed beyond eg,= 1.7 kJ/mol which indicates
the hydrophilic nature of supports. Hence beads with €5,= 1.0, 1.5 and 1.7 kJ/mol
were considered as hydrophobic and used to construct the support for lipid self-assembly
simulations. The final snapshots of the water droplets simulations are depicted in Figure
7.2b for hydrophobic supports which are denoted as Hbl (€5, = 1), Hb2 (e5,,=1.5) and
Hb3 (esy= 1.7). Moreover, we have also constructed the supports with support-water
interaction parameter (es,) higher than of hydrophobic (€.1,,) interactions in Martini
force field [158-160]. The supports are hydrophilic in nature due to the g, used and as
confirmed from the droplet simulations (See Figure 7.2a). These hydrophilic supports
are denoted as HI1 (e5,= 3.5 kJ/mol), HI2 (e5,= 4.18 kJ/mol) and HI3 (es,= 5 kJ/mol),
where H13 is the most hydrophilic systems considered here. The surface-water interactions
are carefully chosen for all hydrophobic and hydrophilic systems except Mhll and Mhl2
(described below) (Table 7.1) which are taken from Martini.

For Mhll and Mhl2 we have used Nda and P5 types of Martini beads which are commonly
used to represent hydrophilic support in supported lipid bilayer simulations. Lin X. et al.
has studied the properties of the lipid membrane on the hydrophilic support made of
Nda type beads [247]. In the present study, the Nda type surface bead is represented as
Martini hydrophilic bead (Mhl1). Additionally, we have considered P5 beads to represent
the most hydrophilic Martini support (€s,=5.6 kJ/mol) and termed as system Mhl2.

It exhibits higher interactions with water compared to rest of the beads. Hence, as
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TABLE 7.1: Non-bonded interaction strength (e;; in kJ/mol) between the particles.

System Surface-Water Surface-Head Surface-Tail Head-Head Tail-Tail

Hb1l 1.0 0.83 0.83 3.5 3.5
Hb2 1.5 1.25 1.25 3.5 3.5
Hb3 1.7 1.42 1.42 3.5 3.5
Hl1 3.5 2.92 2.92 3.5 3.5
H12 4.18 3.5 3.5 3.5 3.5
HI13 5.0 4.18 4.18 3.5 3.5
Mhl1 4.0 4.0 2.0 3.5 3.5
Mhl2 5.6 5.0 2.0 3.5 3.5

described above in total we have constructed eight systems with different model supports
based on the interaction with water beads €4, ranging from 1.0 kJ/mol to 5.6 kJ/mol

given in the Table 7.1 and as depicted in Figure 7.1.

The interaction between the support and the rest of the beads was carefully parameterized.
Initially, we have calculated the interaction parameters (egs) from the desired €g, by
solving the geometric mean combination rule (equation 1). Further, the interactions of
the surface beads with other beads are calculated e.g., interactions between support and
lipid head-group beads (NC3) are calculated by using equation 2. We did not consider

the support beads to interact among themselves.

€ss = (7.1)

ESNC3 = V€ss X ENC3.NC3 (7.2)

Where €4, €55 and esycs are the interactions between support-water, support-support

and support-lipid head-groups respectively.

The hydrophobicity of the support here is defined in terms of the interaction parameter
between support with water beads. The interaction strength computed from combining
(using geometric mean) epsilons for support and tail beads is relatively lesser than of
support and water beads (see Table 7.1). Therefore, the support favors interacting with
water than lipid tail beads. As a consequence of the choice if parameters in this work we
did not observe the formation of lipid monolayer on a hydrophobic surface. Therefore,
it is evident that the hydrophobic supports we have considered in this work cannot be
termed as super-hydrophobic [251, 255-259] rather moderately hydrophobic with respect

to water. Therefore, as a test case we have performed simulations with support and lipid
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tail beads interaction higher than support water bead(Table 7.2), which resulted in the

formation of monolayer on the support (see Figure 7.3).

TABLE 7.2: Non-bonded interaction strength (e;; in kJ/mol) between the particles for
system Hb3.

