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Abstract

Protein-lipid interactions are essential for maintaining the structural integrity of cel-

lular membranes. Cardiolipin-Cytochrome C interactions play a vital role in the

coherence of the mitochondrial membrane and apoptosis. Delineating the interaction

has been a research interest for a long time, but remains elusive. This study focuses

on cardiolipin-Cytochrome C interactions on a liquid crystalline droplet surface using

molecular dynamics (MD) simulations, which have been used as a major tool for bio-

physical and biochemical studies. Significant insights into the interactions were gained

through this work on the nature of interactions as well as the interacting residues.
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Chapter 1

Introduction

Membranes define the outer boundary of the cell which is known as the plasma mem-

brane and many other inner cellular compartments which are called organelles. Cellu-

lar membranes are one of the most important constituents of cell and they play a key

role in cell function and fundamental life processes[Tamm 06]. They are comprised

of a bilayer of lipids in an asymmetric arrangement[Corradi 18]. There are many

proteins embedded as well as loosely associated with this bilayer. The protein-lipid

interactions maintain the structural integrity of the membranes as well as functional

integrity of proteins[Bienvenüe 94, Tamm 06].

Liquid Crystal Droplets to study Lipid - Protein

Interactions

Liquid crystals (LC) are known for their low interfacial energy and sensitivity to

perturbations which enable them to act as sensitive reporters of interfacial processes.

They are also excellent biomimetic systems to understand biochemical interactions oc-

curring in the cellular environment[Pani 18, Bisoyi 11]. There have been many studies

utilising the property of liquid crystals to act as biosensors, as the amplification of the

surface perturbations results in the change of orientation of the droplets[Gupta 98].
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Understanding lipid-protein interactions at liquid crystalline interfaces have caught

a lot of attention. In this regard, simulation in combination with experimental ap-

proaches can provide significant insights into these phenomena.

Cytochrome C and Cardiolipin

Cytochrome C is a small water-soluble heme protein (contains a heme prosthetic

group) and it is found in between the membranes of mitochondria in loose association

with the inner membrane[Manickam 17, Alvarez-Paggi 17]. It is one of the compo-

nents of the electron transport chain of mitochondria and it also acts as a catalyst for

several redox reactions[Yeagle 16, Souza 08]. Cytochrome C also plays a major role

in apoptosis or programmed cell death[Yang 07].

Figure 1.1: Structure of Cytochrome C and heme. Source: [Manickam 17]

The mechanism by which Cytochrome C initiate cell death occurs due to its interac-

tion with cardiolipin. Cardiolipin is an anionic phospholipid and a major constituent

of the inner mitochondrial membrane. In the presence of cardiolipin, the heme-protein

interaction in Cytochrome C is weakened. This instigates peroxidase activity in Cy-

tochrome C, which was suppressed earlier by heme. The process further leads to

cardiolipin oxidation and as a result, the mitochondrial membrane loses its structural

integrity, instigating cell death or apoptosis [Dykens 07, Hough 14, Belikova 06].
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Figure 1.2: Structure of Cardiolipin. Source: https://doi.org/10.1371/journal.

pone.0059267.g001

There have been a number of studies, both experimental and computational, to

study cardiolipin[Dahlberg 08, Lemmin 13, Aguayo 12] and Cytochrome C individ-

ually [Wendoloski 87, Abel 10, Simonson 95]. When it comes to their interactions,

there have been a considerable number experimental studies[Beales 11, Hanske 12,

Sinibaldi 10]. Despite the number of studies, the clear picture of the mechanism of

the interaction between cardiolipin and Cytochrome C remain obscure.

We employed the liquid crystal mediated study of lipid-protein interactions to study

the cardiolipin Cytochrome C interactions. We chose 4-Cyano-4’-pentylbiphenyl (5CB)

which is the most widely used nematic liquid crystals, in this work.

Figure 1.3: Structure of 5CB (C18H19N)

This is the first work which employs computational tools to look at cardiolipin-

Cytochrome C interactions. We aim to look at the cardiolipin - Cytochrome C in-

teractions on a 5CB liquid crystal droplet interface. This thesis primarily focuses on

the molecular dynamics simulation, analysis and other computational investigations

to understand the phenomena with greater clarity.

