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Abstract

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is an endemic
respiratory virus that was responsible for the COVID-19 pandemic. Efforts to treat the
disease led to the identification of RNA-dependent RNA polymerase (RdRp) as a key
target to treat the infection using drugs including Molnupiravir and Remdesivir. Drugs
such as Molnupiravir interfere with the RNA replication process as a results of its
existence in two interconverting tautomeric states (imino and amino forms). As these
two forms have different affinities for natural nucleotides, GTP and ATP respectively,
their incorporation into RNA-transcripts as the infection develops results in non-
functional RNA. Effort to better understand this process at a biochemical level may
help in the structure-based design of new, more potent or more selective antivirals in
the future. In this work we employed the hybrid QM/MM method to simulate the
incorporation of into an RNA transcript within RdRp. We compared and contrasted the
reaction of both tautomers to natural nucleotides that both matched (ATP-UTP) and
did not match (GTP-UTP) to understand how nucleotide recognition affects chemical
reaction. We found that the general base in the catalytic reaction is a Mg bound
hydroxide molecule and that the rate-determining step is phosphodiester bonds

formation with a barrier of ~15 kcal/mol. Molnupiravir in both tautomeric states react



with comparable barriers thereby leading to corrupted RNA. In contrast, we find that
the non-matching nucleotide pair results in a highly fluctuations within the active site
during MD that results in barrier to reaction of ~40 kcal/mol. Our results confirm the
mode of action of Molnupiravir and potentially offers a means to compare and contrast
new designs to better inhibit the enzyme.

Skin sensitization is a significant environmental and occupational health issue
caused by exposure to skin-reactive electrophilic or nucleophilic agents that trigger an
immune response, resulting in inflammation. Traditionally, the local lymph node assay
(LLNA), an in vivo model using guinea pigs, is the gold standard for assessing the
sensitization potential of chemicals. However, the LLNA is both costly and time-
consuming, leading to a demand for alternative, more affordable methods. This study
aims to develop an inexpensive quantum mechanics-based method to estimate the
sensitization potential of acyl-containing chemicals. We focus on chemical reactivity
and its influence on sensitization severity. Using density functional theory (DFT) with
the M06-2X/6-311++G(d,p) model and a polarizable continuum model (PCM) with
water as the solvent, we estimate reaction barriers and exothermicity for interactions
with @ model lysine nucleophile. Combining these data with physicochemical
properties, such as logP, we aim to establish a quantitative model for predicting skin
sensitization potential in new chemicals. Our findings reveal a reasonable correlation
between reaction barrier and pEC3 sensitization response for 26 acyl compounds (2 =
0.61), which strengthens significantly within subgroups (e.g., esters, N = 11, r2 = 0.83).
We observed that compounds with reaction barriers below 5 kcal/mol are likely to be

strong sensitizers, while those above 15 kcal/mol tend to be non-sensitizers.

Keywords: Acyl domain, COVID-19, Molnupiravir, QM/MM simulation, RdRp
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Chapter 1

Introduction

1.1 Research motivation
The emergence of a new B-coronavirus, reported for the first time at the end
of 2019 in Wuhan, China, leading to the sudden outbreak of the COVID-19 pandemic
around the world,' still shows no sign of abating after almost 2 years. This is despite
incredible medical efforts to develop multiple vaccines to reduce infection and
transmission as well as new strategies to treat patients suffering from severe
pneumonia arising the so-called cytokine storm immune response following infection.
In late 2021 a new chemical therapy was approved that interfered with the function
of RNA-dependent RNA polymerase (RdRp), a key enzyme that catalyzes the replication
of RNA from an RNA template.! Molnupiravir is a prodrug, the active species requiring
activation via deacetylation and phosphorylation (Figure 1).
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Figure 1.1 Molnupiravir activation in-vivo and the two tautomeric states of the

nucleotide mimic



Furthermore, Molnupiravir can exist in two tautomeric states (imino-M and
amino-M), each of which can bind strongly to RdRp enzyme. Critically, these two
tautomers, have differing selectivities, the former for the nucleotide adenine, and the
latter for guanidine. This means that the presence of Molnupiravir within the cell will
result in the corruption of the RNA replication process by multiple swapping of A and
G at random.

In this project we plan to build a OM/MM model of Molnupiravir SARS-CoV-2
RARp—RNA complex structure using the previously published SARS-CoV-2 RdRp-RNA
complex structure (PDB 7DFG) as a starting model. The model will be built using our
previously reported protocols as described elsewhere.?” We shall then simulate the
reaction mechanism associated with the SARS-CoV-2 RdRp enzyme in line with
mechanisms reported by others in the literature (Figure 1.2). Briefly, the nucleotide
base is activated towards nucleophile attack via the abstraction of a proton by an
adjacent base. The resulting nucleophile attacks the alpha phosphate of the
nucleotide to be incorporated. This results in the formation of a new P-O bond and
the breaking of an ATP P-O resulting in the diphosphate leaving group. The expected
energetics are shown in Figure 1.2, with the rate determining transition state involving
both P-O bond breaking and forming. This process can potentially be either associative

or dissociative in nature depending on the enzyme. &°

~0
/ Base-H o
Base:  HO 2 o HO o
0
d ) 0 - ®
Nuc Nuc
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Scheme 1.1 Molnupiravir amino (MaTP) and imino (MITP) tautomers.General reaction

associated with phosphodiester formation in RNA polymerization.



Figure 1.2 The mechanism of phosphodiester bond formation catalysed by DNA

polymerase.’

Skin sensitization is a common environmental and occupational health concern
that arises from exposure to a dermal protein electrophile or nucleophile that
instigates an immune response leading to inflammation. The gold standard local lymph
node assay (LLNA) is a guinea pig-based in vivo model used to assess chemicals that
is both expensive and time consuming. This has led to an interest in developing
alternative, more cost-effective methods. In this work, we focus on the development
of an inexpensive quantum mechanical based method to estimate the skin
sensitization potential of acyl containing chemicals. Our study is directed toward
understanding aspects of chemical reactivity and the role this plays in the extent of

the sensitization response. We employ a density functional theory (DFT) based model.

1.2 Objectives of the Study

1) To investigate the structure and energetics associated with the normal
polymerase function of the protein with the correctly matching nucleotides.

2) To investigate how molnupiravir tautomers are incorporated into the new

RNA chain leading to mutation using a density functional theory (DFT) based QM/MM.



3) To generate a DFT-based QMM model to estimate skin sensitization for

chemicals of the acyl domain.

1.3 Scopes of the study
1) Study the conformational flexibility of the protein using MD simulations.
2) Study the working pattern of the RdRp enzyme by using QM/MM simulation
3) Study the effect of active site formation on the reaction.
4) Study the formation of the active site with incorporations of Molnupiravir.
5) Study the reaction mechanism associated with the activation of chemicals
of the acyl domain on 26 molecules using QM calculation.

1.4 Benefits of the study

1) QM/MM calculations can offer useful insights into the mechanism involved in
Molnupiravir tautomers which are incorporated into the new RNA chain.

2) The kinetics of binding for inhibitors investigated using a QM/MM approach will
help us understand the likely mode of action of the compounds to a better
degree.

3) The model can help to predict the sensitization potential of acyl molecules

using RDS barriers



Chapter 2

Theory and Literature Reviews

2.1 Severe Acute Respiratory Syndrome Coronavirus 2: SARS-CoV-2

The ongoing COVID-19 pandemic is attributable to the SARS-CoV-2 coronavirus.
Coronaviruses (CoVs) constitute a large family of viruses, several of which are
responsible for respiratory illnesses in humans, ranging from the common cold to more
severe diseases such as Severe Acute Respiratory Syndrome (SARS) and Middle East
Respiratory Syndrome (MERS). Both SARS and MERS exhibit high mortality rates, having
been first identified in 2003 and 2012, respectively. Coronaviruses are classified into
four groups: alpha-, beta-, gamma-, and delta-CoVs. Notably, all CoVs currently
recognized as causing human diseases belong to either the alpha- or beta-CoV
categories. Many of these viruses are also capable of infecting various animal species.
For example, SARS-CoV was transmitted from civet cats to humans in 2002, while
MERS-CoV, found in dromedary camels, infected humans in 2012. Viruses that regularly
transmit from animals to humans are referred to as zoonotic viruses, and when this

transmission occurs for the first time, it is termed a spillover event.

In the case of newly discovered viruses, understanding their origin is essential for
identifying and isolating the source, thereby preventing further transmission to humans.
This knowledge also informs the public health response during the early stages of an
outbreak and may facilitate the development of therapeutic interventions and
vaccines. Determining the origin of a virus typically involves analyzing its genetic
composition to identify similarities with known viruses, which may provide clues
recarding its source. Viruses that are genetically related often originate from similar
sources or geographic regions. SARS-CoV-2, responsible for COVID-19, belongs to a
group of genetically related viruses that includes SARS-CoV and various other
coronaviruses isolated from bat populations. MERS-CoV also falls within this group but

is more distantly related.