System  Support Water Head Tail

Support - 1.7 142 3.5
Water 1.7 3.8 5 2
Head 1.42 5 3.5 2
Tail 3.5 2 2 3.5
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FicUre 7.3: Final snapshots after 1us simulation.

7.2.1 Simulation details

We have constructed the support with completely fixed beads positioned on a square
grid of 0.3 nm for the droplet and self-assembly simulations. The X and Y dimensions
of the support were carefully chosen to commensurate the resultant surface area of the
self-assembled DPPC bilayer. The equilibrium area per headgroup (APL) of free-standing
DPPC bilayer is 62.4 A% Therefore, considering this, we have chosen box dimension of
12.9 nmx12.9 nm (including 0.3 nm to avoid superimposition of support beads due to
periodic boundary condition) along the X and Y directions to accommodate 512 DPPC

molecules to form bilayer.

It is observed that, the freezing temperature of coarse grained martini water is higher

compared to the real water (or atomistic water) and it freezes rapidly when simulated
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with solid surfaces [260]. The surface acts as a nucleation site which drives the rapid
freezing of coarse grained water near the surface. To tackle such situations, Marrink
et al. introduced an extra bead called anti-freeze particle (BP4) in the force field to
prevent the freezing of water [159]. These beads interact (because of high o;; and €;;)
with water beads which disturbs the ordering of coarse grained water beads. However
the use of anti-freeze particles were not that promising while dealing with the surfaces as
reported by Xing et al. [245]. Therefore, they have used the weaker water model proposed
by Bennun et al. [260]. Bennun et al. manually reduced water-water interaction and
iteratively tested the relationship between the water-water potential and water freezing.
They have found that the scaling of €,,, to 76% of original value prevents the freezing
of water and reproduces the properties close to bulk water. However, there are some
disadvantages of this weaker water model dealing with bilayer simulation. Lamberg
et al. [261] recently showed, how the equilibrium area per lipid increases with weaker

interactions between water molecules.

For the self-assembly of lipids, we have used the water model proposed by Bennun et
al. [260] and were able to reproduce the results of free standing lipid bilayer [245](not
shown here). From this simulations, we have calculated the area per headgroup of the free
standing bilayer (76.0 AQ) which is same as reported by Xing et al. [245]. Finally the same
water-water interaction (i.e. scaled €y, to 76% of the original value of Martini forcefield)
was used for all the self-assembly simulations on eight different supports mentioned before.
We have performed self-assembly simulations of lipids starting from randomly placed 512
DPPC lipid molecules on support. Interestingly, we observed that the system assembled
into two distinctly separate lipid domains after 500 ns of the simulation. 456 out of 512
lipids molecules were aggregated together and formed lipid bilayer, whereas, 56 lipids
were observed to form a small lipid cluster in a simulation box away from the bilayer.
Same segregation was observed even by repeating the self-assembly simulation starting
from scratch i.e, initial structure (randomly placed DPPC and water molecules). In fact
similar trend was observed when we have transferred a well equilibrated free standing

lipid bilayer on the support and carried out simulations for 500 ns (Figure 7.4).

The segregation occurred due to the decrease in water density resulting from the 76%
scaling of water-water interaction which affects the interfacial tension between lipid-water
and the amount of water in the interface. The bilayer was observed to expand to a new

equilibrium area per lipid (measured value of 76 Az) [245, 261].

Henceforth, all the self-assembly simulations on supports were performed with 456 lipid
molecules solvated in water starting from a random configuration. The simulations
were performed using NAP,T ensemble by keeping the area constant along the bilayer

plane (XY) and constant pressure of 1 bar along z axis. The pressure along Z-axis was
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FIGURE 7.4: Snapshots of (a) initial and (b) final configurations after 500 ns.

controlled by Berendsen barostat. All the simulations were carried out at 323 K which is
just above the chain melting temperature of DPPC. The temperature was kept constant
by using V-rescale thermostat with temperature scaling factor of 1.5 ps. The cut off for
non-bonded Coulombic interaction was r.= 1.2 nm and the force was smoothly shifted
to zero at cut-off. Similarly, the Lennard-Jones potential was shifted smoothly to zero
starting from rs= 0.9 nm. All the systems were simulated for 1 microsecond with a
timestep of 15 fs. All the systems were simulated thrice with different initial random
configurations of DPPC. Final snapshots of the all these systems are presented in Figure
7.5. We have developed analysis codes which are described in the results and discussion

section.
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FIGURE 7.5: Final snapshots after the 1us simulation.



