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Abstract

Cystic fibrosis is life threatening hereditary disorder in which the chloride channels present in
membrane becomes dysfunctional. Cystic fibrosis transmembrane conductance regulator
genes produce CFTR protein that is responsible for the transport of chloride and sodium ion
across the membranes. CFTR consist of multiple domains i.e., transmembrane domain,
nucleotide binding domains and regulatory domain. There are multiple Mutations in CFTR

gene lead to the defective ion exchange affecting the multiple organs.

The K95Q mutation in the CFTR is a Class IV mutation which is characterized by reduced
chloride conduction across the membrane. Three FDA approved drugs Ivacaftor, Tezacaftor
and Elexacaftor, that are being used for the treatment of G551D and F508 mutations, are
selected as a possible treatment for K95Q mutation. Bioinformatics and computational
software were used for the molecular docking, visualization, and analysis of the drug ligands
interactions with both wildtype and mutant CFTR with K95Q mutation.

Furthermore, silica nanoparticles were extracted from Karakoram clay in order to get some
insight into their diagnostic potential. They were characterized through SEM and FTIR. Silica
solution was then mixed with NaCl solution to determine the adsorptive properties of SINPs.
The amount of Chloride ions adsorbed was later determined through titration and the results
demonstrated that SiNPs have the capacity to adsorb chloride ions to themselves making it
possible for them to be used in diagnostic tools for CF and even in drug delivery of the drugs

observed in our in silico studies.
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1 Introduction

The booming research in nanotechnology has enabled us to discover and synthesize new
varieties of nanomaterials, each possessing its unique set of characteristics. Some of the
nanoparticles are associated with optics, electronics, medicine, agriculture, diagnostics, and
devices, etc. These nanoparticles are considered to be less cytotoxic and biocompatible due to
which they are believed to be the future of medical research and diagnostics. Nanoparticles are
currently used for bio-sensing, bio-imaging, and even drug delivery techniques due to their

nano-size and extraordinary detecting capabilities.

In our project, we not only studied the in silico insights of Cystic Fibrosis (CF) but also
synthesized and characterized silica nanoparticles from Karakoram clay along with their
diagnostic potential. The in silico insight is based on different drug interactions with wild type
and mutated Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) protein. While
the in vitro diagnosis is based on the adsorption and sensitivity of silica nanoparticles towards

chloride ions that are present in excess in the sweat sample of a cystic fibrosis patient.

1.1 Cystic Fibrosis

Cystic fibrosis is a complex autosomal recessive disease affecting multiple organ system. It
targets digestive, respiratory, reproductive system and sweat gland. However, the most
targeted organs of this disease are lungs and digestive system [, In the United States around
1000 new cystic fibrosis case are reported every year majorly affecting the white population.
Although it majorly affects Caucasian population, cystic fibrosis is also increasing in
nonwhite population. It is fatal disease and lungs complications are major cause of mortality

However, rapid, and early diagnosis help in survival of patients that are suffering from it.

Movement of chloride and sodium ion across the cell membrane is regulated by CFTR protein
produced by CFTR genes. When mutation occurs in CFTR gene, there comes a defect in this
transport and thick mucus builds in the whole body which leads to respiratory insufficiency.
Many bacteria colonize because of the mucus, causing the inflammatory response. This can

lead to the destruction of airway and eventually death.



1.2 Cystic Fibrosis Transmembrane Conductance Requlator

Cystic fibrosis is caused by mutation in cystic fibrosis transmembrane conductance regulator
(CFTR) gene, located on chromosome 7, which affects the function of protein it makes i.e.,
CFTR protein. It is a member ATP-binding cassette (ABC) transporter functioning as a
channel that regulate the transport of chloride ion in epithelial cell. It consists of 1480 amino
acids and contains 5 domains. There are two transmembrane domains (TMDs)also named as
membrane spanning domain (MSD), each of which has six alpha helices that span the
membrane. These alpha helixes then connect to the nucleotide binding domain 1(NBD1)
present in the cytoplasm. There is another important domain named as regulatory domain (R
Domain) that joins it with transmembrane domain 2 which then binds to nucleotide binding
domain 2 (NBD2).

/Transmembrane Regions (TMs)\

NBD1

R Domain NBD2

[

Figure 1: Domain structure of CFTR protein

In case of ABC transporter, G protein receptor is coupled to the G protein which has Ga, G
and Gy subunits. Alpha subunit is bound to GDP. When agonist binds to the receptor, there is
a transformational change and GDP gets dissociated from the o submit and GTP binds there,
resulting in the activation of G protein. This releases the GTP and alpha subunit from gf and
gy dimer. The activate GTP-ga subunits activates the adenylyl cyclase enzyme present in the
membrane. Adenylyl cyclase enzyme converts ATP to cCAMP. This cCAMP activates protein



kinase A (pkA). Protein kinase C (pkC) comes along with pkA. This pkC phosphorylates the
R domain of cystic fibrosis which brings confirmational changes in regulatory domains and
creates a phosphorylation site for protein kinase A. ATP binds to the nucleotide binding
domain 1, as a result of which NBD2 comes closer to NBD1. Consequently, a weak
heterodimer of NBD1-NBD2 is formed. This weak bond is converted to the strong
heterodimer once second ATP binds to NBD2. This brings transmembrane domain 1 and
transmembrane domain 2 closer to each other and ion channel is activated, forming a funnel

like structure which opens, and ions pass through it.

