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ABSTRACT

Pharmacogenomics, the foundation of personalized medicine distinguishes patients into different
categories based on their response to the risk of a disease. Cytochrome P450 (CYPs) proteins are
a family of enzymes critical in the metabolism of drugs and other substances. Genetic
polymorphisms in CYPs can result in different enzymatic activity in individuals influencing
the efficacy and toxicity of drugs. One of the CYPs which primarily metabolizes nicotine and other
pharmaceutical drugs such as Artemisinin and Artesunate, Pilocarpine, Valproic Acid and
Letrozole is CYP2A6. The gene encoding the protein is highly polymorphic and this can affect the
rate of metabolism of drugs in individuals. Previously most studies unveiled connections between
CYP2AG6 variants and nicotine. Implications concerning the effects of specific missense variations
in CYP2A6 drug metabolism have deficiencies. This study aimed to critically examine the
structural and functional implications of 13 CYP2A6 allele variations on CYP2A6 protein using
Bioinformatics techniques. Methods used were template selection, mutagenesis, parameter
assignment and protonation. Molecular Dynamics to get insights regarding protein behavior at an
atomic level, clustering to identify conformations during a simulation and DSSP for secondary
structure analysis to monitor how secondary structures evolve. Berendsen and Parinello-Rahman
barostats at production run were used for comparison. A global analysis was conducted to identify
structural transitions (RMSD, RMSF, and Rg), clustering, and secondary structure prediction.
Results from Berendsen barostat were inconsistent compared to Parrinello-Rahman barostat
implying that CYP2AG6 is sensitive to the pressure coupling parameter for precise and accurate
results. Our clustering results showed each system in one conformation, fluctuations and shifts on
the C-D, H-I loops and F, G, and L helices on variants [149M, F118l, K476R, and
E390K N418D_E419D. This indicated a potential loss of function limiting the protein’s ability to
conformational flexibility for catalysis and substrate recognition. Certain regions of CYP2A6
became more rigid due to variations, which could have a negative impact on the catalytic activity,
regulatory interactions, and general function of the enzyme in metabolism. Globally the variations
did not cause large changes to the protein, there is need for a local analysis using Dynamic Residue

Networks to study how residue interactions affect the function of CYP2AG6.
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CHAPTER 1: INTRODUCTION

1.1 Background

Pharmacogenomics is the pillar of personalized medicine [1] which distinguishes patients into
different categories depending on their response to drugs resulting from one’s genetic form. This
extends to different populations having different variants (pharmacodynamics effects) [2,3] that
affects drug metabolizing enzymes and transporters. How drugs are metabolized is very critical, it
serves a crucial role in determining drug targets for suitable and effective therapies (precision

medicine).

Gonzalez and Nebert [4] postulated that there are different drug metabolizers. Poor drug
metabolizers are individuals with two variant alleles, which fail to have an adequate operational
enzyme (decreased metabolism of drugs) and normal doses will result in drug toxicity. Most people
are normal metabolizers with alleles from two wild types (WT) and take the normal drug dose.
The Intermediate metabolizers possess both a WT allele and a variant allele. Lastly are the fast
metabolizers where increased metabolism results in drugs being disposed of faster than expected
and therefore these individuals need higher levels of dosages [5-9]. Reducing side effects and
increasing pharmacological efficiency can be achieved by guaranteeing that the therapy is directly
related to an individual's genetic makeup [10,11]. This takes us to drug potency and its efficacy

which is explained as an indication of strength [12] of the drug’s impact upon binding to its target.

The family of cytochrome P450 enzymes (CYPs) is largely responsible for the disintegration and
elimination of most natural, foreign, and therapeutics (xenobiotic) through interaction with a wide
range of chemically varied small compounds that form unique rates of metabolic processes [13].
Variations of human CYPs can cause metabolic abnormalities [5]. Proteins rely on the structural
properties for proper biological functioning making it very important to study the effects of these
variations. Understanding the structural components of proteins can guarantee safe therapies and

effective metabolism.



CYP enzymes involved in human metabolism are categorized into 18 families and 43 subfamilies
[14] as illustrated in Figure 1.1. Approximately 80% of FDA accepted drugs and over 50% of CYP
related drug metabolism are metabolized by CYP families 1, 2, and 3 [15]. These families comprise
CYPIAI1, CYP1A2, CYPIBI, CYPIDI, CYP2A6, CYP2A7, CYP2A13, CYP2B6, CYP2CS,
CYP2C9, CYP2C18, CYP2C19, CYP2D6, CYP2D7, CYP2EL, CYP2F1, CYP3A4, CYP3AS and
CYP3A7. In humans, the largest subfamily is CYP2 and is the most abundant member. It contains
key enzymes involved in the metabolism of several medicines, such as CYP2D6, CYP2C9,
CYP2C19 and CYP2B6. Furthermore, CYP2A6, CYP2B6, and CYP3A4 are extremely diverse
[16]. CYP2A6 enzyme, the largest member of the class 2 CYP family, from subfamily A, was the
subject of this investigation [17]. It consists of more closely related CYP2s than any other CYP2
subfamily, CYP2A7 (not functional) and CYP2A13 [18].