Chapter 7. Self-Assembly of Phospholipids on Flat Model Supports 98

7.3 Results and discussions

7.3.1 Density profile

We have calculated the partial densities of water and lipid along the bilayer normal
(z axis) for all self-assembled systems. The density profiles are plotted separately for
hydrophobic and hydrophilic support systems in Figure 7.6a and b respectively. It is
reported that the surface acts as a nucleation site for Martini water beads, which induces
water to freeze rapidly near the proximity [260, 262]. Therefore, a clear ordering of the

coarse grained water near all the support surfaces is observed.

A relatively higher ordering of the water near the hydrophilic than hydrophobic support
is observed due to stronger attractive interactions (see Figure 7.6b). The observed
bulk water density ~ 900kg/m? (Figure 7.6a and b) with scaled interactions is in good
agreement with work by Xing et al. [245] Interesting thing we have noticed is that, the
location of the self-assembled bilayer in simulation box is guided by the hydrophobic or
hydrophilic nature of the support. In case of the hydrophobic supports, the repulsive
interaction between lipid head group and support which resulted into bilayer formation
away from the surface. However, the formation of bilayer proceeds due to the contributions
from inter-lipid and lipid-water interactions. In case of hydrophilic support, surface beads
attract the head group beads of amphiphilic lipid and the formation of bilayer takes place
near to the support. We have calculated the center of mass (CoM) distance between
the lipid bilayer and support as a function of interaction parameters and depicted in
Figure 7.6¢c and d. We have observed that the bilayers formation takes place near the
hydrophilic support than the hydrophobic, because of the higher attractive interactions
between head-groups and the support.

We have also computed two-dimensional density map of water averaged over the Y axis
to visualize the density of water across the simulation box. The density maps were
calculated from last 50 ns of total 1 us trajectory. The ordering of water near the surface
is clearly visible from Figure 7.7 and it is also seen from the partial density profiles in
Figure 7.6. However, the density of water near the surface is apparently higher in case
of hydrophilic supports compared to the hydrophobic. The hydrophilic solid support
enhances water ordering upto ~ 2.8 nm (six dense water layers) from the surface. The
ordered water layers upto ~ 1.5 nm are observed for hydrophobic supports but are less
dense compared to hydrophilic supports which is also noted from the partial density

plots (Figure 7.6).
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7.3.2 Diffusion

It is observed that lipid molecules in a supported bilayer system show slower diffusion as
compared to the unilamellar vesicles [263]. Thus, we have examined the dynamics of the
lipid molecules by calculating mean squared displacement (MSD) of CoM of each lipid
molecule. Figure 7.8a, shows the average MSD computed at an interval of 5 ns each from
last 50 ns trajectory (the lipids are already in self-assembled bilayer form). From this
figure (Figure 7.8a), it is evident that the diffusion of the lipid is strongly affected in
case of hydrophilic supports. The attractive force from the support significantly reduces
the mobility of lipids. We have also observed that the strength of hydrophilicity of the
support has an effect on the lipid mobility. From the diffusion coefficient values provided
in Table 7.3 and MSD plots (Figure 7.8), it is clear that hydrophilic supports HI3 and
Mhl2 can slow down the dynamics of lipid molecules by ~ 50% of any hydrophobic
system. However, by construction HI1 system is a borderline between hydrophobic and

hydrophilic support, so it is evident that the decrease in diffusion is not much.