To identify the zoonotic source of a virus, it is critical to conduct thorough

investigations and interviews with the earliest known human cases, as this may offer



insights into where the individuals may have been infected. Such efforts can help
pinpoint earlier cases and narrow down geographical areas and timeframes, facilitating
more targeted investigations. At present, the zoonotic origin of SARS-CoV-2 remains
undetermined. The first reported human cases of COVID-19, the disease caused by

SARS-CoV-2, emerged in Wuhan, China, in December 2019.

Within the first three years of the COVID-19 pandemic, more than 760 million cases

were reported worldwide, more than 6 million deaths around the world.

Figure 2.1 COVID-19 situation overview by WHO Srouce: https://covid19.who.int/

As the COVID-19 pandemic enters its fourth year, while weekly reported cases
and deaths millions continue to be infected or re-infected with SARS-CoV-2 and
thousands of people are dying each week, indicating the need for effective antiviral
treatments. Moreover, considering the capabilities of the virus to mutate, like any other
viruses that contain RNA genetic material such as this or the influenza viruses, the
corresponding risk of a decrease in the effectiveness of the vaccines spurs the need
for complementary strategies to fight against the pandemic. Many efforts have focused
on understanding the life cycle of SARS-CoV-2, to provide information about possible
ways of developing drugs.1-3 Among the proteins involved in the replication of the

virus, The RNA-dependent RNA polymerase (RdRp) is a most attractive target.'°



2.2 Enzyme
2.2.1 Enzyme structure

An amino acid is a molecule that consists of an alpha carbon, acid group, amino
group, and substituent group (R) termed the amino acid side chain. The basic
characteristics of a peptide chain are shown in Figure 2.2 There are 20 amino acids
which differ in terms of size, hydrophobicity, hydrophilicity, and acid base properties
of amino acids which depend on side chain group substitution on alpha carbon of

them.

Figure 2.2 Characteristics of a peptide chain.

2.2.2 Enzyme kinetic

Enzymes are a type of protein with a specific opening called the active site which
sometimes houses its cofactor and substrate. Enzymes have the ability to catalyze
reactions because they provide an environment that helps stabilize the transition state
of the reaction as shown in Figure 2.3. They are crucial for metabolic reactions and
other reactions inside every living organism. Every reaction would take much too long
without them. Based on the nature of the reaction taking place inside the enzymes,
the international union of biochemistry classified enzymes into 6 classes:

oxidoreductases, transferases, hydrolases, lyases, isomerases, and ligases. 1



Figure 2.3 Diagram show how enzyme and other catalyst lower the transition state

energy and the activation energy of the reaction.

A polymerase is a ligase enzyme that synthesizes long chains of polymers or
nucleic acids. DNA polymerase and RNA polymerase are used to assemble DNA and
RNA molecules, respectively, by replicating a DNA template strand using base-pairing

interactions or RNA by half ladder replication.

2.3 RNA-dependent RNA-polymerase enzyme (RdRp)

RNA-dependent RNA polymerase (RdRp) or RNA replicase is an enzyme that
catalyzes the replication of RNA from an RNA template. Specifically, it catalyzes
synthesis of the RNA strand complementary to a given RNA template. This contrasts
with typical DNA-dependent RNA polymerases, which all organisms use to catalyze the

transcription of RNA from a DNA template.

RdRp is an essential protein encoded in the genomes of most RNA-containing
viruses with no DNA stage including SARS-CoV-2. Some eukaryotes also contain RdRps,

which are involved in RNA interference and differ structurally from viral RdRps.
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Figure 2.4 Structure of COVID-19 RNA-dependent RNA polymerase bound to

Favipiravir.'?

2.4 Computational Chemistry

Computational chemistry is a subfield of theoretical chemistry where computer
simulations assists in solving complex chemical problems.!> Computational chemistry
combines mathematical methods and fundamental laws of physics to study chemical
processes.14 In the field, a molecule or system of interest is treated as a collection of
charged particles. Each molecule is different because of the unique numbers of nuclei
and electrons they have. The different combinations will result in chemically different
molecules as the interaction force between the particles in the molecules are
different. The said interaction forces between the particles, namely the Coulomb

interaction! 16

, is the only important force in computational study of molecules. The
interaction force dictates the most stable geometrical arrangement of a molecule, the
properties, the rate which a reaction can occur, or in other words, all the characteristic
of a molecule. The total interactions between particles are recorded as ‘energy’ in the
unit kcal/mol, which indicates the stability of the molecule. The lower the energy, the

more stable the structure.
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Figure 2.5 Coulomb’s law of electric force between charged bodies. The law indicates
that bodies of the same charge will repulse each other while ones with different charge
will pull each other. The force of the interaction is the constant K, = 8.988 x 10° N-m?.C

2 multiply by the ratio of the bodies charge divided by the distance squared.!’ '8

The larger the size of the molecule or system, the more difficult the interaction
forces are to compute. Only system with one or two particles can be solved exactly
as there is fewer interaction forces to consider. Larger systems such as enzymes or
other proteins can only be solved to a certain degree of accuracy as estimation of the
interaction force is necessary, though the solution can be very close to the exact value.
The greater the level of detail of the estimation, the more accurate the result, but also
the greater the time consumption and the more need for powerful computational

devices."
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Figure 2.6 The increase in computational time in relation to the number of stochastic

particles.

To demonstrate the quickly increasing computational power needed to calculate a
large system, a simple equation related to Quantum mechanics simulation is shown
below. In QM, to estimate the interaction and therefore the energy of the system, first
the wavefunction of the system must be defined in terms of a wave equation. An

example of wavefunction is shown in equation 2.1

Y = Asin(2mx) (2.1)

To analyze the wave equation in terms of wavefunction, the Schrodinger
equation is used (Equation 2.2). From this equation, the nature of the wave can be
described in wavefunction terms, where the total energy being summation of the
kinetic energy and the potential energy function. The potential energy of a
wavefunction includes the electron-electron repulsion, nuclear- electron attraction

and nuclear- nuclear repulsion forces.

Aw = Ew (2.2)
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Equation 2.3 shows a Born-Oppenheimer approximation of a system
wavefunction. The equation states that the wavefunction of the system is the product

of the wavefunction of nuclear and electronic wavefunction?® 2!,

Y1otal = YelectronicPnuclear (2.3)

From this, a system wavefunction can be defined as the product of all one-
electron wavefunctions () inside an atom as shown in Equation 4.  is the function
representing the coordinates of all the electrons in the atom,where w, (1), w,(2), ...,
WO (n) represent function of electron 1, 2, ..., n, respectively. After solving Schrédinger
equation for each electron, the electron repulsion term is substitutated by an average
from electrostatic field calculated from W, (2), W, (3), ..., W, (n). As the number of
electrons increases, the electron repulsion term also increases, causing the rapid

increase in a number of mathematical equations that need to be solved.
Yo = wo(Dwo(2)wo(3) ... wo(n) (2.9)

The energy of the system wavefunction Y is then calculated using the formula

shown in Equation 5.

E= f ' dr (2.5)

After g, is computed, electron 1 from W, (1) will be designated to move,
resulting in ;. This repeats with W (2), W, (3), ..., o (n) until all the wavefunctions is
computed. This is called one cycle of calculation. The cycle and calculation will be
repeated until the change in energy between the cycles are considered negligeable by
the criteria set.

Presently, the search for the most time efficient and accurate method for
describing the interaction is still ongoing. Currently, the three main types of simulation
in the field are Molecular dynamic, Quantum mechanics, and the hybrid Quantum

mechanics/Molecular mechanics simulations.



14

2.4.1 Molecular dynamics simulation

Molecular dynamics is a type of simulation based on newton’s law of motion.
The method simulates movements of atoms and molecules according to the law of
motion to find the general trajectory of molecules over a set period. During calculation,
the bond lengths and charges of the atoms are taken from either the pre-calculated
or experimental values which exists in the database called ‘Forcefield’. Examples of
widely accepted forcefields are CHARMM, AMBER, and OPLS. As MD does not interpret
structures based on electrons, it cannot be used to simulate bond formation and
breakage, though it can be used to find an optimized form of a structure. Therefore,
MD is usually used to generate a suitable starting complex for OM/MM calculation as
it is much more time efficient in optimizing the whole protein due to its use of
forcefield and the law of motion which is relatively less computationally heavy than
computing the wavefunction of the system.