Figure 1.1. The CYP450 superfamily. In the family 2 subfamily A is CYP2A6, CYP2A7 and
CYP2A13. The protein of interest CYP2A6 is marked in red.



CYP2A6 is a monooxygenase transmembrane enzyme dominant in the liver [19,20]. The CYP2A6
enzyme is one of the most active members in the 2A subfamily however it has been described as
one of the most poorly understood CYP enzymes [21]. CYP2A6 lacks a comprehensive
understanding regarding its complex genetic diversity, broad range of substrates, and intricate
regulatory processes. The broader pharmacological and physiological functions have not been
thoroughly examined. This narrow focus has led to significant gaps in our knowledge of this
enzyme’s activity in various populations and situations. In contrast to CYP2D6 and CYP3A4,
CYP2A6 metabolizes only a handful of clinically utilized medications to a substantial degree [22].
CYP2A6 mainly metabolizes [23] about 3% of clinically authorized medications, which include
treatments for cancer, tuberculosis, and malaria which are extremely prevalent in Africa.
Variations in CYP2A6 function are an important clinical aspect since this enzyme takes part in the

metabolism or bioactivation of medicinal therapies [24,25].

1.2 Drug metabolism

Metabolism, medicine potency, dosage, and mode of administration are among the variables that
affect pharmacological effects. Drug metabolism has been defined as a very important process in
the human body and an aspect of medical practice and pharmacology [26,27]. To enable the
elimination of drugs via urine, the drug's highly lipophilic centres are changed to hydrophilic
centres, making the substance water soluble [28]. Metabolism can convert prodrugs as illustrated
in Figure 1.2 into active metabolites and this biotransformation primarily occurs in hepatocytes

cells. Drug metabolism is through phase I (modifications) and phase II (conjugation) [22,29].

Phase I metabolism is described as a modified set of predominantly reactive non-synthetic
processes mediated by CYPs [30,31]. Important subfamilies of CYP in Phase I include CYPI,
CYP2, and CYP3, particularly CYP1A2, CYP2D6, CYP2C9, CYP2C19, CYP2A6 and CYP3A4.
The purpose of these reactions is to transform water soluble lipophilic metabolites into polarized
substances by adding a polar functional group like hydroxyl R-OH [26]. Furthermore, these

interactions usually result in the formation of functional metabolites which allow prodrugs into



potent original drugs [32]. Phase I oxidation provides a functional reaction which renders the

ability to conjugate with a polar chemical in phase II [32].

Phase II employs the following conjugation reactions: glucuronidation by glucuronic acid,
acetylation by acetate, and sulfation by sulfate to create an inactive polar conjugate that will be
expelled from the body [33,34]. Phase I reactions allow conjugation reactions with an endogenous

substance of Phase II to take place [33].

Figure 1.2. Metabolism of xenobiotics. Phase I involves the metabolism of drugs to a
water-loving metabolite through reactions like oxidation, reduction, and hydrolysis. In the
phase II stage, the polar metabolites are further conjugated to become more hydrophilic for

easy excretion

An extended period of a drug in the body makes it toxic and should a drug leave the body rapidly,
it may not be effective thus phase [ metabolism might have been restricted. The rate of metabolism

of substrates is hindered by the massive personalized variations in CYP2A6 enzymatic activity. It



was reported that other aspects like age changes, gender differences, and relationships with other
hepatic enzymes, pharmacological, naturally occurring, and dietary compounds, cofactors, and
coenzymes contribute to the difference in enzyme reaction [35]. Mwenifumbo et al [36] revealed
that allele variations have different frequencies with the bulk of them having a clinical significance
to population genomics. The genetic polymorphisms within the CYP2A6 allele perform a
significant part in varying expression [23]. Thus, an inactive drug can be metabolically activated
and this generally affects the therapeutic impact. Understanding the enzymatic activity that is in a
seven-stage catalytic cycle is very important in drug metabolism for optimal pharmacological

intervention in individualized treatment.

Figure 1.3. The seven stages of the P450. From stages one to seven: substrate binding, iron
reduction, oxygen binding, activation, catalysis, product release, and iron oxidation

respectively then back to its original state for another cycle.