TABLE 7.3: Diffusion coefficient

DPPC NC3iower NC3upper

x1077 em?/s  x107" ecm?/s x1077 em?/s
Hbl 1.21+0.16 1.05+0.18 1.27£0.08
Hb2 1.10£0.20 1.02+0.17 1.13£0.18
Hb3 1.09+0.25 0.95+0.15 1.17£0.11

Hl1 0.95+0.21 0.64+£0.28 1.11£0.18
HI2 0.81£0.15 0.451£0.09 1.01+0.12
H13 0.59+0.07 0.23£0.05 0.82+0.11
Mhl1 0.70+£0.11 0.437£0.10 0.80£0.09
Mhl2 0.55+0.06 0.20£0.03 0.74=£0.05

The lower leaflet (i.e. near to the support) of self-assembled bilayer on support interacts
more with the surface beads than outer leaflet. Therefore, we have investigated the
effect of hydrophilicity on lipid leaflets separately. The MSD of the lipid head-group
beads (NC3) are calculated based on the leaflets. Figure 7.8b depicts the leaflet-wise
averaged MSD from 5 ns time interval as a function of time. The diffusion coefficients
computed from the slope (linear region) are listed in Table 7.2. The lower leaflets of
hydrophilic supports are severely slowed down because of higher interaction than the
upper leaflets. We can even observe significant arrest of motion of lipid headgroups
for H11 support. Both, HI3 and Mhl2 supports exhibit ~ 80% decrease in diffusion
of headgroups (NC3) compared to the most hydrophobic system (HB1). Interestingly,
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FIGURE 7.8: (a) Mean square displacement (MSD) of lipids. (b) MSDs of NC3 beads
of lower leaflet lipids as dashed lines whereas NC3 beads from upper leaflet showed as
solid lines.

we do not observe any significant effect of the hydrophobic surface on the diffusion
of headgroups either in lower or upper leaflet of the bilayer as they are free from any
substrate interactions. The diffusion coefficient values for hydrophobic supported bilayers
are in good agreement with the experimental diffusion coefficient of free standing lipid
bilayers (D = 1.0 x 10~ "em?s~! to 1.5 x 10~ 7em?s~ 1) [160, 264-266].

7.3.3 Lipid order

Lipid tail order parameter is a measure of lipid ordering and their packing in the bilayer.
The bilayer property such as fluidity, is dependent on ordering of lipid tail. The order
parameters for coarse grain lipid beads used in our simulations can be calculated by the
following equation.

P2 =0.5x (3x < cos?(0) >) — 1 (7.3)

where 6 is the angle between the bonds of two adjacent beads and bilayer normal. The
value of P2=1 denotes the perfect alignment of the lipid with the bilayer normal, P2=-0.5

is anti-alignment and P2=0 represents the random orientation of lipid beads.

We have calculated the order parameters of self-assembled lipids both on hydrophilic and
hydrophobic supports and plotted in Figure 7.9a. In Figure 7.9a black line denotes the
lipid tail order parameter for a free standing lipid. We have plotted average lipid tail
order parameters separately for upper (red dashed line) and lower leaflet (red solid line)
i.e., the layer near to the support. The numbering in the x-axis (of Figure 7.9a) denotes
the bond number connecting consecutive tail beads. The number 1 denotes the bond
which is connecting the Glycerol moiety to the next nearest bead (Figure 7.9b)(e.g. bond
1 is GL1-C1A) and 4 is the farthest. In case of hydrophobic support, we did not observe



Chapter 7. Self-Assembly of Phospholipids on Flat Model Supports 102

a significant change from free standing lipid, which may be obvious, as the self-assembly
happens at a larger distance from the support compared to hydrophilic support.
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FIGURE 7.9: (a) Lipid order parameters. Black solid line represents free standing
lipid tail order parameters and red dotted and solid lines are upper and lower leaflet of
supported bilayers (b) schematic representation of DPPC lipid.

However, for hydrophilic support, the upper leaflet of all the systems (except HI1) gets
affected and their ordering gets increased. HI1 is the border line case, where hydrophilicity
of support is not as much as other systems, thus the upper leaflet is almost free from
any interaction due to the support and shows similar trend as free standing lipid. We
have observed a significant differences in ordering of the upper and lower leaflet with the
increase in the hydrophilic nature of the support (e.g., H12, HI3, Mhll, Mhl2). Because
of interaction with support and water beads, the lower leaflet is mostly less ordered
than the upper leaflet. Even for the most hydrophilic systems (i.e., HI3 and Mhl2), the
ordering of lower leaflet crosses the free standing lipid. It is interesting to observe that
the surface hydrophilicity enhances the ordering of the leaflet which is not interacting

(upper leaflet) and decreases the ordering of the interacting leaflet.