3
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Chapter 2

Methodology

2.1 Molecular Dynamics

Classical molecular dynamics simulations are based on Newton’s laws of motion. To

calculate a trajectory, only the initial positions of the atoms and initial distribution

of velocities are needed. The acceleration can be determined by the gradient of the

potential energy function. If we know the initial conditions, the state of the system

can be estimated through integration since the process is deterministic. Molecular

dynamics is a very effective approach to get a deeper understanding of macromolecular

structure, conformation and function.

Newton’s equation of motion is given by,

Fi = miai (2.1.1)

where Fiis the force acting on the particle, mi, the mass of the particle and ai, the

acceleration of the particle. Force can also be given as the gradient of the potential

energy function U,

Fi = −∇iU (2.1.2)

Combining equations 2.1.1 and 2.1.2, acceleration can be written as the derivative of

potential energy with respect to postion as,

5



a = − 1

m

dU

dr
(2.1.3)

Also,

v =
dr

dt
(2.1.4)

a =
dv

dt
(2.1.5)

The integration algorithms approximates the positions and velocities based on the

Taylor series,

r (t+ δt) = r (t) + v (t) δt+ a (t) δt2 + ... (2.1.6)

v(t+ δt) = v (t) + a (t) δt+ ... (2.1.7)

The total potential energy U is given by sum of bonded and non bonded interactions.

The bonded terms include bonds, angles, dihedral angles and improper angles, and the

non bonded terms include Van der Waals interactions and electrostatic interactions.

We approximate the atoms that comprise the molecules to be spheres and the bonds

between them as springs. The basic stucture of a force field is given as,

U =
∑
bonds

Kb (r − r0)2 +
∑
angles

Kθ(θ − θ0)2 +
∑

dihedrals

Kφ +
∑

impropers

Kψ (ψ − ψ0)
2

+
∑
i>j

4ε

[(
σij
rij

)12

−
(
σij
rij

)6
]

+
∑
i>j

qiqj
4πεrij
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Figure 2.1: Flowchart of molecular dynamics simulation

Molecular simulations are done using two methods, molecular dynamics and Monte

Carlo (MC). MD gives information about both position and momentum and also gives

the temporal evolution of the system while the momentum and the time evolution

cannot be determined using MC[Paquet 15]. MD was initially used by Alder and

Wainwright in 1957 to study many-body system of particles[Alder 57].

The basic steps to be followed while doing an MD simulation is given in fig. 2.1 and

is discussed in detail in the following subsections.

2.1.1 Initialisation

To solve any differential equation, the initial conditions are required. To estimate the

positions and velocities of particles at a time t, we need the initial positions and ve-

locities. The initial position coordinates are obtained experimentally using techniques

like X-ray crystallography and NMR. Once the initial coordinates are obtained, the

structure needs to be minimised relieve the strain of the conformation derived exper-
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imentally as well to stabilize the structure. To do this, an algorithm like gradient

descent is employed to find the local minima of the potential energy,

∂U

∂xi
= 0,

∂2U

∂2xi
> 0

The minimised structure is then solvated (if necessary) by adding the corresponding

solvent and the ions are added to neutralise the system. The initial velocities are then

randomly assigned to each of these atoms from a Maxwell-Boltzmann distribution at

a given temperature T ,

P (vi) =

(
mi

2πkBT

)1/2

exp

(
−1

2

miv
2
i

kBT

)
(2.1.8)

such that the total momentum P cancels out,

P =
N∑
i=1

mivi = 0 (2.1.9)

2.1.2 Heating Dynamics

Now the system has to be heated to the desired temperature. The system has to be

coupled with a thermostat and slowly heated to the final temperature. The simplest

algorithm to achieve this is velocity rescaling. In this method, the velocities of each

of the particles are multiplied by a factor λ,

λ =

√
T0
T

where, T0is the desired temperature and T is the current temperature.

2.1.3 Equilibration

The equilibration of all the molecules including solvent and ions is essential before

proceeding to the dynamics of the system. To prevent the system from collapsing

8



various constraint algorithms that maintain the atomic distances are implemented at

this. The system is relaxed for a few hundreds of picoseconds (ps) before continuing

further to production.

2.1.4 Production

Upon the completion of the equilibration phase, the dynamics of the system is gen-

erated under a desired thermodynamic ensemble and the trajectory is obtained. The

production phase is carried out for a few nanoseconds (ns).