Modified efficacy, decreased metabolism, heightened formation of harmful metabolites, and
unfavorable drug interactions all contribute to increased toxicity, thus different drugs have
different pharmacokinetic statuses [37]. The CYP enzyme has a heme with an iron center whose
role is to insert molecular oxygen into activation. This is followed by the seven stages of the
catalytic cycle [38] illustrated in Figure 1.3. The primary function is to put the oxygen molecule
into a stable and hydrophobic compound [39]. All CYPs have a reduction role awaiting substrate
binding just before oxygen binding. First step; the CYP enzyme opens and the substrate binds to
it [40]. At this point, iron is often in the ferric form. The first iron reduction occurs in the second
stage, where redox partners provide the first two electrons. Fe?" is created when NAD(P)H uses
the electron transfer chain to transfer an electron to the heme. At this point, oxygen from the lungs
attaches itself to the Fe?" heme group, converting Fe** Oz to Fe**O,. The second reduction process,
which forms Fe**O,%", is the fourth stage. Fifth stage; O2% splits the oxygen link with two protons
to generate (Fe**0). In the sixth step, heme-bound oxygen atoms are moved to the substrate and

lastly, the product is released from the enzyme and returns to its original condition.

1.3 CYP2AG6 structure and function

The oxidoreductase class CYP2A6 is a monomer with four common beta sheets and twelve
common helices (designated A-L). The structure of CYP2A6 PDB ID: 2FDV (UniProt ID:
P11509) displayed in Figure 1.4 is found on the RCSB Protein Data Bank (PDB) database. The
catalytic portion of CYP450 enzymes contain heme iron centers which are important in the

catalytic cycle [41].



Substrate entrance
N terminal B

Oxyges
binding motif

C terminal

Figure 1.4. Crystal structure of CYP2A6 PDB ID: 2FDV presented in cartoon. Labelled A-L
are helices and the heme iron center is in red (A). Important secondary structures (B), for
substrate entrance is the B-C loop (royal blue) and F-G loop (green), F helix (dirty pink) and G
helix (green), the oxygen motif (magenta) in the K helix, I helix (yellow), signature sequence
(magenta), the EXXR motif (magenta) in the K helix and cysteine (CYS) (magenta) in the K-L

loop. structures were generated using PyMol software.

The CYP2AG6 crystal structure has residues starting from 30 to 494 residues. The N-terminal initial
29 residues were removed from the protein since the crystal structure of these residues did not
exhibit any systematic secondary structure. Each of the secondary structures displayed in Figure
1.4 B plays a role in the functioning of the CYP2A6 enzyme however the BC loop, the L - K loop,

helices F, G, C, K, L, and I have important functions summarized in Table 1.1.



TABLE 1.1.

IMPORTANT SECONDARY STRUCTURES IN CYP2A6 (PDB ID: 2FDV)

Secondary Function and position

structure

I and L helices Helix I contains the oxygen binding motif [42] and the catalytic site is
positioned between helix I and L.

B-C loop Substrate access to the catalytic site (residue 92-120) and are
more flexible

F-G helices Flexible helices that comprise the top portion of the catalytic site, holds

C, K, L helices

I helix

L-K loop

Signature sequence/
bulge region (L-K
loop)

CYPs in the membrane, they can alter conformation together with the F°
G’ helices to facilitate substrate entrance for enzymatic action (F

residues: 196-212, G residues: 233-256).

Interconnect with the redox partner (residues C: 121-137, L: 442-459)
K: 350-363 with glutamic acid, arginine motif EXXR on 358-361 [43]
I helix residues 288-319 have a greatly conserved motif (A/G)XXXT
important in CYPs catalytic cycle (activates and binds oxygen) [44,45]
accommodates the cysteine residue 439 [45]

FXXGXXXCXG [45] cysteine pocket
FSIGKRNCFG residues 432-441 and the most conserved region

CYP2AG6 has six Substrate Recognition Sites (SRS1- SRS6) [46-48], depicted in Figure 1.5 A. The

SRS sites are located within specific regions in the important functional sites (domains), SRS1 (B’

helix), SRS2 (F helix), SRS3 (G helix), SRS4 (I helix), SRS5 (Beta 4 sheet turn) and SRS6 (KL



loop). The SRS sites (SRS1, SRS4, SRSS, SRS6) attract and, houses the substrates allowing them
to gain recognition and interaction with the protein to bind and SRS sites SRS2 and SRS3 create

the access channel keeping the protein structure steady [49].

CYP2AG6’s catalytic domain in Figure 1.5 B consists of a small catalytic site that binds to tiny
substrates [50]. The catalytic site has a volume of 2.65 A and is in a closed conformation [50].
Maestro sitemap was used to predict the catalytic site residues: F107, F111, V117, F118, 1208,
F209, L241, N297, 1300, G301, T305, L370, and F480, displayed in Figure 1.5 B. The catalytic
site is hydrophobic except for residues T305 and N297 whose major role is hydrogen bonding for
substrate binding [50,51].