A
TMD1 TMD2
(81-350) (860-1149)

extracellular

000000000090 /0990000000000,

onnmmenens BN L | LR B H B ovesnsesyy

intracellular

@ ATP-binding sites
@ PKA phosphorylation sites
© PKC phosphorylation sites

[3]

Figure 2: CFTR schematic structure

1.2.1 Pore formation

It has been suggested that transmembrane 1 and 6 play a crucial and major role in the pore
formation. Whereas TM5 plays less significant role and TM2, TM3 and TM4 showed no

evidence of direct function in forming the pore.

Various studies have shown that there are positively charged Arginine (R334) is present in
TMG6. These amino acids attract the chloride ion into the pore from extracellular solution
whereas, another positive charged amino acid Lysine (k95) in TML1 attracts the chloride ion

from intracellular side of the membrane. These positive charges are removed. Consequently,



the rate through which chloride ions enter into the pore decreases significantly, highlighting
their importance in the regulation of chloride ions.

1.2.2 Anions inside the pore

Studies show that movement of different ions is coupled to one another suggesting that ions,
instead of passing independently through the pore, influence each other’s movement. When
one anion enters into the pore, it accelerates the exit of already bound ion in the pore. 1 When
there are multiple chloride ion present in the pore, they experience mutual electrostatic
repulsion effect against each other. It accelerates their exit from the pore.

R334 present in the TM6 attracts the chloride ion from extracellular solution and K95 in TM1
attracts chloride ion from intracellular solution. Large anions are also attracted by K95. These
larger sized anions will obstruct chloride ion. The F337 and T337 will be present in the

central region. Positive charge K95 in TM1 and R334 in TM6 line the narrow central regions

forcing chloride ion to move out of the pore.

A B
®
l (=]
Chloride ion Large organic anion

C D

Figure 3: CFTR Pore model 12



1.3 Composition of Karakoram Clay

Silica nanoparticles were extracted from clay, which was obtained from the Karakoram Range,
Gilgit-Baltistan. The extreme climate and environment of the range make it very likely that the
clay obtained from there would have very unique properties which can be further explored.
Plasticity of clay is its most crucial characteristic which is provided by the high content of clay
minerals. Hydrous aluminium phyllosilicate minerals, commonly known as clay minerals
contain bonds of aluminium and silicon ions formed through the interconnection of oxygen and
hydroxyl ions.P®! The composition of clay is most commonly determined by X-ray diffraction
(XRD). The main components of clay are 58.1% SiO> and 15.1% Al>03. MgO, K-0, CaO and

TiO2 are some of the other minerals occurring in smaller amounts.

Chemical Oxide | Weight (%)
SiO2 58.10

Al203 15.10

MgO 2.70

K20 1.83

TiO2 0.88

CaOo 0.36

Table 1: Composition of clay
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2 LITERATURE REVIEW

2.1 Mutations

There are over 1600 CFTR mutations that affect the production and function of CFTR protein
through different molecular mechanism. Mutations can be classified according to the
mechanism by which they affect the function of CFTR protein. Once mechanism of mutation
is understood, it provides the basis for discovery of drugs targeted against particular
mutations of CFTR.[!

2.1.1 Classes of Mutation

In this case of class 1 mutation, there are premature stop codon present, as a result of which
unstable RNA is produced or dysfunctional proteins which degrades before reaching to
membrane are produced. These are nonsense mutation most of the time. Individuals have
class 1 mutant do not have Functional CFTR. W1282X is one of the most common mutations

that account for 64% of all the alleles it causes severe symptoms.

After translation CFTR undergoes through some processes of Glycosylation and folding in
Golgi apparatus and Endoplasmic Reticulum. After that, CFTR is then transported to cell
membrane. Class 2 affects this process. Three base pair deletion is the most common CFTR
mutation that results in the deletion of phenylalanine at position 508. This is the most
common type of mutation and accounts for almost 70% of affected allele. As a result, a
protein is made that is unable to fold properly. Hence, the faulty protein is kept in
Endoplasmic Reticulum and degraded. Misfolded proteins are recognized by Quality control
mechanism in Endoplasmic Reticulum and their deployment is blocked by targeting them for
degradation. Scientist suggested that if condition is created in which DF508 can exit the ER and reach

the surface of cell, it can function as cAMP-dependent chloride channel and correct the cystic fibrosis

partially.

CFTR activity is regulated by its phosphorylation by protein kinase A. ATP binds to
nucleotide binding domains once the R domain is phosphorylated and chloride ions are
moved across the membrane. In class 3 mutation CFTR is produced, processed, and

transported but the CFTR produced cannot be phosphorylated. Glycine at codon 551 is



converted to aspartic acid (G551D). Being the third most common mutation, it has frequency

of 3.1% among cystic fibrosis chromosomes.[’!

The individuals with 4" type mutation have CFTR processed and inserted in the apical
membranes, but its phosphorylation results in reduced chloride ion conductance. And they
have milder cystic fibrosis phenotype. R334, R117H, K95Q are class 4 mutation that reduce
the conductance of chloride ion €

In this mutation the CFTR protein made is not enough in number. Sometimes the incorrect
versions of protein are made more than the correct ones and they do not make to the cell

surface. Consequently, enough CFTR proteins are not present on the cell membrane.

=
Class 111 Class IV Class V
Defective regulati Impaired function Reduced synthesis
\ SR ORI Reduced chloride u} functional
transport CFTR

Nucleus

i

\ Golgi }
Class IT

Impaired protein
\ processing

& Class 1

Defective protein production

Endoplasmic §
\ reticulum

9]
Figure 4:Classes of CFTR mutation

2.2 Drugs

There are different drugs used for the treatment of cystic Fibrosis. Few of FDA approved drugs

are mentioned below.