2.1.5 Analysis

Once the simulation is complete, the trajectory is analysed to obtain information on

the desired variable.

2.2 Simulation Details

The simulations were carried out in three parts. The first system consists of 5CB

LC droplet in water. The second consists of 5CB LC droplet with cardiolipin in

water. The third system consists of 5CB LC droplet, cardiolipin on the periphery

of the droplet and Cytochrome C, in water. Atomic-scale molecular dynamics simu-

lations were performed on all three systems. All simulations were carried out using

GROMACS[Abraham 15]. To create the molecular topology, the CHARMM36[Huang 13]

force field was used. The TIP3P[Jorgensen 83] water model was used to solvate all

the systems. The initial structure of cardiolipin and Cytochrome C were retrieved

from http://www.rcsb.org/. To define the long-range electrostatic interactions, the

Particle Mesh Ewald (PME) method was used[Darden 93]. The temperature coupling

was done using the velocity rescaling algorithm[Bussi 07] and the pressure was main-

tained using Berendsen barostat[Berendsen 84]. Further details of the simulations are

mentioned in the following subsections.

9
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System No. of Atoms No. of Molecules Water Ions

1 75320 400 5CB 26979 -

2 785609 400 5CB, 150 Cardiolipin 244703 300×Na+

3 21596 400 5CB, 20 Cardiolipin, 6 Cytochrome C 61884 4×Na+

Table 2.1: Simulation Details

The visualisations and the data generation was done using VMD[Humphrey 96].

MATLAB (R2019a)[MATLAB 19] was used to do the necessary calculations and data

processing. All the graphs were plotted using Origin(Pro) Version 2020 (OriginLab

Corporation, Northampton, MA, USA) and the probability distribution function plots

were generated using MATLAB (R2019a)[MATLAB 19].
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Chapter 3

System 1 (5CB LC Droplet in

Water)

3.1 Introduction

Liquid crystal molecules self assemble themselves in the presence of water to form

spherical droplets. The molecules orient in such a way that the polar head faces water

molecules while the non-polar part remains inside the droplet. We are working with

5CB liquid crystal molecule. It has a polar C-N bond and a non-polar hydrocarbon

chain. There are a large number of works involving computational simulations of 5CB

liquid crystal since it is very commonly used[Tsige 99, Wang 01].

In this chapter, we aim to look at the 5CB LC droplet formation. The methodology

and results are explained in detail in the following subsections.

3.2 Methodology

The initial structure of 400 5CB molecules was generated. This complex was placed

in a TIP3P solvent box of dimensions 100 Å × 100 Å × 100 Å and solvated which

resulted in a total of ∼ 786000 atoms. Minimization was done in 5000 steps and the

system was equilibrated for 0.1 ns. The integration was done in steps of 2 fs and the

11



LINCS[Hess 97, Hess 08] constraint algorithm was employed to constrain bonds. The

system was gradually heated from 0 K to 300 K. The structure was equilibrated once

more under NPT conditions before proceeding to the simulations. The temperature

of 300 K was maintained using velocity rescaling thermostat and pressure of 1 atm

was maintained using Berendsen barostat. The structures were simulated then for

20 ns under NPT ensemble.

Figure 3.1: Snapshots of the 5CB in water: with and without water

To look at the droplet formation, two methods were employed. In the first method,

the time evolution of the droplet was analysed from the snapshots of the 5CB LC

droplet was taken at an increment of 2 ns using VMD. In the second method, the

cubical volume of the 5CB LC droplet was calculated. For this, the minimum and

maximumXY Z coordinates were generated for all the time frames using the Tcl script

in VMD. This data was imported into MATLAB to calculate the cubical volume and

then plotted.

3.3 Results

From fig. 3.2, it can be seen that the 5CB liquid crystal molecules that were spatially

scattered are coming closer to form a spherical droplet. This is further illustrated in

fig. 3.3, where it can be observed that the cubical volume of the space containing

5CB molecules is decreasing as the molecules aggregate to form a compact droplet.