To depict the membrane-bound residues for CYP2AG6 structure, the Orientations of Proteins in
Membranes (OPM) database was used for Figure 1.5 C. CYP enzymes have contact with the
membrane surface through their N-terminal domain as demonstrated in Figure 1.5 C, allowing
liposoluble substrates to bind directly [24,25] to the catalytic site within the protein, however, the
nature of this association is still poorly known. For CYPs to catalyze reactions, they need electrons
from NADPH-cytochrome P450 reductase which is encased in the membrane protein [52]. For
CYP2A6 to remain active while upholding its structural integrity, the membrane domain
environment is important for keeping protein conformations open and providing an access tunnel

[53,54].



Figure 1.5. CYP2A6 important sites. Substrate Recognition Sites (SRS) SRS 1-6 which are
important for substrate specificity and binding are marked in red in the CYP2A6 structure (A).
Residues that form the catalytic site (B) are in the green stick model and in brown is the heme with
an iron center, nitrogen (blue), and oxygen (red). In Figure C are the residues anchored in the

membrane.
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The structural stability, interactions with substrates, and catalytic efficacy of membrane-bound
enzymes are significantly influenced by the membrane environment. The regions in the membrane
are hydrophobic: 39-43 in the N terminal loop and 226 and 229 in the G" and F" regions [48,49].
Sequences of atoms exhibiting extreme temperature factors connected to the protein membrane
and the catalytic region are recognized in transmembrane protein analysis as potential sites for

channel openings [55].

1.4 CYP2AG6 alleles and genetic polymorphisms

CYP2AG is highly polymorphic, indicating a high degree of inter-ethnic variation; to date, there
are more than 48 known allelic variants for CYP2A6 enzyme including their sub-alleles from

PharmVar database (https://www.pharmvar.org/gene/CYP2A6, accessed 13 March 2024). The

majority of these CYP2A6 polymorphisms are non-synonymous SNP alleles with decreased
enzyme activity as summarized in a review for sources of variations including *5, *7, *17, *18,
*21, *23, *25, and *35 [56]. These genetic polymorphisms have a significant impact on drug
metabolism. Since most drugs are not tested on diverse individuals this leads to limited efficacy

and drug toxicity [57,58].

The African population variants have recently proved that they have an important role to play [59]
in affecting the metabolism of antimalarial as well as antituberculosis. Tanner and colleagues [60]
demonstrated the significance of African population variants in modifying the metabolism of
medications like antituberculosis and antimalarials. CYP2A6*1B variations, where the active
metabolite dihydroartemisinin was considered to be the reason, results indicated greater
deleterious effects in prodrug artesunate [61]. Variations with the highest frequencies in the
African population for CYP2A6 alleles (CYP2A6*17, CYP2A6*23, CYP2A6*25, and
CYP2A6*28) metabolized antimalarial and anti-tuberculosis drugs [62]. CYP2A6*17 was found
in African populations with 11.9% higher than the American and Asian populations with less than
0.6% [36,15]. According to Ho et al [62], CYP2A6*23 was only detected in the African

population, with a frequency of 2%.

It seems the genetic variety and population success has been well investigated in European and

Asian populations. There is an underrepresentation and lack of evidence concerning genetic

11
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variations and population accomplishments among the African population [7] resulting in more
vulnerability to adverse drug effects, rare and infectious diseases [8]. These previous studies have

shown that populations have distinct variants; medications cannot be one size fits all.

Individualized treatment plans might enhance the effectiveness of treating illnesses in distinct
populations. The global community could benefit from personalized healthcare if genetic
differences in different population groups are better understood. This would bridge the gap in
making knowledgeable decisions about the appropriate dosage and tailor-made therapies that can
suit individual patients following their genetic makeup. This study’s focus is on investigating how

the novel CYP2AG6 variants affect the structure and function of the CYP2AG6 protein.
1.5 Problem Statement

Africa has been found to contain a higher diversity of CYP enzymes than the rest of the globe
[63], with novel alleles, which is consistent with the continent's high genetic diversity [59,63-65].
Most therapeutic drugs have been tested on European populations but distinct populations have
different allele variants. The high polymorphic nature of CYP2A6 and the rate of drug metabolism
give different clinical consequences increasing the risk of adverse effects or death [66,67].
Variations have been reported to affect metabolic activity. Understanding how the variations affect

the structure and function of the CYP2A6 gene is important.
1.6 Aims, Objectives and Hypothesis

1.6.1 Aims

The study aimed to critically examine the structural and functional implications of 13 CYP2A6
allele variations on CYP2A6 by carrying out Molecular Dynamics simulations (MDs) which
reveal the structural dynamics to help us get more understanding of variation effects on the

enzyme's behaviour. The aim was broken down into objectives to make it attainable.