2.2.1 lvacaftor

Ivacaftor, known by brand name Kalydeco, is CFTR potentiator. It can be used alone or in

combined forms to treat individuals suffering from cystic fibrosis against specific mutations.

10



Ivacaftor works by keeping the gates open for longer periods of time which helps the
transport of ion and water in and out of the cell and clears mucus. The U.S food and Drug
Authority (FDA)first approved ivacaftor in 2012 for the cystic fibrosis with G551D mutation
only. 5 years later in 2017, FDA approved it for other mutations too.

2.2.2 Elexacaftor

Elexacaftor is next generation corrector cystic fibrosis. It is called next generation because it
has different structure and properties as compared to first generation drug. It is used in
combination with other drugs; tezacaftor and ivacaftor. These drugs work in a synergistic
manner. Elexacaftor facilitates the trafficking of CFTR protein to the cell surface. this
increases the mature CFTR on cell surface. FDA approved elexacaftor as combination drug in
October 2019.

2.2.3 Tezacaftor

It functions to facilitate the folding of mature CFTR to the cell surface. When tezacaftor
combines with elexacaftor and ivacaftor is used for the treatment of cystic fibrosis that has at
least one 508 mutations. This improves the protein function for F508 mutation. This drug

received it approval on Feb 12, 2018.

Physical properties lvacaftor Elexacaftor Tezacaftor
PubChem CID 16220172 134587348 46199646
Hydrogen bond 3 1 4

donors count

Hydrogen Bond 4 11 9

acceptor count

Molecular Formula Ca2:H2sN20s Ca2sH34F3N704S Ca2sH27F3N20s
Molecular Weight ~ 392.5 597.7 520.5

11
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Structure i

Table 2: Physicochemical properties of Drugs

2.3 Methods for Diagnosing Cystic Fibrosis

Mutated CFTR gene can be used in the diagnosis of CF through different genetic testing
techniques even in the prenatal stage. Different procedures are used to extract a sample of the
amniotic fluid or placental tissue and the cells inside these samples are screened for genetic
mutations. However, sweat test is considered the most prime and standard test for the diagnosis
of CF. The levels of electrolytes in the sweat are measured in this test. The levels of sodium
and chloride are significantly increased in the CF patients. The concentrations of the ions in
adult CF patients are reported to be 60 mmol/L whereas for infants and intermediate levels of
CF, the concentration of electrolytes is 40-60 mmol/L. A concentration of less than 40 mmol/L
in an individual indicates absence of disease. However, a few patients of CF have reported
normal ion levels in the sweat.['Y A consultation of family history is recommended in such
cases. Currently, cystic fibrosis is being diagnosed through biosensors, which detect and

measure the levels of chloride ions.

2.3.1 Chloridometer (Titration)

A chloridometer is a device in which the principle of coulometric titration is used for the
measurement of chloride ion concentration in a solution. ChloroCheck Chloridometer is one
such example. For the diagnosis of CF, a 10 ul of sweat sample is added to the acid buffer
solution, acting as a stabilizer. Subsequently, silver ions are generated through electrolysis of
silver electrodes and these silver ions combine with the chloride ions in the sample. Therefore,

the chloride ions are quantified through the electric current and silver ions.*?!
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2.3.2 Chromogenic Anion Sensors

The chromogenic anion sensor, tungsten oxide is exploited for its electrochromic properties.
The levels of sodium chloride are measured in the sample through this device. 3 ul of sweat
serve as our sample. Upon the interaction with sodium ions, an oxide blue concentration occurs
whose intensity corresponds to the number of ions. It was deduced from the results that the
sensor displays productive transmittance modulation. At 555nm, solutions of sodium ions at
different concentrations showed different transmittance modulations; 48% for 120 mmol/I,
35% for 90 mmol/l, 15% for 60 mmol/l, and 7% for 30 mmol/I. Therefore, the device qualifies
as a colorimetric test for CF. Despite the above-mentioned favourable results, chromogenic

sensors are unable to distinguish between different anions.[**]

2.3.3 FRET Flow Cytometry

Neutrophil Elastase (NE), a serine protease can be used as an indicator of CF. It originates
in the neutrophils. A decline in lung function due to CF is indicated by the presence and
enhanced action of NE. 4 The quantification of NE activity and its further analysis for the
detection of CF can be performed through flow cytometry, Forster Resonance Energy
Transfer (FRET) probe and FRET-based reporter NEmo-2E. Although, confocal
microscopy also helps in the observation of NE activity, an improved signal/noise ratios
were observed in FRET flow cytometry using NEmo-2E reporter which is also a faster,
more efficient and a simpler technique.*® However, the assays used in FRET Flow

Cytometry are relatively expensive and require expert handling.

2.3.4 Electrochemical Chloride Quantification

Screen-printed electrochemical sensors can be used for timely diagnosis of CF. The
quantification of chloride ions in the sweat sample is achieved through such devices. A
pHEMA membrane containing potassium chloride is used as a reference electrode for
thispurpose. A 6.3 £ 0.9 mV drift was shown by the electrodes with the chloride ions in the
10-100mmol/I range. 2!
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However, the conductive materials used in electrochemical biosensors give rise to
concerns regarding their safety as they can cause irritation and allergies upon contact to
the skin. This problem can be solved by using water-based electrochemical biosensors, but
an ionic surfactant is required to disperse the conductive materials. It results in the
decrease of conductance due to the hindrance caused by the surfactant. Furthermore, an

increase in cost occurs due to the use of ionic surfactants.l*]

2.4 Use of Nanotechnology in Diagnostics

Nanotechnology is an interdisciplinary field integrating medicine, biology, chemistry, and
engineering. A great diversity of nanoparticles has been synthesized during the last few

decades and are being increasingly tested for their diagnostic and therapeutic potential.