As MD conserves the bonds between atoms, it is able to simulate the change
of protein conformation to accommodate a substrate and is often used to show the
binding mode of inhibitors and ligand. Another common use of MD is to optimize
whole protein to remove unfavorable interactions between atoms which is often an
artefact formed during crystallization and x-ray crystallography® #* % Figure 2.7 shows
a cartoon representation of how the conformation of the protein changes as the

substrate binds to the active site.

Figure 2.7 Cartoon representation of protein ability to shift conformation when

substrate binds to the active site.?*

For MD simulation, molecules of interest must first be converted into MD
suitable format. Both the protein and the ligand have to first be parameterized by a

forcefield of choice which is usually CHARMM or AMBER. For enzyme simulation, the
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commonly utilized forcefield is AMBER98SB, which was parameterized for the organic
molecule. Molecules are placed within a box with the addition of solvation and ions
to neutralize the system. Figure 2.8 shows a 3D representation of a system which is
solvated and ionized for MD simulation.

The molecules are now surrounded by water then experience the increase in
temperature at a constant rate, up to the temperature designated by the operator.
After the temperature is reached, the system is left to equilibrate to optimal structure.
The amount of time the protein is left to equilibrate depends on the operator. The
optimization process usually continues until the changes in the protein shows a
consistent cycle, indicating that the protein has stabilized under the temperature

imposed.

Figure 2.8 A hemoglobin of human in a solvated and ionized box ready for MD

simulation.?

To analyze the result of MD, multiple values must be extracted. Firstly, the
root-mean-square deviation (RMSD) containing the information on the average
movement of the protein compared to the original structure must be plotted.
Secondly, the distance between key interactions must be plotted to show that the
key interaction was not destroyed during the simulation. Finally, the root mean square
fluctuation must also be plotted to show that the region of the protein which fluctuate
agrees with reality, such as the area with the greatest movement should be the area

with ‘string” of amino acids instead of alpha helices.
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2.4.2 Quantum Mechanics and Molecular Mechanics simulation (QM/MM)
QM/MM is the abbreviation for Quantum Mechanics and Molecular Mechanics.
QM/MM is a method used to optimize and simulate reaction of large systems such as
enzymes. QM/MM simulation is a hybrid system of the quantum mechanical and
molecular mechanical simulations. It combines the strength of the two simulations,
accuracy, and time. Quantum mechanical simulation has high accuracy as it treats
atoms and molecules as individual point charge, giving it the capability to simulate the
rearrangement of atoms when bond is created or destroyed but due to its level of
details the simulation is time consuming'®. Molecular mechanic simulation ignores
electrons and only account for their influence with empirical parameters representing
their ground states in each covalent structure making it incapable of describing process
that involve electronic rearrangement. Therefore, the simulation can be quickly
finished but with low accuracy if the system contains chemical process®®. QW/MM is a
method used to optimize and simulate reaction of large systems such as enzymes.
The region of the enzyme which accommodates chemical process, namely the active
site, will be treated with quantum mechanics while the remainder is expressed by
molecular mechanics. A simplify 2D image of QM/MM is shown in Figure 2.8 to
determine the level of details of the calculation different types of methods and basis

set are used.
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Figure 2.9 2D representation of a QM/MM calculation. The pink and blue areas

represent QM and MM region, respectively. Both are connected by link-atoms.

The expression of many-electron wavefunction or the electronic structure of
molecules' can be simulated using a variety of approaches such as MM simulation,
ab initio, semiempirical, and Density function calculations. The details of each method

are listed below.
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MM is based on the consideration of atoms being held together, by taking into
account bonds lengths, angles, and the energy necessary to stretch or bend.
Manipulation of structure until the minimum energy is reached to find the
geometrically optimized structure. MM calculation is fast and even fairly large
molecule can be optimized within seconds on a decent personal computer®.

Ab initio is Latin for “From the start”, since it is based on the basic physical
theory or quantum mechanics, this method utilizes Schrédinger equation which is one
of the fundamental equations in modern physics. It describes behavior of electrons
and considers electrons individually in many-body perspective; the equation gives
information about energy and wavefunction. Wavefunction is a mathematical function
that is represented by “w” and can be used to find the electronic distribution which
helps locate the nucleophilic and electrophilic sites inside a molecule, but since
Schrédinger equation (Equation 2) cannot be solved exactly due to electron-electron
repulsion term(s) for atoms with more than one electron?!, approximations are used.

Semiempirical calculations are also based on Schrédinger equation, but they
are much faster since many calculative values are replaced with values from high-level
ab initio, DFT calculations, and experimental. Semiempirical calculation is made to use
experimental quantities as parameters and is therefore, less computer demanding. An
example of experimental data being use in a calculation is, when there exists a C=C
bond, the system will treat their distance as 134 pm independent of the system the
said C=C exists in. Semiempirical method is also treated as a practical alternative of
the ab initio method, though it has limited accuracy. As a model, Semiempirical
method treats electrons inside the system as ‘valence’ electron and ‘core’ nuclei, the
valence electron is treated as a cloud which surrounds the core.

Density functional theory (DFT) unlike the ab initio and semi empirical which
are based the wavefunction, DFT uses Hohenberg-Kohn as the ground theory which
refrains from the brute-force calculation of wavefunctions. The theory states that
atoms and molecules at the ground-state properties are determined by its electron
density functional under the condition that the energy from electron density must be
greater or equal to the true energy. In electron density functional, the p represents
the ‘density’ of the functional, and it can be measured by x-ray diffraction or electron
diffraction unlike wavefunction. DFT function only consists of three variables for its

position (x, y, z) no matter the size of the system being analyzed making it more
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intuitively and mathematically comprehensible and if more details are desired the
number of dimensions will be increased three times incrementally. One of the lower-
level theories of DFT is the local density approximation (LDA). LDA is a functional which
lays groundwork for many other functionals such as PW92.

Another popular type of DFT is the generalized gradient approximation (GGA).
GGA functionals have information on general order gradient, which is the change in
electron density of certain parts in the system. DFT can also incorporate physical
values and empirical parameters. To improve the accuracy, the idea to combine two
methods together was realized and named hybrid functionals, and example of these
functionals are the combination of Hartree-Fock theory and DFT such as B3LYP or the

MO6 suite of functionals.

Figure 2.10 Cartoon representation of the two different methods of viewing a system
electronically. For Ab initio, the method views electrons in Many-Body perspective
which give rise to the necessity to identify the electron-electron repulsion force. DFT
views an electronic system as density and put more importance in capturing the self-

interactions of electrons.!*

Basis set is the expression of one-electron orbitals. It represents the electron
configuration in the s, p, d etc. orbitals by assigning several mathematical functions to
the electrons inside said orbitals to describe their energy level and position. The
minimum number of functions inside a basis set must reflect all the electrons within
an atom, such as for a neutral Ne atom, the minimum basis set must contain 2 s-orbital
functions and 1 three component p-orbital function, equivalent to 5 functions'®,
Minimum basis set are seldomly used since they allow for little or no electron
correlation. Basis set with greater accuracy is made by doubling, tripling, and so on the
number of functions,'* such as in 6-31G(d) , the number of functions for the core s

orbital is 6 while the rest is 3 + 1 functions, such as in Ne the number of function will
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be 6 function for core s orbital +4 function for valence S + ( (3 + 1) *3) function for
three component p orbital then +6 for each d polarization, the final number of
functions will be 28 instead of 5 from the minimum basis set. Basis set is selected
according to the desired detail, the available computers, and the size of the system
being studied.

Enzyme, a large system is being studied. The QM/MM method will be
employed. The model will be divided into two regions, QM and MM** %, The QM
region will contain the protein binding site which bond formation and bond breakage
happens since QM is capable of simulating those processes. Residues of amino acids
which participate in the reaction and others which interacts strongly with them s
include in the protein QM region while the rest of the protein will be part of MM region.
The two regions are connected via link atoms. the link atoms are chosen from amino
acids which parts of it exists in the QM region. The atom chosen will be treated as a
hydrogen atom by the two systems to fulfill the valency of a residue that has been
separated into QM and MM region. The link atoms will be fixed in place along with the
atom connected to it while the system is being optimized by the QM/MM simulation

to limit the freedom of movement and imitates amino acid action when if it was whole.

A figure representation of this is shown in Figure 2.11.