1.6.2 Objectives:

e Template identification: Retrieval of CYP2AG6 identifier protein from the RCSB PDB
database (Chapter 2).
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e Allele identification: Selecting CYP2AG6 star alleles from the PharmVar database according

to a set selection criterion (Chapter 2).

e Mutagenesis: Introducing each missense variation to the WT to generate 13 allele

mutations using Discovery Studio Visualizer (Chapter 2).

e Metal parameterization: to protonate and assign heme and protein parameters to the

AMBER force field (Chapter 3).

e MD simulation: to study the structural changes regarding the initial structure using

GROMACS (Chapter 3).

e Conduct global analysis: to analyze the equilibration status of the protein using Root Mean
Square Deviations (RMSD), the region of fluctuation in the protein with Root Mean Square
Fluctuations (RMSF) and to measure compactness using radius of gyration (Rg) (Chapter

3).

e (lustering: to investigate conformational sampling of the variant and the reference

CYP2AG6 protein with AMBERTools (Chapter 3).

e Prediction of secondary structure: to investigate the changes to the secondary structure as

a result of variant presence on the protein using a DSSP script (Chapter 3)

1.6.3 Knowledge gap and the Hypothesis

e Implications concerning the effects of specific missense variations in CYP2A6 drug

metabolism are not yet understood.

e Missense variations affect the structure and function of the CYP2A6 enzyme. If variations
are introduced to the reference structure, structural and functional changes are expected in

the mutant structure.
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CHAPTER 2: TEMPLATE SELECTION AND MUTAGENESIS

2.1 Introduction

This chapter covers how we identified the initial structure to use as a template in this study. Getting
a good quality structure was more important for accurate Molecular Dynamics results which are
interpretable and reproducible. The RCSB Protein Data Bank (PDB) database was used to get the
initial structure. Next was the selection of the alleles from the PharmVar database and then finally
the introduction of the variations to the reference structure using BIOVIA Discovery Studio. The

results show the selected structure in 2D and the site for the variations introduced.

2.2 Methodology

2.2.1 Identifying the reference structure

A query was performed on the freely accessible PDB database using the UniProt accession number
P11509 to find a list of structures similarly connected to the CYP2A6 enzyme [64]. The query
generated a match of eleven structures: 2FDW, 17210, 1211, 2FDVU, 2FDV, 2FDY, 3EBS, 3T3Q,
3T3R, 4EJJ and 4RUI. The search was limited to scientific names: oxidoreductase, source of
organisms to be Homo Sapiens, experimental method: x-ray diffraction, and a higher resolution
(1.5 A -2.0 A). Four structures out of eleven matched the search: 1210, 2FDU, 2FDV and 2FDY.
Further analysis was performed to check for missing residues in the non-terminal regions using
PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrodinger, LLC) which

is a common protein molecular viewer [68] .

The four structures were aligned in one PyMOL session and they all superimposed. Of the four
structures, PDB ID: 2FDV had the highest resolution of 1.65 A, and was selected for this study.
Visual inspection of the template on PyMOL revealed missing residues on the N-terminal and the
C-terminal and to validate this we checked the PDB file REMARKS section which showed the
same missing residues. Missing residues can be a result of a disordered region that is highly

flexible and mobile which gives a challenge in X-ray crystallography in determining the exact
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positions of residues in the protein [7,69,70]. Since the missing residues were on the terminals
there was no need to model the structure. A study on missing residues reported that the resolution
of a protein structure is related to the percentage of missing residues, a resolution ranging between
1.50 A - 1.75 A was predicted to have ~5.5% missing residues [69,70] which in this case gives
~27 missing residues. Considering a standard error of +2 this was in agreement with the 29 initial
missing residues and four last residues for CYP2A6. The N-terminal and the C-terminal are
anchored in the transmembrane and the structure is not regular. The next step was allele

identification.
2.2.2 Allele identification

To make sure we identify the appropriate alleles from the PharmVar database that address our
biological question and the African population alleles under investigation, stringent screening
procedures were use [68]. Not every allele variation would result in noticeable changes to the
structure and functionality of the CYP2A6 enzyme. The selection criteria disregarded deleterious
genes, pseudogenes (non-functional genes), frame shifts (alters frame reading), 3'-Untranslated
Region (3'UTR) conversions (changes the expression) and favored missense variations which
result in decreased or increased activity [71,72]. Alleles that were still in preparation and variations
not within range (residues 30-494) were not included in the selection. PharmVar is a curated
database and also articles that present in vitro and in vivo experiments on the novel alleles serve
as the validation for the identified alleles. Results of the selected alleles were presented in Table

2.2 with their respective enzymatic activities and the population frequencies.