However, not all nanoparticles are synthetic. A variety of particles extracted from sulphur,
soot, inorganic ash, and the others present in wells and air are all derived from nature.
Moreover, bacteria and yeast also produce nanoparticles of sulphur and selenium. Scientists
are showing an increased interest in the exploration and extraction of natural nanoparticles

in the developing fields of phyco and phyto-nanotechnology.(Sharoon Griffin et al)!*¢] There

is a wide range of application of synthetic nanoparticles which are found as nanocomposites
(adsorbed to a solid body), powder, fluids, gases etc. This category also includes liposomes,

micelles, and vesicles. [

Nanotools are being developed for their application in disease diagnostics which include
nanowires, liposomes, dendrimers, cantilevers etc. for the detection of various biomarkers

in oncology and quantum dots for cancer research and imaging. (Dr. Hamed Laroui et al).[?%

In our study, we exploited these diagnostic properties of nanoparticles in our quest to
determine the diagnostic potential to silica nanoparticles for the diagnosis of CF by

measuring the level of chloride ions in sweat sample.
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2.5 Silica Nanoparticles (SiO?2)

Silica nanoparticles, which are also known as silica dioxide or nano-silica, is currently the
centre of research for biomedical sciences due the extraordinary properties it possesses that
include biocompatibility, bio-sensing and even bio-imaging. They are further divided into a
number of types based on their pore rate, size differences, conductivity, polymeric nature,
specific properties attained due to the coating material and morphology, etc. Following are
some of the general characteristics of silica nanoparticles.

2.5.1 Physicochemical properties

Silica nanoparticle appears to be in the form of dry white powder and are hygroscopic in
nature.?l They usually appear to have a spherical smooth shape, and the nano size of particles
provides them a higher specific surface area as compared to the outdated methods. The larger
surface-to-volume ratio along with the reflective properties of modified silica nanoparticles is
the reason behind the numerous applications of nano-silica in our daily lives. %!

Elements Chemical Composition
Oxygen 53.33%
Silicon 46.83%

Table 3 Chemical composition of Silica

It has been observed that density, optical properties as well as the physiochemical properties
demonstrate changes if the size of silica nanoparticles are altered. The decrease in size of silica
nanoparticles also causes an increase in the intensity of blue and green bands due to increased
silanol concentration

Properties Metric
Density 2.4 g/cm?®
Molar Mass 59.96 g/mol
Melting point 1600 °C
Boiling point 2230 °C

Table 4 Physicochemical Properties of silica

15



2.5.2 Drug delivery through SiNPs

Silica nanoparticles are used to deliver the drug molecule as well as DNA molecules accurately
to the target site. Since the DNA molecule and the silica nanoparticles are negatively charged,
they need to be modified by adding functional group or silylation to bind the DNA molecule to
its surface.l*®l Once the mesoporous silica nanoparticle is formed the DNA binds to it easily

and can be delivered to the exact target.

Drug molecules are also attached to the mesoporous silica nanoparticles due to the diverse pore
size of the nano silica. But to caps the drug molecule with silica nanoparticle, gold nanoparticles
are used. Once these modified drugs carrying silica nanoparticles reach the site, the covalent
bond is broken with the help of certain molecules. This allows the pore to open and deliver the

drug to its target site.

2.5.3 Adsorption

One of the many fascinating properties of silica nanoparticles is its ability to adsorb metals and
ions to its surface. This property acts as a cue for scientists to detect and measure the number
of salts present in a body. It has also been observed that the enhanced clusterisation of water at
a mesoporous silica nanoparticle. The enhanced clusterisation of water molecules causes a
reduction in the solvent activity that results in an increase in the adsorption ability of nano

silica.

The reduced desolvation energy causes the adsorption of anions to the modified surface of silica
nanoparticles. Upon comparison among the anions, it was observed that the chloride ions tend
to be adsorbed more to the silylated silica nanoparticles than to simple silica nanoparticles. The

efficiency in adsorption of anions is demonstrated below

Br1(0.196) < 1(0.22) < CI(0.181)

I.F. Mironyuk et al. deduced after carrying out a set of experiments that silylation silica
nanoparticles adsorbed 1.34 mmol/g of ClI ! from 0.01M CaCl.. Thus, indicating that the
adsorption capacity of silylated silica nanoparticles increases up to eight times in comparison
to the adsorption carried out by unmodified silica nanoparticles.?! This characteristic of silica
nanoparticle offers us the exceptional opportunity to detect small amount of salt changes in our

body. Thus, playing a vital role in the diagnosis of cystic fibrosis which is one
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In short, it has been observed that the interaction between the silica nanoparticles and ions
indicate a salt independent VVan der Waal attraction mechanism which is the increasing osmotic
pressure of ions in the solution that compete with the elevating salt concentration and ion
solvation. Therefore, surface tension is known to create the difference between silica and

different salts.[?]

2.6 Rationale

Diagnostic techniques already being used for CF are expensive and can be considered
unsafe in case of electrochemical biosensors. For the conventional sweat test, a larger
amount of sweat is required which might be inconvenient for the patient. Due to the lack
of time-efficient and cost-effective diagnosis techniques for CF, there is a requirement of
sensitive and cheap tools to make its diagnosis easier. The cost-effectiveness, easier
synthesis, adsorptive properties, and low detection limit of SiNPs lead to the investigation
for their role as potential diagnostic agents in the measurement of chloride ion concentration

for the diagnosis of CF.