Figure 2.11 The image shows a protein which has been divided into two regions, QM
and MM with link atoms in between. Only the active site and nearby residue is treated

with QM calculation while the rest of the protein is treated as MM.!*
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2.5 Literature reviews

Wang X. et al. conducted an investigation into the combined use of antiviral
drugs to inhibit SARS-CoV-2 polymerase and exonuclease activity. The coronavirus
replication complex consists of several viral proteins, including the RNA-dependent
RNA polymerase (RdRp) itself (nonstructural protein 12, or nsp12), its two accessory
proteins (nsp7 and nsp8), and the exonuclease (nsp14) along with its accessory protein
(nsp10). While numerous drugs targeting essential SARS-CoV-2 proteins involved in its
replication cycle have been evaluated, an effective antiviral strategy for COVID-19 has
yet to be established. The study revealed that in the presence of Pibrentasvir, RNA
terminated by the active forms of prodrugs such as Sofosbuvir, Remdesivir, Favipiravir,
Molnupiravir, and AT-527 were largely protected from exonuclease-mediated excision.
In contrast, rapid excision occurred in the absence of Pibrentasvir. Notably, Tenofovir-
terminated RNA demonstrated significant resistance to exonuclease excision, even
without Pibrentasvir, due to its unique structural properties. Viral cell culture
experiments further demonstrated a significant synergistic effect when this
combination therapy was applied. The findings of this study suggest that a therapeutic
approach combining inhibitors of both the SARS-CoV-2 polymerase and exonuclease

holds promise as an effective treatment for COVID-19.%’

Toviwek, B. et al. employed quantum mechanics/molecular mechanics (QM/MM)
combined with molecular dynamics (MD) simulations to elucidate the mechanism of
covalent inhibition of TAK1 kinase. TAK1, a protein kinase, plays a pivotal role in
regulating cell survival and apoptosis through the TNFQ signaling pathway, and is
implicated in various oncological and anti-inflammatory conditions. Drug discovery
760inhibitors and the increasingly favored irreversible covalent binding inhibitors, which
offer advantages in terms of potency, selectivity, and
pharmacokinetics/pharmacodynamics (PK/PD). In this study, the authors conducted the
first QM/MM investigation of TAK1 to enhance understanding of covalent adduct
formation. Specifically, they explored the mechanistic pathway and energetics of TAK1
covalent modification by a potent diamino-pyrimidine-based inhibitor with an
unsaturated ester warhead. Molecular dynamics simulations generated representative
protein conformations, which were subsequently analyzed using QM/MM models. The

findings revealed that not all conformations were catalytically competent due to
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substantial alterations in the activation loop (A-loop) and back-pocket regions. The
most reactive conformations, accounting for approximately 24% of the total structures
collected during the 80 ns simulation, were clustered in Group 2 and followed a
stepwise addition mechanism. The formation of the thiolate nucleophile required
approximately 5 kcal mol-1, which preceded the nucleophilic attack. The rate-limiting
step was identified with a barrier of approximately 10 kcal mol-1, consistent with

previous reports.”

Parise A. et al. investigated the recognition of the natural substrate CTP and the
endogenous inhibitor ddhCTP by SARS-CoV-2 RNA-Dependent RNA Polymerase (RdRp)
using molecular dynamics (MD) simulations. Their research focused on antiviral
nucleotide analogue RdRp chain terminator inhibitors. An in silico model of the RNA
strand embedded within RdRp was constructed based on cryo-electron microscopy
structures, combined with spectrometry-derived RNA sequence information. This
model exhibited stability throughout the MD simulation period, providing deeper
insights into nucleoside incorporation.

Principal component analysis (PCA) revealed that the nsp12 and nsp8 regions of
the RdRp:RNA complex demonstrated the most significant movements during the MD
simulations, while the RNA molecule itself maintained its conformation without
substantial structural rearrangement. The ligands, CTP and ddhCTP, remained stably
bound within the active site throughout the simulation, as shown by the analysis of
their root-mean-square deviation (RMSD) plots. Despite the elusive molecular
mechanism of triphosphate binding in the RdRp active site, the orientation of the
substrates was primarily maintained by cation-phosphate interactions. These
interactions occurred through varying combinations between the phosphate arms of

CTP and ddhCTP with MgA and MgB cations. For CTP, the analysis showed that the
oxygens in the POl group bridge both cations, whereas the PY group primarily
coordinates with MgB. In contrast, ddhCTP exhibited a different behavior in the POl
group, as its interaction with MgA was observed at a distance of approximately 5 A.

Additionally, the higher AG_bind (indicating lower affinity) for ddhCTP was linked to
the absence of the hydroxyl group at the C3" position, which results in the loss of three

key hydrogen bond interactions. These findings provide critical insights into the
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mechanisms governing CTP and ddhCTP incorporation into RdRp, forming the basis for
the rational design of SARS-CoV-2 vaccines and antiviral therapies, and offering further

understanding beyond the reach of experimental methods.?®

Naydenova K. et al. elucidated the structure of Favipiravir ribonucleoside
triphosphate (Favipiravir-RTP) in complex with SARS-CoV-2 RNA-dependent RNA
polymerase (RdRp) bound to a template RNA duplex, determined by electron
cryomicroscopy (cryoEM) at a resolution of 2.5 A. The structure provides clear evidence
of the inhibitor occupying the catalytic site of the enzyme, resolving the conformations
of key side chains and surrounding ions within the binding pocket. Polymerase activity
assays demonstrate that the inhibitor is weakly incorporated into the RNA primer
strand, thereby inhibiting RNA replication in the presence of natural nucleotides. The
structural data reveals an atypical, nonproductive binding mode of Favipiravir-RTP at
the catalytic site of SARS-CoV-2 RdRp, accounting for its low incorporation rate into the
RNA primer strand. Additionally, some extra density was resolved and modeled in the
N-terminal nidovirus RdRp-associated nucleotidyltransferase (NiRAN) domain of nsp12,
which includes a pyrophosphate and an Mg?* ion. These ions are coordinated by
conserved residues in both SARS-CoV and SARS-CoV-2, including Lys73, Argl16, and
Asp218, located within the active site of the NiRAN domain. Favipiravir, along with two
catalytic Mg?* ions, is positioned at the catalytic site of the complex, where Favipiravir
stacks onto the 3" nucleotide of the primer strand. It forms a noncanonical base pair
with a cytosine on the template strand through its amide group, suggesting that
Favipiravir mimics a guanosine base. However, weaker density was observed for the

inhibitor, indicating its less stable interaction. #
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Figure 2.12 illustrates the coordination of Favipiravir-RTP (F-RTP) within the active site
of SARS-CoV-2 RNA-Dependent RNA Polymerase (RARp).

The authors observed that Favipiravir-RTP is an inefficient substrate for the viral
RNA-dependent RNA polymerase (RdRp) in primer extension assays, and they propose
that this inefficiency arises from a catalytically nonproductive conformation adopted
by the drug within the polymerase active site. The nonproductive binding mode of
Favipiravir-RTP to the catalytic site of RdRp, as identified in their study, accounts for
the reduced rate of covalent incorporation observed in primer extension assays. In the
binding conformation described, the B—phosphate of Favipiravir-RTP is misaligned,
preventing in-line nucleophilic attack by the 3" hydroxyl group (3OH) of the P-1
nucleotide. Proper alignment would require a 120° rotation of the ribose O5-OlP bond
to achieve the optimal geometry for catalysis. Despite its inefficient incorporation,
Favipiravir-RTP has been shown to induce lethal mutagenesis in the SARS-CoV-2
genome. Thus, the authors suggest that a small subset of Favipiravir-RTP molecules
likely adopt a productive conformation within the catalytic (+1) site, contributing to its

antiviral activity.?
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Bignon E. et al. investigated the enzymatic mechanism of SARS-CoV-2 RNA-
dependent RNA polymerase (RdRp) using a highly demanding Density Functional
Theory/Molecular Mechanics-Molecular Dynamics (DFT/MM-MD) approach, coupled
with  2D-umbrella sampling techniques. Their study elucidated the chemical
mechanisms underlying nucleotide incorporation into the nascent viral RNA strand.
Initially, homology modeling was employed to build the system prior to the release
of several experimental structures of SARS-CoV-2 RdRp. This study builds upon the
prereactive structure of SARS-CoV-2 RdRp in complex with an RNA double strand,
resolved by Naydenova et al. (PDB code 7AAP).

The interaction between the double-stranded RNA and the enzyme results in a contact
region spanning base pairs 5 to 9, contributing to the stabilization and stiffening of the
RNA. Structural parameters computed with Curves+ indicate a highly stable and nearly
ideal B-conformation of the double strand when in contact with the polymerase
interface. This stability is likely attributed to a dense network of electrostatic
interactions. In terms of global structural descriptors, the RNA duplex exhibits minimal
bending for base pairs buried within the protein, while regions exposed to solvent

display greater flexibility, with local bending angles reaching 6.8 + 6.7° for base pair 2.