2.2.3 Preparation of CYP2AG6 allele structures

The amino acid modifications were added to the reference structure via site-directed mutagenesis
using BIOVIA Discovery Studio 2021. The selected structure PDB ID: 2FDV was opened in
Discovery studio and a hierarchical table with all the residues in the structure was selected. The
residues of interest were selected using the Macromolecule tool and an option to choose the
required residue. To mutate residues, the Build and Edit Protein tool was used to choose the

required amino acid. Validation of mutagenesis was done by checking if the sequence has the
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mutated amino acid at the correct position as well as the correct amino acid abbreviation. This was

done for the alleles identified for the study.

2.3 Results and discussion

The study aimed to investigate how the missense variations affect the structure and function of
CYP2AG6. Table 2.1 presents the alleles that were not considered for this study because they did

not have missense variations. Most of these alleles were in the 3'UTR conversion category.

TABLE 2.1
THE DISREGARDED ALLELES

Nature of allele CYP2AG6 variants

No function and deleterious CYP2A6*2, CYP2A6*4, CYP2A6*5, CYP2A6*12,
CYP2A6*20, CYP2A6*34

Frame shifts, 3’UTR conversion, cyp2A6*5, CYP2A6*7, CYP2A6*8, CYP2A6*10,

and alleles in preparation CYP2A6*19, CYP2A6*24, CYP2A6*28, CYP2A6*35,
CYP2A6*36, CYP2A6*37, CYP2A6*36, CYP2A6*42,
CYP2A6*46, CYP2A6*48, CYP2A6*49, CYP2A6*51,
CYP2A6*52, CYP2A6*54, CYP2A6*56, CYPA6*50

Allele variation off-range CYP2A6*13 (G5R), CYP2A6*14 (S29N), CYP2A6*31
(M6L)

From the search 13 alleles out of more than 43 alleles were identified, retrieved from PharmVar,
and presented in Table 2.2. The following is a list of the selected alleles in Table 2.2: *6, *11, *
16, *17, *18, *21, *22, *23, *25, *38, *40, *41, and *44. Two alleles (*16 and *21) have a normal

activity and the rest have a decreased activity.

Alleles with a decreased function and only found in the African population were: CYP2A6*17
with the highest frequency of 7.3%-10.5%, CYP2A6*25, and CYP2A6*23 [36, 56, 65]. Other
alleles found in the African population are CYP2A6*16 and CYP2A6*21, both with a normal
function. Most of the alleles belong to other populations like Caucasians and Asians. The clinical

consequences were based on nicotine metabolism experiments with substrates like coumarin
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[73,74] so there might be a probability that the clinical consequences may differ with specific
substrates [75].

TABLE 2.2
SELECTED CYP2A6 ALLELES

CYP2A6* Amino Clinical Frequency References
Alleles acid consequenc populations
variation e

CYP2A6*6 R128Q decreased 0.4% Japanese
[76]

CYP2A6*11 S224P decreased 0.5-0.7%
Japanese and [77]
Korean

CYP2A6*16 R203S normal 0.3-3.6%
Caucasian [78]

0-1.7% African

CYP2A6*17 V365M decreased 7.3-10.5%
African [79]

CYP2A6*18 Y392F decreased 0.3-2.3%
Caucasian [80]

0.3-0.5% Korean

CYP2A6*21 K476R normal 0.5-2.3%
Caucasian [62,81]

0.6-0.7%
African

CYP2A6%*22 DI158E, decreased <0.3%
L1601 Caucasian [81]

CYP2A6%*23 R203C decreased 1-2% African
only [62]
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CYP2A6%*25

CYP2A6*38

CYP2A6*39

CYP2A6*40

CYP2A6*44

F118L

Y351H

V68M

[149M

E390K
N418D,
E419D

decreased

decreased

decreased

decreased

decreased

Only in African

European

0.6% African

[36]

[82]

[83]
[83]

[83]

The location of the variations introduced to the reference structure is shown in Figure 2.1. The
variants F118L and K476R are in the catalytic site, R128Q, R203C, R203S, V365M and S224P
are located close to the catalytic site and E390K, Y392F, V68M, Y476R, N418D, E419D, Y351H,
DI58E, L1601, 1149M are around the outer active state region. The location of variations: R203C
and R203S on helix F, S224P; helix G’, DI58E L1601 and 1149M; D helix, Y392F; Beta sheet 1,

V68M; Beta sheet 2, V365M; K K loop and Y351H; K helix [50].
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Figure 2.1. Location of CYP2A6 (PDB ID: 2FDV) variants. The colorful spheres mark the
position of each variant on the structure (A). Residues that make the active site are in
brown rectangles, letters A-L represent the helices’ position in the sequence and the orange

arrows show residues embedded in the membrane (B)
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2.4 Expected reaction of variations with regards to amino acids
properties