12



Figure 3.2: Series of snapshots showing time evolution of the 5CB LC Droplet: a-j)
5CB droplet orientation changes from initial frame to final frame in increments of 2
ns

Figure 3.3: The plot showing cubical volume of the 5CB droplet against time

Hence, it can be concluded that the 5CB molecules are self-assembling themselves to

form a compact droplet, in the presence of water.

13
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Chapter 4

System 2 (5CB LC Droplet +

Cardiolipin in Water)

4.1 Introduction

Amphiphiles like phospholipids assemble on liquid crystal droplets change the orien-

tation of the droplets in a way that it is visible to the naked eye[Sidiq 15]. Penetration

is found to be happening when cardiolipin molecules within the vicinity of the 5CB

Droplet interact. Hydrophilic head of the cardiolipin remains outside while the hy-

drophobic tails are inserted into the droplet as shown in the schematic.

Figure 4.1: Schematic diagram that shows lipid(structure with an anionic head and
hydrocarbon legs) assembly on an LC droplet (Blue)

In this chapter, we looked at the cardiolipin-5CB interactions at the droplet periphery.

Furthermore, we looked at the non bonded interactions on an atomic scale between

15



5CB molecules and cardiolipin on the droplet periphery, since molecular dynamics

simulation allows study the mechanism by which the molecules interact on a deeper

level. The methodology and results are explained in detail in the following subsections.

4.2 Methodology

Figure 4.2: Snapshots of Cardiolipin and 5CB in water

The initial structure was generated by adding 150 cardiolipin molecules to the previous

system of 400 5CB molecules. This complex was placed in a TIP3P solvent box of

dimensions 200 Å × 200 Å × 200 Å and solvated which resulted in a total of ∼ 75000

atoms. After this step, 300 Na+ ions were added to neutralise the system[Beglov 94].

Minimization was done in 5000 steps and the system was equilibrated for 0.1 ns.

The integration was done in steps of 2 fs and the LINCS constraint algorithm was

employed to constrain bonds[Hess 97, Hess 08]. The system was gradually heated

from 0 K to 300 K. The structure was equilibrated once more under NPT conditions

before proceeding to the simulations. The temperature of 300 K was maintained using

velocity rescaling thermostat and pressure of 1 atm was maintained using Berendsen

barostat. The structures were simulated then for 100 ns under NPT ensemble.

To elucidate the penetration of cardiolipin tails inside the 5CB LC droplet, two meth-

ods were employed. To get the average distances from 5CB droplet centre to different

parts of the cardiolipin atoms, the carbon (C) atom on the tip of the tail of the car-

diolipin, the oxygen (O) atom from the glycerol backbone and the phosphorous atom

16



on the head was selected as shown in fig. 4.3. The distances to each of these atoms

were calculated and then averaged out. To get the number of 5CB atoms surrounding

each part, the same selection of atoms was kept and the number of heavy atoms in

5CB within a cutoff distance of 5 Å was selected. For this purpose, the data was

generated using Tcl script in VMD and the calculations were done using MATLAB.

Figure 4.3: Cardiolipin structure division: Marked in red are the C atoms at the tip
of the tail, marked in blue are the O atoms that constitute to the glycerol backbone
and marked in green are the P atom on the head.

To look at the nonbonded interactions on an atomic scale, the interactions were

grouped into interfacial and penetrating. The interfacial 5CB lie on the surface of

the droplet while the penetrating 5CB lie beneath the surface, close to the cardi-

olipin tails that were penetrating the droplet. The interfacial and penetrating 5CB

molecules surrounding the cardiolipin at the interface were selected and visualised

using VMD.

4.3 Results

4.3.1 Cardiolipin on the Droplet Periphery

From fig. 4.4, it is visible that the number of atoms surrounding the tail of the

cardiolipin is significantly larger compared to the head and the hydrophilic part.

Also, the average distance from the centre of the 5CB LC droplet to the tail is very

less compared to the head and the glycerol backbone. It can be concluded that

the cardiolipin tails are penetrating the droplet while the head and the hydrophilic

glycerol backbone stays outside the droplet facing the polar water molecules.