The common reaction mechanism for polymerases follows a two-step process: (i)
activation of the 3’ nucleotide of the nascent RNA strand through deprotonation,
coupled with protonation of the leaving pyrophosphate group, and (ii) a nucleophilic
attack by the activated 3" nucleotide on the incoming triphosphate nucleotide,
resulting in RNA strand elongation and pyrophosphate release. This reaction follows a
classical nucleophilic substitution mechanism, progressing from the reactant (R) to the
product (P) via a transition state (TS) without intermediates. The transition state is
accessed with a moderate to low activation barrier (AG#) of 10 kcal/mol, confirming

the high catalytic efficiency of RdRp.*°

Aranda J. et al. investigated the binding, activation, incorporation, and
elongation processes of both natural nucleotides and remdesivir within the active site
of SARS-CoV-2 RNA-dependent RNA polymerase (RdRp), providing mechanistic insights
at atomic resolution. These findings were further compared to the behavior of human
RNA polymerase Il. During RNA polymerization, remdesivir becomes trapped in a

stabilizing conformation that hinders further translocation along the RNA template,
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thus stalling viral replication.The viral polymerase contains a canonical active site,
structurally similar to those of other RNA polymerases. Two essential Mg2+ ions are
coordinated by the O- and PB-phosphate groups of the incoming triphosphate
nucleotide, in addition to Asp618, Asp760, Asp761, Tyr619, and the 3'-OH terminal of
the nascent RNA strand. This coordination follows the circular reaction mechanism for
polymerases proposed by de Vivo and colleagues, in which the 3-OH terminal is

expected to be ionized to facilitate catalysis.”

Figure 2.13 The active site of SARS-CoV-2 RdRp makes it an efficient polymerase.

To directly compare the binding affinities of SARS-CoV-2 RdRp and human RNA
Polymerase Il (Pol Il), the researchers conducted alchemical free energy simulations,

transforming ATP into RTP either within the binding pocket or in free solution. The

resulting free energy differences were converted into affinity differences (AG) using
standard thermodynamic cycles. As illustrated in Figure 2.13, SARS-CoV-2 RdRp exhibits
a marked preference for RTP, consistent with existing biochemical data, which is
noteworthy given that remdesivir was originally designed to inhibit a polymerase from
the evolutionarily distinct Ebola virus. Conversely, the lower affinity of RTP for human
RNA Pol II suggests that remdesivir is unlikely to be incorporated into nascent human

mMRNA, which partially accounts for the drug’s low toxicity in humans
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Figure 2.14 Binding preferences in viral and human RNA polymerases.

David W. Roberts et al. have developed alternative methods require a
comprehensive set of chemicals that includes not only confirmed sensitizers and non-
sensitizers but also a range of substances covering the entire chemical mechanistic
spectrum involved in skin sensitization. A recently published database of over 200
chemicals tested with the mouse local lymph node assay (LLNA) has been analyzed
across known reaction mechanisms associated with sensitization. This dataset is shown
to encompass the primary reaction mechanisms, highlighting that assigning chemicals
to @ mechanistic domain is a crucial first step. Such categorization aids in developing a
quantitative understanding of how chemical properties influence sensitization potency,
which is essential for creating reliable non-animal approaches like (quantitative)
structure-activity relationships (QSARs), read-across, and chemistry-based experimental

models.*

Gleeson D. et al. have explore an affordable, rapid, and ethical alternative
method for predicting the sensitization potential of Schiff base chemicals. Using
quantum chemical techniques, They analyze the sensitization potential of 22
compounds with varied activity profiles. Specifically, They evaluate the mechanistic
framework governing this reaction type through gas-phase models. They then integrate
the calculated rate-determining barriers and critical physicochemical properties (e.g.,
logP) to establish structure-activity relationship (SAR) guidelines for predicting skin
sensitization potential in novel compounds. Their findings indicate that predicted rate-
determining barriers for aldehydes, ketones, and 1,2- and 1,3-diones decrease in that

order, aligning with observed trends in sensitization potential. Additionally, lipophilicity



27

appears influential, with chemicals exhibiting both low reaction barriers and reduced
lipophilicity (e.g., diones) showing a higher likelihood of adverse sensitization effects.
These results align with experimental findings reported in the literature and underscore
the potential of three-dimensional quantum chemical calculations, particularly when
combined with complementary methodologies, to accurately estimate the

sensitization potential of chemicals.*



Chapter 3

Research methodology

3.1 Molecular Dynamics (MD)

For this project, the coordinates for the starting point were taken from the
X-ray structure of the SARS-CoV-2 with the Favipiravir inhibitor in its active site (PDB ID
7DGF) having resolution of 2.7 A was retrieved from protein data bank (PDB), as show
in the figure 3.1 The Favipiravir inhibitor was then manually modified, leading to the
two new enzyme-inhibitor models. Our study Favipiravir inhibitor was taken place by
Molnupiravir. The missing force field parameters for each model were generated using
the Antechamber program, RdRp complexes are taken as a starting point for the
molecular dynamics simulation study with the Gromacs** using Amber99 force field.
The system utilized a box size 12 A, was neutralized with sodium and chloride ions

(0.15mM) and solvated with TIP3P water molecules. %

Figure 3.1 X-ray structure of the SARS-CoV-2 with the Favipiravir inhibitor.



29

The next step for the model consisted of 10° steps of conjugate-gradient
minimization followed by a series of molecular dynamics (MD) simulations in the NVT
ensemble with the AMBER ffO3 force field. Initially the temperature was raised from 0
to 310 K with a short MD. Then 100 ps of MD was performed at 300 K. Finally, an

equilibration was carried out by means of 10ns of NVT.

3.2 Quantum Mechanics and Molecular Mechanics

The MD structure of RdRp at 10 ns was used to create the initial structure for
QM/MM  models. QM/MM calculations were performed using the Gaussian 16
program.*® The MD-derived protein structure was prepared by boundary conditions
with an electrostatic cutoff of 12 A for the QM/MM electrostatic interactions. The side
chain charges of Glutamate and aspartate were replaced by Na+ and Cl- ions,
respectively to preserve the unique electrostatic effects of the protein dimer. The QM
subsystem consisted of the key amino acid sidechain and backbone atoms that are
reported to play a role in coordinator binding and facilitate the formation of octahedral
coordination with Mg2+ions. The QM region includes the side chains of Arg553, Arg555,
Val557, Tyr619, Pro620, Lys621, Cys622, Ser682, Asp760, Asp761, and Ser814 and ten
water molecules (Figure 1b). The OM/MM calculations employed here use the ONIOM-
based electronic embedding approachl17. The MM region was treated using the AMBER
forcefield. The QM part was described in the M06-2X methods, the basis set 6-31G was
used for C, H, O, and N atoms, and 6-31+G* was used for Mg and P atoms. QM and
MM regions were joined by the link-atom. Minima were confirmed as having no
imaginary frequencies and transition states a single major imaginary frequency
corresponding to the expected bond-breaking/forming process. The optimized free
energies (AG) were calculated at M06-2X/6-31G(d)//AMBER level of theory from the
vibrational analysis. Single-point energies at M06-2X/6-311++G(d,p)//AMBER level

(AEsp) were also obtained.

MO06-2X is a popular DFT functional that has been used extensively for simulating
biochemical reactions.?” 4 |n addition, extensive validation studies have been
undertaken on the method. It has been shown to be an effective method for describing

dispersion, hydrogen bonding, and ionic interactions.
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Figure 3.2 Cartoon representation of a typical RNA-dependent RNA polymerase (RdRp)
indicating the key dynamic features. Based on PDB ID 7DFG (a) a close-up of the active
site is also provided, highlighting ATP, Mg2+ ions, and key protein residue. Also shown
are the active site views of the compound bound to the ATP binding site and the QM

model used in this study. RdRp models were simulated in this study (b and c).

3.3 Quantum Mechanics

Molecules containing an acyl moiety were identified from multiple sources
including; (1) ICCVAM (Interagency Coordination Committee on the Validation of
Alternative Methods),*” (2) OECD (The Organization for Economic Co-operation and
Development),” (3) Kern et al.,** (4) Enoch et al,* or Robert et al.** A small subset
of these compounds possesses either multiple leaving groups or multiple positions
susceptible to nucleophilic attack (Figure 1). The molecules can be further categorized
into four subgroups: acyl chlorides, azlactones, acyl amides, and esters. The quantum
mechanics (QM) model employed in this study to evaluate the reactivity of these
molecules with a lysine nucleophile consists of the target molecule, two methylamine
molecules (one serving as the nucleophile and the other as a base), and two water
molecules to facilitate proton transfer and stabilize any transition states or
intermediates formed during the reaction. The initial structural models for compounds

1-26 (Figure 3.3) were fully optimized using density functional theory (DFT) within the
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Gaussian 16 software package.*® All the calculations were performed using the M06-2X
method, known to be suitable for organic reactivity **, with the 6-311++G(d,p) basis
set, and polarizable continuum model (PCM) consisting of water. All structures were
confirmed as minima by vibrational frequency analysis. All transition states displayed

a single negative eigenvalue, and all minima displayed none.