CYP2AG6 ionizable residues can determine the protein structure, functions, and catalytic site by
altering the stability, interactions, and solubility of the protein [84]. Amino acids have amino,
carboxyl, and the R group (side chain) [85] except for Glycine (G) which is achiral. In this study
we aimed at investigating how CYP2A6 missense variations R203C, R128Q, D158E L1601,
E390D, E419D, Y351H, K476R, S224P, R203S, Y392F, V68M, FI1I18L and
E390K N418D E419D affect the structure and function of CYP2A®6. In the presence of variations,
amino acids can result in alteration of physicochemical properties, size, charges, residue

interactions, hydrogen bonding patterns, and protein stability [86].

The log of a negative Hydronium ion (-H") measures the hydrogen ion concentration and that is
the pH [87]. The chemical structure of an acid determines its probability of being ionized and this
differs across acids ranging from strong to weak. That measure of strength is its pK, value, where
‘K’ is the dissociation constant and ‘a’ is the molecule group. A higher pK, value represents a
weak acid and the lower the pK, value the stronger the acid. There is a connection between pK,

and pH as illustrated in Equation 2.1:

- [4-]
pH =pK., + log HA]

Equation 2.1. The relationship between pK, and pH demonstrated by the Henderson
Hasselbalch equation [88, 89], where: pH = -log[H"], pKa = -log[ka], [A —]: conjugate base,

[HA]: acid concentration

An increase in pH increases the chances of acid deprotonating. A pH lower than the pK, value
will have a greater than half protonated acid (inequality (1)), if pK|, is less than the pH value then
protonated acid will be less than half (inequality (ii)) and if the two are equal then it implies half
protonated and half deprotonated (inequality (iii)). The relationship between pK, and the pH has

a great influence on the degree of deprotonation.

pH <pKa. - %< protonated acid (i)
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pH > pK, - % > protonated acid (i1)
pH = pKa = protonated acid = % = deprotonated acid (iii)

A pH shift, below or above 7.45 can impact the body’s acid-base balance in patients which may

cause metabolic disorders [90,91].

Hydrophilic amino acids Serine (S), Arginine (R), Aspartic acid (D), Glutamic acid (E), Histidine
(H), Lysine (K), and Threonine (T) are expected to interact with solvents on the surface of the
protein structure maintaining protein stability [92-94]. Impacts on the stability and function of the
protein may be a result of surface alterations [95]. According to Spyrakis et al [96], water has many
roles in protein dynamics which include hydrogen bonding being modulated by water to potentially
accessible ranges. There may be possibilities of getting impacts on structure and function from
variants R203C, R128Q, D158E, E390D, E419D, Y351H, K476R, and S224P which had a

hydrophilic status before substitution.

On the other hand, hydrophobic residues are in charge of enzymatic reactions in the catalytic site
and establishing a binding site for non-polar molecules [96,97]. In the core of a protein are
hydrophobic residues, Glycine (G), Phenylalanine (F), Tyrosine (T), Valine (V), Alanine (A),
Isoleucine (I), Methionine (M), and special cases Proline (P) and Cysteine (C) [98]. A possible
impact is expected following the substitution of F118L located in the hydrophobic core and SRS1.
But because they have similar properties, both are hydrophobic, non-polar and have a neutral
charge, the substitution may be tolerated. Phenylalanine contains a phenyl group while Leucine
has an isobutyl group and this suggests that both are less likely to form Hydrogen bonds but

hydrophobic interactions are expected.

Protein stability is expected to be altered in R203C, Cysteine is more hydrophobic than Arginine
which is involved in ionic interaction. The replacement with Cysteine can create hydrogen bonds
because it contains a sulphyl group (-SH). Hydrogen bonding patterns are expected to change. In

general variation R203C may affect the protein structure in terms of protein stability and folding.

In the substitution of R203S, R is positively charged and S is neutral it is reasonable to expect a

charge loss because the substitution can alter substrate binding and enzymatic activity. While R
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has a guanidium group that can form ionic contacts and hydrogen bonds, there may be changes to

those connections since S has a hydroxyl group that forms hydrogen bonds.

Opening and closing confirmation on the substrate entrance F and G helices is mainly controlled
by the physicochemical properties of residues and the structural orientation of the F* and G region
[99]. S224P is located in the F* helix, R203C, and R203S are in the F helix region and this suggests
that these substitutions may affect the function and structure of the secondary structures at the
substrate access channel. Interaction changes in the residues, stability of the protein, and clashes

due to changes in size can be expected.