17



Figure 4.4: The plot of the number of 5CB atoms surrounding different parts of
cardiolipin against time and the lot of the average distance from centre to cardiolipin
atoms picked from different parts versus the time frames tail

4.3.2 Atomic Scale Interactions

In fig. 4.5, a, b, c corresponds to the interactions between cardiolipin and 5CB which

are beneath the surface of the droplet i.e. the 5CB which surrounds the penetrating

parts (tail) of the cardiolipin. From these images, it can be seen that the non-polar

part of the 5CB is interacting with the cardiolipin tail, which is hydrophobic. Fur-

thermore, it can be noted that the polar part of the 5CB always faces away from the

hydrophilic head of the cardiolipin.

When the interfacial interactions are considered (4.5−d, e, f), it can be observed that

some of the 5CB orients in such a way that the polar part is in close proximity of

the hydrophilic head. It can also be seen that in f the 5CB in between the tails of

cardiolipin is aligned in such a way that the polar part faces away from the tails.

From the images, it can be concluded that the nature of interactions is hydrophobic.

18



Figure 4.5: a-f) Each image shows the interaction between various interfacial cardi-
olipin (hydrophilic head with P atoms marked in brown, O atoms marked in red and
the carbon chain in purple) and 5CB molecules (C atoms in green, H in tan and N in
bright blue) a-c) Penetrating interactions d-f) Interfacial interactions
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Chapter 5

System 3 (5CB LC Droplet +

Cardiolipin + Cytochrome C in

Water)

5.1 Introduction

Cytochrome C is known to interact with cardiolipin, as a result of which the cell death

is initiated. The heme residue is known to interact with cardiolipin, weakening its

association with Cytochrome C.

In this chapter, first, we tried to look at the change in helical content of Cytochrome

C throughout the simulation. This step is necessary to see if the protein structure

remained stable i.e. without any unfolding or denaturation. Next, the number of

interactions (total and residue wise) between Cytochrome C and cardiolipin were

quantified. Finally, we looked at the electrostatic profile of 5CB LC droplet, car-

diolipin and one of the Cytochrome C molecule. The final step was repeated with

control as well to verify the results obtained. The protein BSA was chosen as the

control since it is negatively charged. The methodology and results are explained in

detail in the following subsections.
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5.2 Methodology

Figure 5.1: Snapshot of Cardiolipin and 5CB with Cytochrome C

The initial structure was generated by adding 6 Cytochrome C molecules to 20 cardi-

olipin molecules on the periphery of 400 5CB molecules (since we are only interested

in CL molecules at the droplet periphery). This complex was placed in a TIP3P

solvent box of dimensions 130 Å × 130 Å × 130 Å and solvated which resulted in

a total of ∼ 22000 atoms. After this step, 4 Na+ ions were added to neutralise the

system[Beglov 94]. Minimization was done in 5000 steps and the system was equili-

brated for 0.1 ns. The integration was done in steps of 2 fs and the LINCS constraint

algorithm was employed to constrain bonds[Hess 97, Hess 08]. The system was grad-

ually heated from 0 K to 300 K. The structure was equilibrated once more under

NPT conditions before proceeding to the simulations. The temperature of 300 K was

maintained using velocity rescaling thermostat and pressure of 1 atm was maintained

using Berendsen barostat. The structures were simulated then for 200 ns under NPT

ensemble.

First, to look at the helical content of Cytochrome C, a tcl code was written to obtain

the percentage content of α-helix in Cytochrome C across time frames from VMD.

This data was plotted against time.

To quantify the number of interactions between Cytochrome C and cardiolipin, the

cardiolipin was divided into two parts, head and tail ad the list of heavy atoms were
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generated. The interactions were defined in such a way that if an atom from a car-

diolipin residue comes in 10 Å range of at least 50% of the head or tail heavy atoms,

then it is said to interact with the respective part. Each interaction corresponds to 1

and if there is no interaction, it corresponds to 0. Such a binary list was generated

and in the end and the interactions were summed up. After this, the residue wise

interaction with cardiolipin head and tail were calculated. The total number of in-

teractions as well as a separate plot of heme- cardiolipin interactions was generated.

The probability distribution of the total number of interactions, heme interactions

and residue wise interactions were also generated. The calculation and plotting of the

probability distribution function were done using MATLAB.