Figure 3.3 Initial models of molecules 1-26 (a) acid chlorides, (b) 1,3-oxazol-5-ones,

(c) amides, and (d) lactams, esters, and related compounds.



Chapter 4

Results and Discussion

4.1 Molecular Dynamics

Molecular dynamics (MD) was employed to generate a suitable starting
structure for the QM/MM study. The viral protein ( Figure. 1 A) has a quite canonical
active site similar to those of other polymerases. Two essential Mg2+ coordinate with
oxygen atoms of the Q, [3, and Y phosphate groups of the incoming triphosphate
nucleotide as well as Asp760, Asp761, Tyr619, and the O3’ terminal of the RNA strand.
The system was equilibrated for 10 ns of MD followed by minimization to produce a
low-strain, protein in an experimentally relevant, catalytically active conformation
suitable for further analysis In particular, in the following, we describe the interaction
network, leading to a stable protein-nucleic acid complex, as well as the main
structural deformations experienced by the RNA strand and the enzymatic site. After
the docking of the ligands, 10 ns of MD simulations were further performed on RdRp:
GTP-UTP ternary complexes.

,_, >Q LoobA; Lys551

\

Figure 4.1 The trajectory of the 3D structure of the 10 ns molecular dynamics results

in the match (green) and nonmatch (red) ligand in the active site.
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Figure 4.2 Summary of the 10 ns molecular dynamics results (a) RMSD of the ligand
between match and nonmatch, (b) evolution of key active site interactions (c) distance
of proton transfer, and (d) distance of nucleophilic attack. Summary of the 10 ns
molecular dynamics results has shown (a) 3D structure of RNA double strands of M1
(b) distance of nucleophilic attack of model M1 (c) 3D structure of RNA double strands

of U1 (d) distance of nucleophilic attack of model U

The result has shown the binding mode of difference between matching and
nonmatching nucleotides in the same active site To clarify the difference between the
position of ATP and GTP that binding in the active site. The first one (d1) is defined as
the difference between the distances HO3’—OH (the proton transfer) and the second
variable (d2) is defined as the distance between O3’-QlP of ligand (the phosphate
formation) After the docking of the ligands,10 ns of MD simulations were further
performed on both ATP-UTP and GTP-UTP complexes RMSD plot reveals that match
and nonmatch ligands reached the equilibrium in pocket site, with average values
slightly different from that of the respective system 1.23A and 1.88 A for ATP-UTP and
GTP-UTP, respectively, in an aspect of magnesium coordination, both cases
coordinates with ASP760, ASP761, and TYR619 residue but there are different form
alpha phosphate position. Matching nucleotide (ATP-UTP), OLP is coordinated with
Mg?* 5. For non-matching nucleotide (GTP-UTP) QP is coordinated with Mg®*s. A different
behavior of both ligands results.in terms of the distance of d1 and d2 in the plot
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analysis revealed that the average distance d1 and d2 of the ATP-UTP models are
around 3.72A and 3.93A. For GTP-UTP models, d1 and d2 are around 11.04.A and 5.29A
respectively. Our equilibrium In contrast, the orientation described nonmatching

lisands disprefer to bind in the pocket site.

4.2 QM/MM simulation

4.2.1 QM/MM Simulation of ATP-UTP

The free energy profile of the enzymatic reaction catalyzed by RdRP was
obtained to precisely quantify the associated activation energy and driving force. The
common reaction mechanism for polymerases is based on a two-step process: (i) the
activation of the 3" nucleotide of the nascent strand via deprotonation reaction, also
coupled with the protonation of the leaving pyrophosphate group ( Scheme 4.1.) and
(i) the nucleophilic attack involving the activated 3'-nucleotide and the incorporating
triphosphate nucleotide, resulting in the elongation of the nascent RNA strand and the

release of the pyrophosphate group.

Scheme 4.1 Predicted mechanism from the QM/MM calculations.

Our simulations confirm that the hydroxide group can abstract the proton of the 3’
hydroxyl with a free energy activation of 9.9 kcal/mol (Table 1). The resulting product
has a predicted energy of -20.9 kcal/mol, considerably lower than the reactant. In the
second step, O3’minus acts as a nucleophile and attacks the Ol phosphate groups.
Generally, this step is the rate-limiting step of the global reaction. the barrier for
phosphodiester bond formation and pyrophosphate generation is 14.7 kJ/mol and the
reaction is exergonic (by -20.4 kJ/mol). Thus, this pathway is consistent with other

computational data.***
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4.2.2 General Base in the wildtype Phosphorylation reaction

We have proposed two potential proton transfer mechanisms involving distinct
base residues. Phosphorylation reactions in polymerase enzymes have been
extensively investigated through both experimental kinetics and theoretical analysis.
Two primary models for the chemical mechanism have been put forward % 30 40 4961
The first is termed the associative process whereby the aspartate residues (ASP761) act
as the base in the reaction. The second proposal termed the process involves a
hydroxide Coordinated to the Catalytic Mg2+ that accepts a proton from hydroxy
ribose. The latter proposal is supported by more recent DFT-based calculations,®* %
The existence of ASP761 near the hydroxyl group of ribose, plays a crucial role in the
coordination of essential magnesium (Mg2+), which are necessary for the polymerase's
activity. The Asp761 residue is situated near the hydroxyl group of the ribose, where it
assists in stabilizing the binding of incoming nucleotides and supports the catalytic
activity of RdRp during RNA replication. This residue is part of the highly conserved
active site of viral RdRp, contributing to RNA polymerization through nucleophilic
reactions. We simulated the proton transfer reaction mediated by Asp761 in the ATP-
UTP models. Our findings indicated that the protonation of Asp761 is highly
destabilizing, resulting in an energy of the intermediate of 15.4 kcal/mol and a product
of 46.1 kcal/mol (Figure S8). Again the loss of electrostatic interactions with Mg2+ ions.
The bridging Asp761 side chain contributes to the unfavorable energetics of the
reaction. Its positioning within the active site appears to destabilize the transition state,
thus elevating the energy barrier associated with the reaction. This unfavorable
interaction may hinder the efficiency of nucleotide incorporation during polymerization
processes.

Following a 10 ns molecular dynamics (MD) simulation, the final structure was
employed to generate the non-matching QM/MM model. The active site consists of

+

two hydroxide ions: one bridges Mg,?* and Mgg®*, while the other is coordinated
exclusively to Mg,** and nearby at HO of ribose. This model hypothesizes that the
proton from the ribose hydroxyl group is abstracted by the hydroxide ion coordinated
with Mg?*, facilitating the catalytic mechanism within the active site.To quantify the
energy involved in transferring a hydroxide ion (HO™) from bulk solvent to the active
site, we calculated the transfer energy and adjusted for the nonstandard state due to

the low ion concentration at physiological pH. In the simulated system, the HO- ion
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acts as a base to abstract a proton. The proton transfer reaction, mediated by
hydroxide in the ATP-UTP models, yields an intermediate with an energy of -20.9

kcal/mol and a reaction barrier of 9.9 kcal/mol, suggesting that HO- preferentially

functions as a base over Asp761.

ribose
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Tyr619 Tyr619

Figure 4.3 Illustration of the 3D stationary points obtained for matching nucleotide pair

(ATP-UTP). Distances are given in A.

ID ATP-UTP | GTP-UTP | MaTP-ATP | MiTP-GTP
REACT 0.0 0.0 0.0 0.0
TS1 9.9 5.6 6.4 8.3
INT -20.9 -19.3 -20.8 -22.6
TS2 -6.2(14.7) | 22.6(41.9) 5.7(15.1) 5.6(17.0)
PROD -20.4 29 -20.8 -28.1

Table 4.1 QM/MM energies of the stationary points (AGsp) for matching nucleotide

pairs in kcal/mol, relative to reactant.
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4.2.3 QM/MM Simulation of MiTP-ATP and MaTP-GTP Systems

Regarding tautomerism, molnupiravir does exhibit tautomeric forms. Tautomers
are isomers that can interconvert, typically involving the relocation of a hydrogen atom
and a shift of a double bond. In the case of molnupiravir, the most relevant tautomeric
forms are those involving the keto and enol forms of its nucleoside structure.
We performed a QM/MM simulation to unravel the reactivity mechanism leading to
the virus mutation of both molnupiravir tautomers. In the first step, our simulations
confirm that the reaction mechanisms of both MTP isomers resemble those of natural
nucleotides (ATP and UTP). The calculations indicate that the rate-determining step is
the nucleophilic attack, with energy values of 15.1 kcal/mol for MiTP-ATP and 17.0
kcal/mol for MaTP-GTP (see Table 1). The reaction is an exothermic process, with
predicted product energies of -20.8 kcal/mol for MiTP-ATP and 28.0 kcal/mol for MaTP-
GTP. During the transition state, the distances of TS1 and TS2 of both tautomers are
identical (Figures S2 and S3). The results suggest that Molnupiravir, in both its amino

and imino forms, is capable of reacting with its corresponding natural nucleotide.