2.7 Aims and Objectives

There are four main objectives of this study:

1) To obtain protein models for the visualization of wild-type and mutant CFTR

2) To study the docking of CFTR with drugs to observe their interactions

3) To extract silica nanoparticles from Karakoram clay

4) To quantify chloride ions adsorbed on SiNPs
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3 Materials and Methods

3.1 Software and programs

Swiss-Model was used for protein modelling to obtain 3D structure. DoGSiteScorer: Binding
Site Detection on ProteinsPlus was used to determine the pocket in the protein and determine
its coordinates for the grid box in docking. Initially, PyRx Virtual Screening Tool but mainly
UCSF Chimera was used for the procedure of docking the ligand and protein through a local
extension of AutoDock Vina. UCSF Chimera was also used, initially, for visualization and
modifications of protein and ligand structures. PyMol was mainly employed for visualization
and display of protein and ligand interactions. PLIP Web Tool was used mainly for

visualizing the binding sites and bonds formed between protein-ligand interactions.

3.2 Preparation of ligand structures for lvacaftor, Elexacaftor and Tezacaftor

Three drugs, Ivacaftor, Elexacaftor and Tezacaftor, were used as ligands against the protein.
The ligands were downloaded in SDF file format from PubChem Compound Database, that
were converted to PDB file format in UCSF Chimera. The ligand structures in PDB format
were converted to PDBQT format using the local extension of AutoDock Vina in UCSF

Chimera to prepare it for docking.

3.3 Preparation of protein structure for Cystic Fibrosis Transmembrane
Conductance Requlator (CFTR)

The 3D structure of the wildtype CFTR protein was downloaded from the RCSB protein data
bank that was encoded with the PDB ID 6MSM. The 6MSM structure is phosphorylated,
ATP-bound CFTR. The PDB format was also converted to the PDBQT file using the local
extension of AutoDock Vina in UCSF Chimera when prepare it for docking.

For the drug interaction with the mutation of interest in CFTR protein, the FASTA sequence
of the 6MSM was edited at the 95" position where lysine was replaced with glutamine. This
edited FASTA sequence was uploaded to the Swiss-Model to obtain and download the PDB
format of a 3D structure of a CFTR protein with the K95Q mutation. The structure modelled
had 99.93% sequence identity with the wildtype 6MSM CFTR.
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Figure 5: Mutant 6MSM CFTR with K95Q mutation

3.4 Docking Protocol

Molecular docking was executed by using Autodock Vina in UCSF Chimera. Each of the
three ligands were docked with the wildtype and the mutant protein, respectively. Therefore,
the PDB files of a ligand and a protein type were opened in UCSF Chimera for each
proteindrug interaction. As the interactions same grid coordinates (grid center) and grid boxes
were the same for all the runs. The said pocket was selected due its proximity to the amino
acid under observation. The grid coordinates and radius were obtained from DoGSiteScorer.
The grid size was set at the given maximum radius of 17.28x17.28x17.28 (x,y,z) points and
the grid center was sized at 153.89, 153.57, 176.03 at x, y and z dimensions respectively, in
AutoDock Vina.
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= AutoDock Vina — O X

Output file: [t\IvacaftorDocking..pdbqt Browse
Receptor: &6msm.pdb (#0) _“

Ligand: Ivacaftor.pdb (#1) —1‘

’VReceptor search volume options

[~ Resize search volume using button2 —

Center:|153.89  [153.57 [176.03
Se:[17.28  [17.28  [17.28

P-Receptor options
P Ligand options
P Advanced options

P Executable location

Figure 7: 6MSM CFTR with a highlighted pocket Figure 6:Grid coordinates and grid size

Apptyl Close| Helpl

An output source was browsed prior the docking so that the prepared file in PDBQT format

would be saved in it. The ligand was docked to the active sites of the pocket in the protein.

Their binding affinities (AG values), lower and higher RMSD values were saved. After
docking, the PDBQT files were visualized in PyMol.

3.5 Post-Docking analyses

The PDBQT files of the post-docking drug and protein are visualized in PyMol where each
binding mode is separated and viewed individually. Each binding mode with the protein

issaved in PDB format.
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Figure 8: Visualization of protein-ligand interaction in PyMol

Subsequently, the PDB file is uploaded to PLIP Web Tool to view the binding interactions the
drug with the binding sites of the protein pocket.

Figure 9: Intermolecular interactions in PLIP

3.6 Synthesis of Silica Nanoparticles (SiNPs)

To synthesis silica nanoparticles, a top-down approach was used in which the silica
nanoparticles were created from scratch from the clay extracted from the Karakorum
mountains. A set of instruments and chemicals were also used during this process that are listed
below.

Chemicals Equipment

0 Ethanol (C2HsO) O Flasks, beaker

. . 36% 0 Magnetic sti
O Hydrochloric Acid (HCI, agnetic strrer

concentrated)
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o , 65% 0 Hot magnetic stirring plate
O Nitric Acid  (HNOs, g gp

concentrated)

0 Sodium Hydroxide (NaOH) 0 Thermometer

O Bentonite Clay 0 Clamp stand

O Pipettes and tips

O Centrifuge

O Concentrator

O Forceps, Falcons

O Funnel

O Filter paper

O pH paper

Table 5: Chemicals and Equipment

Bentonite clay, extracted from the Karakorum mountains, was first of all sieved through a small
mesh of size up to 100 um. This assisted in removing any impurities from the clay in the
beginning to avoid contamination of silica nanoparticles. Then the clay was placed carefully
inside a muffle furnace at an extremely hot temperature at 680 °C for a time period of about

one hour only.