7.3.4 Mechanism of self-assembly

Self-assembly is a random chemical process that involves with the arrangement of
molecules from a disordered state to an organized macroscopic structure or pattern.
In lipid self-assembly, lipids arrange themselves together to form lammellar, micelle or
vesicular structures depending on the chemical environment, composition and concen-
tration. It is a result of hydrophobic interactions along the lipid tails, as they try to
minimize the contact with aqueous solvent and lipid headgroups pointing outside facing

water molecules. During the self-assembly of lipids, it is expected that the hydrophobic
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interactions bring lipid tails (C1 beads) together and the hydrophilic interaction drives
NC3 beads (lipid head groups) to come closer. In the present study, we focus on the
self-assembly of the lipids in presence of supports as a function of simulation time by
checking the proximities of hydrophilic and hydrophobic entities. From the trajectory,
we have calculated the number of NC3 beads coming in contact with each other as a
function simulation time. We have calculated inter NC3 bead distances and counted the
number of beads within 0.9 nm cut-off. This cut-off mainly takes care of the DPPC area
per head-group (76 A2) and counts the adjacent lipids.
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FIGURE 7.10: Number of beads within 0.9 nm distance cut-off of intra (a) NC3 bead
and (b) C1 beads distances as a function of simulation time. Figure (c¢) and (d) shows
the number of NC3 and W beads near the support respectively.

In Figure 7.10a, we have plotted this count as a function of time which shows a significant
difference in case of lipid which are on hydrophilic support. Similarly, to quantify
the collapse due hydrophobic interactions, we have computed the number of lipid tail
(terminal C1 beads) coming together as a function of time. We have used the same
cutoff of 0.9 nm to calculate the count (see Figure 7.10b). From Figure 7.10a and b, it is
evident that in case of Hb1l, Hb2 and Hb3 systems, lipids self-assemble within initial few
nanoseconds (~ 20 — 80 ns) (Figure 7.11).

Both head and tail group lipid beads have come together in a similar time frame. On the
contrary, self-assembly of lipid beads have taken longer time on hydrophilic supports. In

case of HI3 system, the lipid molecules taken the longest time ~ 1000 ns to get settled on
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FIGURE 7.11: Snapshots after 80ns for the systems (a) HI1, (b)HI2 and (c¢) HI3
respectively.

the support surface. This essentially occurs due to the competitive forces acting among

the support, water and lipid.

The repulsive or the attractive interaction from the support can assist or delay the
self-assembly process. However, in all cases we have observed self-assembly. Now, it was
important to understand the interplay between the interactions of lipid and water with
the support. The question was, how these inter-particle forces guide the self-assembly of
lipids. For that, we have calculated the number of lipid head-groups (NC3) and water
beads in the close vicinity of the support as a function of simulation time. We have taken
a cut-off of 2.5 nm (from the first layer of surface beads), because the location of the
bilayer-water interface from the support surface (see Figure 7.6) falls within that range.
The NC3 and water bead counts as a function of time plotted in Figure 7.10c and d
respectively. As we have started the simulation from randomly distributed molecules we
have observed clearly that in case of Hb1l, Hb2 and Hb3 supports, the NC3 beads move
away from the surface and count reaches to zero in a very short time span of ~ 20 — 80
ns. On the other hand, hydrophilic supports induces the lipid molecules to settle down

near all the surfaces due to attractive interactions.