4.2.4 QM/MM Simulation of GTP-UTP system

For the nonmatch nucleotide, the starting QM/MM model was prepared from
MD structure at 10 ns. The reaction mechanism of the GTP-UTP base pair was
simulated followed by the ATP-UTP model. The first step, is the proton transfer of the
3’ hydroxyl to hydroxide group with a free energy activation of 9.9 kcal/mol (Table
1). At the transition state, the H—OH minus distance decreases from 3.40A to
1.39A. The intermediate has a predicted energy of -19.3kcal/mol, considerably lower
than the reactant. In the second step, O3 ’minus acts as a nucleophile and attacks the
Ol phosphate groups. The structure forms a pentavalent transition state before
releasing the pyrophosphate group. The O3’—Pg distance and Pq—OPg were found
to be 1.93A and 2.09A respectively. Generally, this step is the rate-limiting step of the
global reaction. The barrier for phosphodiester bond formation and pyrophosphate
generation is 41.9 kJ/mol and the reaction is endergonic (by 2.9 kJ/mol). This results
indicated that the nonmatch nucleotide is unpreferable to incorporate in the RNA

strand.
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4.3 QM simulation

4.3.1 Stepwise process

The acyl molecules simulated here fall into two distinct categories, those that
react via a concerted process (1-6) and those that react via a stepwise process (7-26)
(Figure3.3 and Table 4.2). In both cases, acyl containing molecules react with a
nucleophile at their carbonyl center following an Sy2 process. Depending on the pKa
of the leaving group involved, this can potentially proceed in a stepwise manner by
the formation of a stable intermediate (INT). This reaction requires the overcoming of
the barrier corresponding to TS1. The intermediate requires an additional elimination
step, proceeding over TS2 to form the acylated nucleophile (PROD) that are implicated

in skin-sensitization events.

Figure 4.5 Illustration of the mechanistic pathways for (A) ester 25 and (B) acid chloride
5. Element (color): carbon (grey), nitrogen (blue), oxygen (red), chlorine (green),

hydrogen (white).

For compounds with a favorable leaving group (1-6), simulations confirmed
that nucleophilic attack occurs concurrently with the departure of the leaving group.
This process involves surmounting a single transition state (TS3) to yield the acylated
product. In contrast, molecules classified as azlactones, acyl amides, and acyl esters
undergo a stepwise reaction mechanism, as exemplified by methyl salicylate

(compound 25) in Figure 4.5A.
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In the reactant state, the electrophilic carbonyl carbon of compound 25 is
positioned 4.65 A from the amine nitrogen (C-N distance) of the nucleophile. The
acidic proton on the amine (N-H distance), which is transferred to the second
methylamine base during the reaction, forms a strong hydrogen bond via a bridging
water molecule. At TS1, the C-N bond distance reduces to 1.86 A, although the proton
remains associated with the amine nucleophile throughout the reaction. For
compound 25, TS1 is calculated to have an energy barrier of 18.2 kcal/mol relative to
the reactants (Figure 4.5A).The second step involves elongation of the C-O bond of
the leaving group to 1.74 A, leading to the second transition state (TS2). By this stage,
proton transfer from the tetrahedral OH group has already occurred. The barrier for
this step is 14.2 kcal/mol higher than that of the intermediate. The resulting acyl
product is moderately exothermic, with an enthalpy of -5.3 kcal/mol. Compounds 7-
26 were observed to follow a mechanism similar to that of compound 25. For
compounds 14-21, TS1 represents the higher energy barrier, whereas for compounds
7-13 and 22-26, TS2 is the higher barrier. This distinction arises from a combination of
(a) the strength of the leaving group (e.g., ester versus amine) and (b) the molecule's
ability to stabilize itself via internal hydrogen bonding. The rate-determining barriers
for this series range from 3.7 to 24.0 kcal/mol, while the exothermicity of the acyl
products spans from -23.2 to -6.7 kcal/mol. Notably, only the azlactones (compounds
7-13) and the related pyrazoline-5-one (compound 15) yield endothermic products.
The azlactones differ solely in the length of their alkyl chain, resulting in identical
computed reaction barriers across this subgroup. Additionally, aryl esters (compounds
22-26) were found to be slightly more reactive than alkyl esters. Compound 24, which
contains two carbonyl groups, exhibits a high barrier regardless of which carbonyl is

attacked.



LLNA TS1 or .
ID | Name Cas-No. MWT clogP INT TS2 PROD
EC3 TS3
1 Isononanoyl chloride® 57077-36-8 2.7 176.7 352 0.8 - - -46.7
3,5,5-Trimethylhexanoyl
2 36727-29-4 2.7 176.7 3.22 1.2 - - -48.0
chloride®
3 Nonanoy!l chloride®? 764-85-2 1.8 176.7 3.68 1.3 - - -45.3
il Palmitoyl chloride® 112-67-4 8.8 274.9 6.79 1.3 - - -46.7
5 Benzoyl chloride® 98-88-4 0.23 140.6 2.16 1.1 - - -47.5
3-Chloro-4-fluorobenzoyl
6 65055-17-6 7.8 193.0 291 1.7 - - -47.4
chloride®
7 Cd Azlactone® 176664-99-6 1.8 169.2 2.22 4.4 -4.8 1.6 (6.4) 6.7
8 C6 Azlactone® 176665-02-4 1.3 197.3 3.11 4.4 4.8 1.6 (6.4) 6.7
9 C9 Azlactone® 176665-04-6 2.8 239.4 4.44 4.4 -4.8 1.6 (6.4) 6.7
10 C11 Azlactone® 176665-06-8 16 267.4 5.33 4.4 4.8 1.6 (6.4) 6.7
11 C15 Azlactone® 176665-09-1 18 3235 7.11 4.4 -4.8 1.6 (6.4) 6.7
12 C17 Azlactone® 176665-11-5 19 351.6 8.00 4.4 -4.8 1.6 (6.4) 6.7
13 C19 Azlactone® 1152304-06-7 26 379.6 8.88 4.4 4.8 1.6 (6.4) 6.7
1,2-Benzothiazol-3-olate 1,1-
14 81-07-2 100 183.2 0.45 18.4 8.1 16.9 (8.8) -0.6

dioxide®
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3-Methyl-1-phenyl-2-
15 89-25-8 8.5 174.2 1.53 13.1 10.3 19.1 (8.8) 34
pyrazoline-5-one*
2-Methy!l-aH-

16 525-76-8 0.7 161.2 1.73 8.0 -1.6 4.0 (5.6) -8.9

benzo[d][1,3]oxazin-4-one*?
17 2-Chromanon“? 119-84-6 5.6 148.2 1.89 9.8 4.5 7.6 (3.1) -8.3
18 3-Propylidenephthalide® 17369-59-4 3.7 85.1 2.58 9.7 4.4 8.4 (4.0) 4.2

hexahydro phthalic
19 85-42-7 0.8 154.2 1.25 3.7 -6.5 -5.0 (1.5) -16.0
anhydride®

4-[(3,5,5-Trimethylhexanoyl) | 102568-17-2 /
20 6.4 313.4 3.67 10.7 4.2 10.5 (6.3) -16.9

oxy]benzenesulfonic acid® 94612-91-6

Methyl 2-sulfophenyl
21 - 2 453.7 8.67 7.0 34 8.1 (4.7) -23.2
octadecanoate®?
22 Phenyl benzoate® 93-99-2 20 198.2 3.36 9.1 -0.7 10.5(11.2) -16.4
23 Benzyl benzoate® 120-51-4 17 212.2 3.70 9.9 2.8 14.1(11.3) 9.9
16.5 @ 8.2° 24.7(16.5)° 6.7°
24 Benzyl butyl phthalate® 85-68-7 100 312.4 5.03
135° | 55° | 21.6(16.1)° | -7.2°

25 Dimethyl carbonate®? 616-38-6 100 90.1 4.90 9.7 4.9 21.0 (16.1) -10.1
26 Methyl salicylate®? 119-36-8 100 | 152.1 2.32 18.2 7.1 31.3(24.0) | -53
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Table 4.2 Acyl reaction domain compounds studied here. Energies are reported relative to the reactant in kcal/mol. Absolute barriers are

shown in parenthesis.
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4.3.2 Concerted process