Figure 10: Clay placed in muffle furnace
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After that the clay was accurately measured up to 100 g and dissolved in a 1000ml of 2.5M of
HCI. The solution was placed on a hot magnetic stirring plate in at 90°C for two hours. Then
the solution was filtered to separate the residues of bentonite rich clay. The acidic bentonite
rich clay residues were repeatedly washed with water and the pH paper was used to evaluate

the neutralization level.

Figure 12: NaOH treated clay being filtered
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A 10wt% sodium silicate solution (SSS) was then prepared by mixing the bentonite rich clay
in 2M of NaOH solution. The flask was containing the SSS was then placed on an oil bath at
90°C for 2 hours again. Later on, the solution was removed from the oil bath and filter to remove

any unwanted residues from the SSS.

To neutralize the alkaline SSS solution, a solution of 5M of HNO3z was prepared along with 10
ml of ethanol which acts as a co-solvent. The acidic solution was slowly added to the alkaline
SSS and continuously measured with pH paper to achieve neutralization. The neutralized
solution was then placed in centrifuge for about 10 minutes at 6000 rpm room temperature.
After the centrifugation of the solution a prominent pallet was obtained which consists of our

silica nanoparticles. 128!

3.7 Characterization

The silica nanoparticles prepared from Karakoram mountains were further characterized using
Scanning Electron Microscopy (SEM) and Fourier — Transform Infra-Red Spectrometry
(FTIR).

3.7.1 Scanning Electron Microscopy (SEM)

The clay extracted from the Karakoram mountains were further washed repeatedly to remove
any impurities present in the white pallet of silica nanoparticles. Then a very small amount of
silica nanoparticles was added in ethanol taken in a falcon. All these solutions were probe
ultrasonicated 60 kHz for 30 seconds to remove any aggregates in the solutions. The solution
was repeatedly sonicated properly for SEM and placed on ice to make sure that the solution

remains chill.

A diamond cutter is used for cutting proper slides for SEM, which need to be treated with
ethanol to remove any impurities. Then using a pipette, a small drop is placed on the slide in

such a manner that the sample is placed in the center of the slide. You should make sure that
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you place a small drop to avoid any overflow. Do no touch the slide and leave it dry for some

minutes as the ethanol evaporates quickly allowing the sample to be fixated [27]

After the sample has been fixated, it is mounted on a holder typically metallic in nature such as
aluminium with the help of double sticky tape. This holds the sample in place and coating the
sample with platinum, gold and silver ensures proper imaging of the sample.

3.7.2 Fourier-Transform Infra-red Spectroscopy

While scanning electron microscopy (SEM) directs electron beam on a small amount of silica
nanoparticle pallet homogenized in ethanol to detect its morphology, Fourier-transform
infrared (FTIR) spectroscopy uses infra-red wavelengths and yields frequency differential
bands corresponding to specific functional bond stretching interactions of our sample.

The slide used in FTIR was prepared using potassium bromide and was then placed under
pressure for few minutes.[?®l The sample was then uploaded on the newly prepared slide and
inserted into the machinery. The sample absorbs the infrared light at different frequencies

which indicates the chemical bonds present in the sample.

3.8 Adsorption of chloride ions

To calculate the amount of chloride ions adsorbed on silica nanoparticles, a 0.166M of silica
nanoparticle solution was prepared. And a 0.12M of NaCl solution was taken as a source of
chloride ions. A solution was prepared of 1 ml of silica nanoparticles and 5 ml of sodium

chloride. The solution was then placed on a magnetic stirring plate for 4 hours.

Mohr’s method of titration was used to calculate the chloride ion concentration present in
solution of nano silica and sodium chloride. A 0.1M of silver nitrate (AgNO3) solution was
prepared to be used as a titrant and 0.25M of potassium chromate (K2CrOs) solution was used
as an indicator. Few drops of K2CrOasolution were added in the nano silica and sodium chloride
solution, which causes the solution to appear as yellow. The AgNOs solution is titrated against

this yellow solution at a slow speed.
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Figure 14: white precipitates

Gradually, white precipitates start to appear in solution, this indicates the formation of AgCl
salt. The reaction occurring during this time period is mentioned as following.

Ag* (aq) + CI- (aq) — AgCl(s)
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The excessive silver ions present in solution then react with the chromate ions to form silver
chromate, from our indicator K>CrOg solution. This reaction is demonstrated as below and can
be indicated by the formation of reddish brown colour.

2Ag* + CrO42— AgCrOq
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4 Results and Discussions

4.1 Docking

Docking simulations of the three drug ligands with the wildtype and mutant 6MSM CFTR

protein were run that showed their binding affinities (AG values) in kcal/mol.

4.1.1 Wild-type protein-drug interaction

In the wildtype protein-ligand interactions, ivacaftor had the AG value -7.2 kcal/mol at its 1%
conformation or lowest conformation, whereas elexacaftor and tezacaftor had AG value, -8.0
kcal/mol and -8.4 kcal/mol, respectively. As the AG value at the lowest conformation is most
stable,!?® the results indicates that, out of the three drug ligands, tezacaftor possess the greatest
binding affinity for the wildtype CFTR.