To look at the electrostatic profile, the entire system of molecules was grouped based

on its electrostatic nature. Cytochrome C was divided into three categories, negatively

charged (includes negatively charged and polar negative), positively charged (includes

positively charged and polar positive) and uncharged (includes polar neutral and non-

polar) residues. 5CB molecules were grouped into the polar N atoms and non-polar

hydrocarbon chains. The cardiolipin molecules were classified into polar P and O

atoms and the nonpolar hydrocarbon chains. VMD allows you to classify atoms and

residues by default or manually. Here, this was done manually. Surf calculations in

VMD use the molecular surface solver[Varshney 94] to build the surface and display

it after colouring, based on the desired grouping of molecules. Surf calculations were

employed here in combination with the above-mentioned classification of atoms and

residues to generate the electrostatic profile, showing different patches based on their

charge and polarity. The time evolution of this system was then analysed through

the snapshots generated using VMD.

5.2.1 Control

For the third system, we also did a control simulation. Since Cytochrome C is a

positively charged molecule, it was essential to look at the behaviour of the cardiolipin

and 5CB LC droplet in the presence of another protein which has different properties.

For this purpose, we chose BSA, which is a neutrally charged protein, and simulated

the system with similar conditions as that of the third system in a rectangular box of
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Figure 5.2: Snapshot of Cardiolipin and 5CB with Cytochrome C

dimension 210 Å × 210 Å × 210 Å. The initial structure was generated by adding 6

BSA molecules to 20 cardiolipin molecules on the periphery of 400 5CB molecules. To

define the long-range electrostatic interactions, the Particle Mesh Ewald method was

used. Minimization was done in 5000 steps and the system was equilibrated for 0.1 ns.

The integration was done in steps of 2 fs and the LINCS[Hess 97, Hess 08] constraint

algorithm was employed to constrain bonds. The system was gradually heated from

0 K to 300 K. The structure was equilibrated once more under NPT conditions

before proceeding to the simulations. The temperature of 300 K was maintained using

velocity rescaling thermostat and pressure of 1 atm was maintained using Berendsen

barostat. The structures were simulated then for 200 ns under NPT ensemble.

Here, we looked at the dynamics of the system and the electrostatic profile time

evolution. For this, the final analysis for the third system was repeated here as well.
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Figure 5.3: Helicity Plot

5.3 Results

5.3.1 Helicity

The three-dimensional structure of Cytochrome C has five α-helices into which the

protein backbone is folded. Fig. 5.3 shows the change in percentages of α-helices

in the whole structure or the helical content of Cytochrome C with time. It can

be seen that the helical content of the protein is not undergoing significant changes.

This means that the secondary structure of the protein remains intact throughout the

simulation.

5.3.2 Cardiolipin - 5CB Interactions in the presence and ab-

sence of Cytochrome C

Comparing Fig 5.4 and 5.5 we can find that there is no significant difference in the

average distance to head and tail from the droplet centre as well as the average

number of 5CB atoms surrounding each part. Only a slight change is visible. We
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cannot comment anything about how the cardiolipin-5CB interactions are changing

when Cytochrome C is introduced.

Figure 5.4: Plots showing the average number of 5CB atoms surrounding different
parts of cardiolipin against time and the average distance from centre to cardiolipin
atoms picked from different parts versus the time frames in the presence of Cytochrome
C

Figure 5.5: Plots showing the average number of 5CB atoms surrounding different
parts of cardiolipin against time and the average distance from centre to cardiolipin
atoms picked from different parts versus the time frames in the absence of Cytochrome
C

5.3.3 Cardiolipin - Cytochrome C Interactions

It can be seen from fig. 5.6 that the part of cardiolipin that is interacting with

Cytochrome C is the head. This conclusion can be drawn from both the time evolution

plots as well as probability distribution function plots. The time evolution plot shows

a contrast between the number of interactions with the head and tail per time frame.
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Looking at the probability distributions, it can be observed that the mean number of

interactions is 10 for tail while it is 200 for the head.

Figure 5.6: Plots showing the time evolution as well as probability distributions of
Cytochrome C interactions with cardiolipin head and tail.

5.3.4 Heme - Cardiolipin Interactions

Heme is showing a significant number of interactions with cardiolipin head, despite

the number of residues present per Cytochrome C molecule i.e. one residue per

Cytochrome C. Fig. 5.7 shows the time evolution and probability distribution function

of heme interactions with cardiolipin head and tail. The probability distributions show

that the mean number of interactions is 0 for tail while it is 15 for the head. The
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observations perfectly match with our hypothesis that the positively charged heme

residue interacts with the polar negative head of the cardiolipin.