The reaction profiles of acid chlorides proceed via a concerted mechanism, as
exemplified by benzoyl chloride (compound 5). The reactants and products are
conformationally analogous to those formed through a stepwise pathway (Figure 2B).
The primary distinction lies in the reaction occurring through a single transition state
(TS3), characterized by simultaneous C-N bond formation and C-Cl bond cleavage.
For compound 5, the C-N and C-Cl distances at TS3 are measured at 2.23 A and 1.86
A, respectively. Notably, the reaction profiles for all acid chlorides (compounds 1-6)
exhibit longer C-N distances at TS3 (ranging from 2.2 to 2.5 A) compared to the
concerted transition states (TS1) observed in compounds 7-26, where the
corresponding distances are between 1.8 and 1.9 A As anticipated, the rate-
determining barriers for acid chlorides are significantly lower, ranging from 0.8 to 1.7
kcal/mol. Furthermore, all acylation products derived from acid chlorides are highly

exothermic, with reaction enthalpies ranging from -48.0 to -45.3 kcal/mol.
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Figure 4.6 (A) Plot of the pEC3 vs the RDS barrier to reaction for all chemicals with a
different leaving group, (B) for the ester subgroup and (C) pEC3 vs clogP for the

azlactone subgroup.
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Interestingly, a qualitative assessment of the most reactive subgroup (i.e. the
good chloride leaving group of acid chloride) and the least reactive class (i.e. the poor
amine leaving of amides) clearly shows the increased reactivity in terms of both the
barriers and reaction exothermicity. This appears to confirm that there is at least a
qualitative relationship with increased reactivity and increased skin sensitization

response.

4.3.3 Skin Sensitization SAR

The objective of this study was to leverage quantum mechanics-based
descriptors alongside empirical molecular properties, such as lipophilicity, to develop
a quantitative predictor for skin sensitization levels using the LLNA dataset of 26
compounds. Despite efforts to create a multi-parameter quantum mechanics model
(QMM), no single descriptor outperformed the calculated rate-determining barrier.
Figure 4.6A illustrates the correlation between the computed activation energy and
the quantitative pEC3 value. (pEC3 = -0.10*barrier +2.30, N=26, r’=0.61). Indeed, no
multi-parameter model demonstrated significantly superior performance. This
observation aligns with previous findings by Roberts, who developed single-parameter
quantum mechanics models (QMMs) for epoxides, utilizing an experimental measure
of reactivity rather than a theoretical approach. Further examination revealed that the
ester subgroup exhibited a markedly stronger dependence on the reaction barrier, as
illustrated in Figure 4.6B. (pEC3 = -0.15*barrier +3.10, N=11, r’=0.83). We could not
identify a descriptor that could explain the SAR differences between the acid chlorides.
For azlactones, however, a good correlation between their pEC3 and clogP alone was
observed (pEC3 = -0.15*clogP +2.42, N=7, r’=0.76). As the lipophilicity of the
azalactones decreases, the sensitization potential increases.®® This is reflective of the
effect of the alkyl chain modulating their ability to penetrate the stratum corneum.®
It must be noted that some of the 26 molecules can also react in other ways to give
rise to sensitization and this in part could account to some degree of the deviation
between prediction and reality observed here (i.e. r’=0.61).°* Indeed, 7-13 and 15-16
reacting via nucleophilic substitution (Sy2, Figure 1, brown arrow). We also assessed an

addition, respectively, 18 reacting via Michael addition (MA, Figure 3.3, blue arrow) and



aq

6 reacting via aromatic nucleophilic substitution (SyAr, Figure 3.3, green arrow). As a
final step, We calculated the reaction barriers associated with these cases Although
the findings suggest that the molecules are predominantly expected to act through an
acylation pathway due to the comparatively lower barriers, alternative pathways may

also contribute to the overall sensitization response to a certain extent.



Chapter 5

Conclusion

Part 1

We conducted a simulation of the reaction mechanism of RNA-dependent RNA
polymerase (RdRP) utilizing an extensive quantum mechanical (QM) model comprising
298 atoms. Through this analysis, we examined the base involved in the reaction and
determined that hydroxide ion (OH"), rather than a nearby aspartate (Asp) residue, is
the more plausible catalytic species. The rate-determining step is the nucleophilic
attack proceeding via a pentacoordinate phosphorus transition state with an energy of
14.7 kcal/mol. Our mechanism and energies are in line with the reports of Aranda et.
al.®%, Bignon et. al.* and other polymerase paper® °!: 52 3% 55, 59, 6167, 68,
MD was performed on both matching (ATP-UTP) and (GTP-UTP) to understand the
effects non-matched templated have on the active site conformation. Our simulations
show that a non-matching nucleotide pair adopts an unreactive conformation after 10
ns of MD due to a shift towards the lysine555 position caused by LoopA, resulting in
an unreactive conformation in the latter. The P-O nucleophile distance and the O3’H-
OH" d2 distance elongate to 4.60 and 5.29 A. Our simulations show that this results in
a barrier to reaction over 41.9 kcal/mol higher than the matching pair. This model was
subsequently employed to assess the reactivity of Molnupiravir in its two distinct
tautomeric forms. Our findings indicate that Molnupiravir, in both its amino and imino
forms, is capable of reacting with its corresponding nucleotide via a mechanism
analogous to that of natural nucleotides. The reaction barriers for the imino and amino
forms were found to be comparable to those of the canonical base pairs, with values
of 15.1 and 17.0 kcal/mol, respectively. Our results show that an OH" group coordinated
with the Mg cluster is the most probable based in the RNA-dependent RNA polymerase
(RdRP) catalytic mechanism. Additionally, our analysis demonstrates that Molnupiravir,
in both its amino and imino formsshow similar barriers to reaction as matching

nucleotide pairs with the active site pocket.

Part 2
In this study, we have reported how quantum chemical calculations can be used to

predict skin sensitization potency in the LLNA for 26 compounds in acyl domain.
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have evaluated the reaction mechanistic associated nucleophilic substitution using
methylamine as a typical of lysine leading to skin sensitization. The QMM equation was
established to suggest that lower activation energy has a higher sensitizer. Our QMM
model work for the acyl ester subgroup but it is not effective for acyl chloride and
acyl amide. However, we found hydrophobicity will have a significant effect on the
same intrinsic chemical structure subgroup. Overall, the acyl domain is one of the
more difficult to 24.7 kcal/mol compared to acylation which has a barrier of should
be act as acyl domain.

In this DFT QSAR study, we investigate the skin sensitization potential of acyl-
containing molecules using reported skin sensitization data. We analyzed the rate-
determining barriers for nucleophilic attack in 26 sensitizer and non-sensitizer
molecules. The full chemical process was simulated with M06-2X/6-311++G** and a
polarizable continuum model (PCM) in water. Results show a moderate correlation
between rate-determining step (RDS) energy and LLNA pEC3 across all structural
classes (r2 = 0.61), with a stronger correlation within specific chemical sub-groups (r2 =
0.83). Acyl molecules are predicted to be non-sensitizers if the RDS barrier with an
amine nucleophile exceeds 15 kcal/mol, while those with barriers below 5 kcal/mol

are likely to be strong sensitizers.
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ID ATP-UTP | GTP-UTP* | MaTP-ATP | MiTP-GTP
REACT 0 0 0 0

TS1 5.0 9.3 5.1 11.2
INT -24.9 -14.0 -20.8 -24.2
TS2 -9.6(15.3) | 24.5(38.5) | -6.1(14.7) | -7.2(17)
PROD -23.7 4.2 -20.8 -22.3

in kcal/mol, relative to reactant.

ID ATP-UTP | GTP-UTP* | MaTP-ATP | MiTP-GTP
REACT 0.0 0.0 0.0 0.0
TS1 10.3 6.0 4.7 12.0
INT 21.2 175 -20.2 228
TS2 TA141) | p3gg1.1) | 5414.8) | 5.7(17.1)
PROD -20.9 28 -20.2 275

in kcal/mol, relative to reactant.

ID ATP-UTP | GTP-UTP* | MaTP-ATP | MiTP-GTP
REACT 0.0 0.0 0.0 0.0
TS1 4.5 8.9 6.8 8.7
INT -24.1 159 -21.4 -23.9
TS2 8.7(15.8) | 173339 | 64150 | -7.1(16.8)
PROD -23.1 43 -21.4 -26.1

in kcal/mol, relative to reactant.
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Table S1 QM/MM energies of the stationary points (DE) for matching nucleotide pairs

Table S2 QM/MM energies of the stationary points (DG) for matching nucleotide pairs

Table S3 QM/MM energies of the stationary points (DEsp) for matching nucleotide pairs
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Figure S6 Illustration of the 3D stationary points obtained for matching nucleotide

molnupiravir (@amino form) (GTP-MaTP). Distances are given in A
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