Ligand
(Drug) Lowest (1%%) to highest (9"") conformation binding affinities in AG
rug
(kcal/mol)
1st ond 3rd 4th 5th pth 7th gth gth
Ivacaftor -1.2 -6.5 -6.5 -6.5 -6.5 -6.3 -6.2 -6.2 -6.0

Elexacaftor -8.0 -7.1 -6.6 -6.5 -6.5 -6.1 -6.1 -6.0 -6.0

Tezacaftor -84 -8.3 -8.1 -7.8 -6.9 -6.0 -6.0 -6.0 -5.9

Table 6: Binding affinities of ivacaftor, elexacaftor and tezacaftor at the binding sites of wildtype CFTR pocket.

4.1.2 Mutant protein-drug interaction

To observe interaction of the same three drug compounds but in a mutant CFTR with a specific
amino acid (Lys95) substituted (Glu), the binding affinities were different when recorded. The
AG value of ivacaftor, elexacaftor and tezacaftor were shown to be -7.9 kcal/mol, -8.2 kcal/mol,
-7.9kcal/mol, respectively. In the mutant protein-drug interaction, elexacaftor was shown to
have the greatest affinity to CFTR.
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Ligand _
Lowest (1%) to highest (91") conformation binding affinities in AG

(Drug)

(kcal/mol)

1st 2nd 3rd 4th 5th 6th 7th 8th gth
lvacaftor -7.9 -7.3 -6.9 -6.6 -6.5 -6.1 -6.1 -5.6 -5.5

Elexacaftor -8.2 -6.9 -6.5 -6.2 -6.2 -5.9 -5.6 55 -5.3

Tezacaftor -7.9 -7.8 -1.7 -7.6 -6.7 -6.4 -6.0 -6.0 -6.0

Table 7: Binding affinities of ivacaftor, elexacaftor and tezacaftor at the binding sites of mutant CFTR pocket.

When a ligand binds to a protein, it brings in a conformational change. This change occurs
through the intermolecular interactions for instance, hydrogen bonding, electrostatic forces,
hydrophobic interactions etc. These ligand-receptor interaction is a requirement for signal
transduction,®% which creates a theoretical foundation for new drug discovery and
development. The strength of these interactions or binding affinities are somewhat indicative

of the protein-ligand complex stability and can be a steppingstone for further studies.

To compare the data shown in Table 6 and 7, the binding affinities of ivacaftor and elexacaftor
becomes smaller during its interaction with the mutant (K95Q) protein which may suggests that
the intermolecular interactions are increased either in number or in strength or in both. which
on further analysis, may indicate that their much stronger affinity, as compared to those shown
in the wildtype protein, likely be due to the mutation (K95Q) present in the protein. On the
other hand, tezacaftor’s binding affinity increases in the mutant protein, which indicates
stronger interaction to the wildtype protein. The AG values provides information about the
ligand docking at the active site in the protein pocket, but it may also suggest ligand binding in
a suitable conformation.® However, the current docking techniques employed does not
definitively describe the protein-ligand interaction and accurately relate it to the docking
affinities.[?? Therefore, this computational data of binding affinities does not prove or confirm

these interactions without the in vitro experiments supporting these findings.
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4.2 Post-docking Analysis

In subsequent analysis, the post-docking files were visualized through PLIP Web Tool to
analyze the types of interaction of the drugs with the wildtype and protein in general and the
specific mutation (K95Q) in particular.

Ivacaftor forms five hydrophobic interactions with the wildtype CFTR including Lys95,
Phe337, 11e340, Val920, Asn1138 and three hydrogen bonds including Arg134, Ser341,
Ser1141. The intermolecular interactions of Elexacaftor are mainly hydrophobic interactions.

These eight are: Pro99, 1le344, Val920, Asp924, Alal004, 1le1139 and two hydrogen bonds,
Lys95, Ser1141. Tezacaftor forms six hydrophobic interactions: Lys95, lle344, lle344, Val345,
Asp924, Thrl142 and six hydrogen bonds: Argl34, Arg347, Asnl1138, Serll141, Serl141,
GIn1144.

Ligands
(Drug) Amino acids involved in wildtype CFTR
Lowest
. Hydrogen Bonding
Binding Hydrophobic
Affinity Interactions
(kcal/mol)
Ivacaftor -1.2 Argl34, Ser341, Ser1141
Lys95, Phe337, 1le340
Val920, Asn1138
Elexacaftor | -8.0 Lys95, Ser1141
Pro99, lle344, Val920,
Asp924, Alal004, 11e1139
Tezacaftor -8.4
Lys95, [le344, lle344,| Argl34, Arg347, Asnl1138,
Val345, Asp924, Thr1142 | Ser1141, Ser1141, GIn1144

Table 8: Interactions of ivacaftor, elexacaftor and tezacaftor at the binding sites of wildtype CFTR pocket.

The molecular interactions that Ivacaftor forms are five hydrophobic interactions with the
mutant CFTR including the mutant Glu95, Phe337, Val345, Val920, Asn1138 and three
hydrogen bonds including Argl34, Ser341, Serl141. The intermolecular interactions of
Elexacaftor are mainly hydrophobic interactions. These nine are: Pro99, 1le344, VVal920,
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Ala923, Asp924, 11e1000, Alal004, Phe1107, Thr1142 and five hydrogen bonds, GIn98,

Argl34, Serl1141, Ser1141, GInl1144. Tezacaftor forms six hydrophobic interactions: GIn95,
GIn98, lle344, lle344, Val345, Asp924 and eight hydrogen bonds: Arg134, Arg347, Tyr917,
Asp924, Asn1138, Ser1141, Ser1141, GIn1144.