Figure 5.7: Plots showing the time evolution and the probability distributions of
interactions between heme residue of Cytochrome C and cardiolipin - both head and
tail.

5.3.5 Nature of Interactions and Electrostatic profile

Apart from heme, the interacting residues are lysine, isoleucine, threonine and glu-

tamic acid. The probability distribution of the interaction with these residues is given

in fig. 5.8 It can be observed that cardiolipin shows the most number of interactions

with lysine, which is a basic (positively charged) amino acid. From this, we can

conclude that the nature of interactions is electrostatic.
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Figure 5.8: The probability distribution of the interactions of all the interacting
residues with cardiolipin head

Fig. 5.9 shows the different regions of the electrostatic profile of Cytochrome C as

well as the control, BSA along with the 5CB droplet coated with cardiolipin in detail.

Figures 5.10 and 5.11 shows the time evolution of both the systems.

From fig. 5.10, it can be seen that the positively charged Cytochrome C is coming

closer to the cardiolipin coated 5CB droplet, whose nature is mostly non-polar with

a few polar negative parts.

Meanwhile, from fig. 5.11, we can see that the negatively charged BSA is staying

more or less in the same position and is not coming closer to the cardiolipin coated

5CB droplet.

The comparison between the electrostatic profiles of Cytochrome C and BSA elec-

trostatic profiles, further illustrates that the nature of interactions in this system is

electrostatic.
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Figure 5.9: Inside the cyan oval is the 5CB droplet with cardiolipin on its surface:
Polar part corresponds to P and O atoms in cardiolipin mostly (because cardiolipin
covers most of the 5CB LC surface) and a very few N atoms in 5CB. Non-polar part
corresponds to hydrocarbon chains in cardiolipin (mostly) and 5CB. Inside the green
oval are the proteins Cytochrome C and BSA in the corresponding images: Blue
patches correspond to positively charged and polar positive residues, red corresponds
to negatively charged and polar negative residues and white corresponds to uncharged
residues

Figure 5.10: a-f)The time evolution of Cytochrome C with respect to the 5CB LC
droplet coated with cardiolipin (the LC droplet along with cardiolipin on the left and
Cytochrome C molecule on the right).
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Figure 5.11: a-f)The time evolution of Cytochrome C with respect to the 5CB LC
droplet coated with cardiolipin (the LC droplet along with cardiolipin on the left and
Cytochrome C molecule on the right).
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Chapter 6

Summary and Conclusions

6.1 Results

� In the first system, the liquid crystal droplets self assemble to form a compact

droplet. Hydrophobic interactions are the main interactions happening in this

system.

� In the second system, the cardiolipin inserts its tail into the 5CB droplets. The

nature of interactions in this system is hydrophobic as well.

� In the third system, the anionic cardiolipin head interacts with the positively

charged residues as well as the polar residues of Cytochrome C. Furthermore,

the heme residue shows considerably strong interactions with cardiolipin head.

The analyses done in this system reveals that the nature of interactions between

cardiolipin and Cytochrome C is electrostatic.

6.2 Conclusions

� The computational studies can offer deeper insights into the biophysical and

biochemical phenomena and paint a more precise picture, to the level of atomic-

scale interactions.
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� 5CB liquid crystals can be employed as a medium to study cardiolipin and

cytochrome c interactions. Similarly, other liquid crystals can also be used for

this purpose as they are good biomimetic systems.

� The same method which was used to model cardiolipin - Cytochrome C inter-

actions can be employed to study other protein-lipid interactions as well.

� The cardiolipin - 5CB system may behave similarly in the presence of any other

positively charged (basic) protein since the nature of interactions is electrostatic.

6.3 Future Works

� If the cardiolipin-5CB system behaves the same way it did with Cytochrome

C in the presence of other positive proteins, we might be able to develop the

system as a sensor for positive proteins. To do this, we need to look at the

behaviour of the system in the presence of a good number of other proteins as

well.

� Since the cardiolipin - Cytochrome C interactions were successfully modelled on

a 5CB liquid crystal droplet, we wish to extend the study to other lipid-protein

systems and look at all the systems that can be studied in this manner.
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