The hydrophilic support imparts a strong interaction towards water beads. It is evident

from Figure 7.10d that, there is a decrease in the number of water beads near hydrophilic
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support. This might be possible because the head-groups (NC3) also favor to interact
with hydrophilic support beads. As a result, NC3 beads get accumulated near hydrophilic
support competing with water. However, from the two-dimensional density maps (Figure
7.7), we have seen that the density of water near to the surface is higher in case of
hydrophilic support than hydrophobic support. In the hydrophilic support systems,
the interaction potentials €4, are more attractive than es_yc3 (Table 7.1), therefore
water beads settle more in number near to the support surface. Besides that, the
support acts as a nucleation site, thus, favors waters bead to arrange near the surface.
However, approximately within 2.5 nm (see Figure 7.6 for the partial density of water
near hydrophilic support) from the hydrophilic support, there is a competition between
lipids and water for finding the position after the initial deposition of the water adjacent
to the support. However, apart from this, there are also inter-particle interactions other
than surface contributing to the lipid self-assembly. It includes inter-lipid, lipid-water
and water-water beads interactions. E.g., in HI1 system, the support beads interact
with water with es_y= 3.5 kJ/mol, water-water interaction strength is ey _y= 3.8
kJ/mol. Further, the nucleation of the water allows these interactions to overcome the
support-head group (encs—s= 2.92 kJ/mol) (see Table 7.1) and hence accelerates water
beads to settle near support surface. Beyond the non-bonded cut-off from support,
we have found eycs3_w interactions dominate which helps in the self-assembly process.
Therefore, we have observed a sharp rise in the NC3 count for all hydrophilic support
(Figure 7.10c).

However, it was still unclear that, why the number of water molecules near hydropholic
support (expect Hl1 system) decreases with time, even though the water densities are
higher near hydrophilic supports (2.5 nm from the support surface). Apparently for
hydrophobic support systems, we have observed a higher number of water beads resides
in the 2.5 nm cut-off from the support surface. This mainly resulted due to the formation
of bilayer that takes place away from the support. Interestingly, the number of water
beads gradually increases with the interaction parameters (eg,,) for hydrophobic support
with water. The water density increases as the support attracts more water with increase

in hydrophilicity

To address the anomaly of the lesser water bead count near hydrophilic supports (HI2,
HI3, Mhll and Mhl2) compared to hydrophobic support. We have calculated the partial
densities of water and head-group beads (NC3) near the hydrophilic support (within
the cutoff of 2.6 nm). As the amphiphilic lipids are settling down near the surface, it is
expected that lipids may be replacing some of the water beads. In Figure 7.12, we have
plotted the partial density of the water and NC3 groups during self-assembly (i.e. initial

0 - 50 ns) with an interval of 10 ns.
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FIGURE 7.12: Partial densities of water (solid lines) and NC3 beads (dashed lines) as a
function of time interval of 10 ns each. (a), (b), (¢) and (d) represents system HI2, HI3,
Mhl1 and MhI2 respectively.

The 1st layer of water has a higher density than other layers for all the hydrophilic
systems. However, the number of water beads in the second and third layers varies
and we have observed a significant number of NC3 beads have penetrated these two
water layers. This is because of favorable water - NC3 bead interaction parameter and
competition between water and NC3 bead to settle down near the surface. Thus, we have
seen lesser water bead counts in proportional to the hydrophilicity of the support. The
maximum density of NC3 is noted in Mhll system due to the competitive interactions

between NC3 and W with support (es—nos=es—w= 4 kJ/mol).

7.3.5 Energetics of the mechanism

We have further examined these systems by calculating the potential energy, i.e., non-
bonded Lennard Jones (LJ) interaction energies experienced by lipid-head group and

water beads separately in different regions near to the support surface. In case of
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FIGURE 7.13: Potential energy (LJ) between the beads near hydrophilic supports. Left
and right panels shows energies felt by water and NC3 beads respectively in different
regions.

hydrophilic support we have observed the self-assembly of lipids near to the support.
Therefore, here we have only reported the energies related to the hydrophilic support
systems. We have observed a competition between the lipid head-groups and water beads
for finding a position predominately within the distance of 2 nm from the support surface.
The partial densities (Figure 7.6) also evident that, this region is the most oscillating
region where water and headgroup beads are getting arranged. Hence, we have divided
this region in four equal slabs (denoted as I, II, III and IV region) of 0.5 nm staring
from 1.2 nm to 3.2 nm (see Figure 7.6). In these predefined regions (of self-assembled
equilibrated), we have calculated the total energy (sum of non-bonded energy between
water/headgroup and all other beads) by each water and headgroup bead. The energies

in different regions are further plotted as a distribution in Figure 7.13.