Ligands
(Drug) Amino acids involved in mutant CFTR
Lowest
Binding Hydrophobic Hydrogen Bonding
Affinity Interactions
(kcal/mol)
Ivacaftor -7.9 Argl34, Ser341, Ser1141
GIn95, Phe337, Val345,
Val920, Asn1138
Elexacaftor |-8.2 GIn98, Argl34, Serl141,
Pro99, Ille344, Val920,| Ser1141, GIn1144
Ala923, Asp924, 111000,
Alal1004, Phel107,
Thr1142
Tezacaftor -7.9 GIn95, GIn98, lle344,
lle344, Val345, Asp924 | Argl34, Arg347, Tyr9l7,
Asp924, Asn1138, Ser1141,
Serl141, GInl1144

Table 9: Interactions of ivacaftor, elexacaftor and tezacaftor at the binding sites of wildtype CFTR pocket.

The three drugs in the wildtype CFTR all bind to the amino acid Lys95 with ivacaftor and
tezacaftor through hydrophobic interaction while elexacaftor through hydrogen bonding. But
in the mutant CFTR, when the lysine is replaced by glutamine at 95" position, elexacaftor does
not bind to it at all. Ivacaftor and tezacaftor does bind through hydrophobic interaction to the
glutamine. While lvacaftor binding affinity decreases in the mutant CFTR, the tezacaftor’s
increases. This is suggestive that Ivacaftor is likely to be the suitable drug of the three drugs to

treat the K95Q mutation. Even more so, hydrophobic interactions contribute more to protein

33



stability than hydrogen bonding, which may be a stronger force but maintaining folding and
stability is increased more with hydrophobic interactions.[5] Ivacaftor is FDA-approved for
R117H mutation [6] among 23 others, which is a class IV mutation. Therefore, K95Q, which
is also a Class IV mutation, can likely be said to be treated by ivacaftor. Potentiators such as

ivacaftor can help open the CFTR channel,and also help increase the function of normal CFTR.
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Figure 15: drugs in wild and mutant CFTR

4.3 Synthesis of Silica nanoparticles

After the above-mentioned extraction method of silica nanoparticles from clay, the following
pellet was obtained.

Figure 16: Silica nanopatrticles' pellet

4.4 Characterisation

The results obtained after SEM and FTIR are shown below

4.4.1 SEM
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The following SEM images show that the size of our SiNPs was 80+40 nm and they were
circular in shape

X50,000 0.5pm

s

20kV  X50,000 0.5um SCME NUST

Figure 17: SEM images with measurements
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Figure 18: SEM images of SiNPs

4.4.2 FTIR Spectrum

FTIR uses infra-red wavelengths and yields frequency differential bands corresponding to
specific functional bond stretching interactions of our sample. The spectrum obtained in
FTIR spectroscopy confirms the characteristics bond stretching which corresponds to
SiNPs.(12)

The peaks below 1500cm™ are called fingerprints. It is only used in cases where we have
very similar compounds. Different functional groups can give the peaks in the same region
of the spectrum. However, they are distinguished by different features of peaks. For
instance, based on intensity, peaks can be weak, medium, or strong. Some peaks in the

spectrum are broad while others are sharp.

The Si-O-Si symmetric stretching, Si-OH stretching, and Si-O-Si asymmetric stretching
vibrations were indicated by the peaks at 721/cm, 1046 cm™ and 1085cm™ frequency,
respectively. The O-H bending vibration mode of physisorbed water molecules caused the
peak at 1635cm™. The broad peak at 3421cm™ is formed due to the stretching vibration of the
hydrogen-bonded Si-OH and hydroxyl of physisorbed water molecules.[*!
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Figure 19: FTIR spectrum

For the sake of comparison, we performed FTIR analysis of Karakoram clay, SiNPs and
SiNPs which had CI™ ions adsorbed to them. The difference in peaks indicates a change in
composition of clay when SiNPs are extracted from it and further different peaks after the
adsorption of CI confirm the adsorption and that the CI* caused a change in silica

nanoparticles’ composition.

4.5 Adsorption

By using the following formula, we determined the chloride ion concentration of our

supernatant samples which was then subtracted from our original molarity of NaCl solution.
Cl*(—1) concentration = (A * N * 34.45)/V

Where,
A = Volume of Ag NOgtitrated
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N= Normality of Ag NO3

V= Volume of sample used

The following data was obtained. Triplicates were performed to improve accuracy.

Serial Volume Cla Molarity of CI Cl1
. concentration(g/L) .
Number of titrant(ml) 1 in adsorbed
supernatant(M) to

silica(M)

1) 1.1 0.73 0.021 0.099

2 1.5 0.886 0.025 0.095

3) 1.3 0.768 0.022 0.098

Table 10: Cl-1 calculated after titration

Volume of titrant was determined at the following point of titration

Figure 20: End point of titration

39



Chapter 5

Conclusion and Future prospects
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Conclusion and Future prospects

The promising results we obtained from our in silico and in vitro research project demonstrates
the diagnostic potential ability of silica nanoparticle to detect minute alteration in chloride ion
concentration accurately present in the sweat of Cystic Fibrosis patients. With further
advancement in research, we will be successful enough to develop a diagnostic kit that will not
only be accessible but require less sweat concentration requirements.

Furthermore, we are confident that in the future with advanced research silica nanoparticles
will be used in the delivery of drugs to specific mutative sites not only for Cystic Fibrosis but
other diseases too. The nano-size and the stable configuration of silica nanoparticles is the
reason behind such progressive research. But there are some hurdles such as the side effects
and the increase in the cytotoxic effect of silica nanoparticles if they are used in excess, We are
optimistic that with a suitable combination of other materials all such hurdles can be conquered
in research as well as healthcare facilities.
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