From this Figure (right panel), it is evident that water is the most energetically favored
near to the surface (region I) and then in region II. As HI3 and MhI2 are the most
hydrophilic systems in two categories, water near to these surfaces (in region I) are
energetically favorable. However, as we go further from the surface, i.e., in region II,
IIT and IV the potential energy experienced by water of different support hydrophilicity
are almost similar (overlapping distributions). However, in case of headgroup beads
(NC3) the region II and III are the more energetically favorable regions. In region II and

IIT headgroup beads get stabilized by interacting with water and support beads. The
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separate energy contributions to the total energy of headgroup in these regions are given
in Figure 7.14 and 7.15.
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It is also evident from Figure 7.13 that in region II and III there are not much influence of

the support on headgroup beads. In region II most hydrophilic support (Mhl2) marginally
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stabilizes the headgroup beads, but in region III less hydrophilic support (HI1, HI2)
stabilize the headgroups. In region III and IV of Figure 7.13 we observe the broad
distribution of energies felt by headgroups due to varied balancing interactions from
water, surface and lipid tails beads. This is one of the main reasons why we observe less

ordering in lipid tail (see Figure 7.9).

These observations confirm that the lipid self-assembly with the solid supports mainly
guided by the various interactions taking place between the support, lipids and water
beads. The arrangement of molecules from a disordered state into organized macroscopic
structures is predominantly dependent upon the properties of the support and nature of

the interacting particles.

7.4 Conclusions

We have carried out the lipid self-assembly simulations on different model supports
constructed on the basis of their hydrophobic or hydrophilic nature. Significant differences
are noticed in all these self-assembly processes. The hydrophobic support, due to the
repulsive interaction, repels the lipids and the bilayer formation observed at a distant
region from the support. The lipid bilayers settle down near to the modeled hydrophilic
support due to favorable attractive interactions. We have found out that the lipid bilayers
from the hydrophobic support systems were least affected, whereas, the hydrophilicity
of the support affects the bilayer properties to a certain extent. The ordering of lower
and upper leaflets is affected in case of hydrophilic support. The hydrophilic supports
are found to enhance the water ordering near the support as evident from the structural
and dynamical properties of water. During the self-assembly, hydrophobic supported
lipids arrange quickly to form lipid bilayer whereas the hydrophilic support delays the
self-assembly process. It is mainly because of the interplay between surface-head, head-
head, surface-water and head-water interactions. We confirmed the competition between
water and lipid head-group to interact with hydrophilic supports by calculating energetic
of the system.






Chapter 8

Conclusion

In the present study, we have investigated the various bio-molecular systems using the
computer simulations. Our research is essentially adhered to the proteins and lipid
simulations to understand the various physico-chemical properties of the soft matter.
In this thesis, we have discussed the important aspects of enzyme mechanism of PcrA
helicase and the properties of the lipid bilayers in the presence of NPs and surfaces.

Acoordingly, The thesis is divided into two parts - protein and lipid membranes.

Part A of the thesis is dedicated to the understanding of the enzyme PcrA helicase and
ATP binding to it. PcrA helicase functions on the basis of the binding and hydrolysis of
ATP induces conformational changes in the protein, which mediate the translocation of
these motors over nucleic acid and unzips it. We have essentially targeted here the process
of ATP unbinding from the catalytic site and estimated the ATP binding free energy in
chapter 3. The free energy required to pull ATP from the active cleft was computed to be
85kJmol =1 (£5kJmol~!). However, we have investigated the components of unbinding
free energy which results from a change in conformation of residues of protein near to
the binding site and because of breaking (and reformation) of hydrogen bonds between
ATP and the helicase. This study has also elaborated the local conformational changes
in more detail for ATP and the active site residues as a result of ATP unbinding. As
a consequence of the ATP unbinding, the substrate state protein gets converted to the
product state protein. Therefore, in chapter 4 of the thesis, we have simulated the
substrate state and product state of the protein and observed domain motions because

of flexibility in ATP free product state.

To summarize part A, we have elaborated the atomistic details of the ATP unbinding
and the effect of ATP unbinding on local conformational flexibility and subsequently its

effect on the global conformational change of the motor protein.
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In part B of the thesis, we have studied the effect of NP and surface interactions on the
properties of the lipid membrane. In chapter 5, we have investigated the effect of neutral
AuNP on the membrane fluidity while chapter 6 elucidates the interactions of the neutral

and octane thiol capped AuNP with the lipid bilayer.

In chapter 5, we have investigated the perturbation caused by different sized AuNP on
lipid molecules locally at adsorption site (SR region) and in the region away from the NP
(LR region). Significant difference in the bilayer properties is being observed for both the
regions. Compared to the reference bilayer, we observed the lipid molecules in the NP
bound system showed relatively lesser fluidity of the LR lipid molecules due to enhanced
packing of the lipids. The different sizes AuNPs have the same effect on the bilayer.
However, the magnitude of structural ordering and fluidity differs. We have investigated
the effect of single NP at a time, morever the loading of higher concentration of NP will
may have different effect on the membrane properties. We have observed that the AuNP
interacts favorably with the interacting upper leaflet without permeating it. Therefore,

in the following chapter, we have computed the free energy required for the permeation.

Besides the bare AuNP, we also used the ligand coated AuNP to study how the surface
structuring affect the details of the permeation process. (in chapter 6) It was observed
that the hydrophilic nature of bare AuNP favors the adsorption of NP to the bilayer but
further loading becomes difficult. The estimated adsorption and loading free energies for
bare AuNP are -150 kJmol~! and +125 kJmol ™! respectively. For octane thiol capped
AuNP loading becomes very difficult due to the hydrophobic capping and the increased
size. The adsorption and loading energies computed as -30 kJmol~! and +500 kJmol !
respectively. The high energy barrier for the capped AuNP comes from the cumulative
effect of hydrophobic surface coating and increased particle volume. Therefore, loading of
the NP from the bilayer-water interface to the membrane interior becomes energetically
unfavorable. Structurally, we observed that lipid bilayer adapts curvature around the
hydrophilic bare AuNP however capped AuNP ruptures the lipid membrane by formation
of pore like structures. This favors the entry for water molecules. This work can be
extended by functionalizing NPs with other types of ligands e.g. charged and amphiphilic
ligands which may have different permeation characteristics. The findings of the current
work will lead to better understanding of the translocation mechanism of NPs across
lipid membranes, which can be useful in developing efficient nano-cargos for delivery of
therapeutics and better understanding of the mechanisms for cytotoxicity of some types
of NPs.

We expanded our research on lipid membranes and studied the interactions of the lipid
membrane with the surfaces. In chapter 7 of the thesis, we have carried out the lipid

self-assembly simulations and studied the properties of the self-assembled membranes
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on different model support constructed on the basis of their hydrophobic or hydrophilic
nature. Significant differences were noticed in all these self-assembly processes. The
hydrophobic support, due to the repulsive interaction, repels the lipids and the bilayer
formation observed at a distant region from the support. The lipid bilayers settle down
near to the modeled hydrophilic support due to favorable attractive interactions. We
have found out that the lipid bilayers from the hydrophobic support systems were least
affected, whereas, the hydrophilicity of the support affects the bilayer properties to a
certain extent. The ordering of lower and upper leaflets is affected in case of hydrophilic
support. The hydrophilic supports are found to enhance the water ordering near the
support as evident from the structural and dynamical properties of water. During the
self-assembly, hydrophobic supported lipids arrange quickly to form lipid bilayer whereas
the hydrophilic support delays the self-assembly process.

Molecular simulations employed in the present study enabled us to examine the complex
biomolecular assemblies in atomic detail, from the conformational motion in an individual
protein to the various properties of the lipid membrane under the influence of nanoparticles
and surfaces. The protein simulations in the present study have provided a better
understanding of DNA unwinding mechanism by PcrA helicase. The lipid bilayer
simulations elucidated the properties of the biological membrane under the influence
of the nanoparticle and surfaces which certainly contribute to the development to the

development of pharmaceuticals, anesthetics and drug-gene delivery agents.
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