When Proline (P), which has a non-polar cyclic structure, replaces Serine (S224P) which is polar
[100], hydrogen bonds may be destroyed, which may also have an impact on the stability of the
protein. The substitution can bring a loss in hydrogen bonds suggesting that substrate interactions
(recognition and binding) can be affected. S224P substitution also changes S from small to P
medium size. Due to Proline's rigidity [86], changes in residue-residue interactions are expected

to impact the protein conformation.

Glutamic acid and Lysine are some of the polar-charged amino acids important in keeping the
protein stable [101]. Glutamic acid (E) substitution with Lysine (K) (E390K) located in the beta
sheets surface may influence protein folding. Glutamic acid is negatively charged and can form
hydrogen bonds while Lysine can form both hydrogen bonds and ionic interactions, a salt bridge
is likely to be created. A change in the hydrogen patterns may disrupt the formation of a salt bridge.
Glutamic acid is medium size and Lysine is large, the substitution may result in steric conflicts

that can change protein conformations.

Glutamic acid (E) and Aspartate (D) (E390D) have the same physicochemical properties, both are
hydrophilic, acidic, same size, and have the same charges. This suggests that the impact of this
substitution may be tolerant. The same applies to K476R variation, Lysine (K) to Arginine (R)
substitution they have similar properties, hydrophilic, basic, positively charged, and a small
difference in the pKa (Lysine (~10.5), Arginine (~12.5)). The substitution may not impact many
changes in the structure and function of the protein. However, Arginine can form more hydrogen

bonds because of the guanidino and the carboxyl group than Lysine with -NH2 group [102].
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Valine to Methionine substitution V365M (SRS5) and V68M (beta sheets surface) is classified as
a radical replacement. Methionine is a large amino acid with sulfur in the side chain while Valine
is a medium size aliphatic amino acid and both are hydrophobic and have neutral charges. The size
change may denature the protein structure and with similar properties, this may make the

substitution withstand the consequences.

Amino acids influence the preference of effective interactions needed for the protein to function
properly [103]. Certain amino acids exhibit a like towards a specific secondary structure and this
excludes Arginine, Glutamate, and Lysine which appear stable in most conformations. Most
Glutamate and Alanine molecules are helices than any other type of secondary structure,
Threonine, Cysteine, Phenylalanine, and Valine favor strands while Glycine, Proline, and Serine

have a significant preference for turns or coils [104].

2.5 Conclusion

A total of 13 CYP2AG6 alleles with designated clinical significance were identified from the
PharmVar database. Of these, eleven were pathogenic, two were benign (R203S, K476R).
Variations were then added to the reference structure CYP2A6 protein (PDB ID: 2FDV). The
behavior of amino acid substitution was linked to their properties. Due to different
physicochemical properties and functions in amino acids, substitutions can result in changes in the
confirmation, substrate interactions, loss of charges, protein stability, hydrogen bonding,
enzymatic activities, steric clashes and no significant changes if similar properties. Conclusively,
amino acid properties play a major role in the effects of variations on the structure and function of
a protein. Since CYP2A6 has a heme metal iron at its core, the next chapter looks at protonation,
assignment of heme parameters to the force field, running Molecular Dynamics simulations (MDs)

and the global analysis to address the research question.
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CHAPTER 3: PARAMETER ASSIGNMENT AND MD
SIMULATIONS

3.1 Introduction

Previous investigations have demonstrated that metal ions actively regulate the amount of heme
present in cells [89]. This chapter explains the rationale for having metal parameterization,
indicates the importance of setting up the correct parameters, and how force field parameters were
set in this study. In this chapter, we show how AMBER techniques were used to pass parameters
to protein, heme (HEM), and iron (Fe) centers. This step was required to maintain the Fe?" in the
heme in the catalytic site to fulfil the catalytic purpose. MDs technique was employed to
investigate the changes in the structure and the conformations in CYP2AG6 concerning the reference
structure. MD simulations were done using the GROMACS protocol. Calculations for Root Mean
Square Deviation (RMSD), Root Mean Square Fluctuations (RMSF), and Radius of Gyration (Rg)

were done for the global analysis followed by clustering and prediction of secondary structures.
3.2 Assignment of heme parameters to the force field

3.2.1 The Amber Force Field

The term "force field" (FF) refers to a collection of mathematical equations (Hamiltonian)
constructed from a variety of parameters to characterize the energy of the protein systems
according to the location of its atoms in MD simulations [105-107]. Commonly utilized
biomolecular FF include OPLS-AA, CHARMM, GROMOS, and AMBER [108]. Researchers
regard Assisted Model Building with Energy Refinement (AMBER) as a dependable stable
software that is powerful and distinctive [108]. This is because previous studies demonstrated that
AMBER FF in MDs faithfully mimics the kinetic and structural characteristics of a wide range of

canonical and non-canonical nucleic acids in water [109-111].

Wang et al [112] developed and experimented with General Amber FF (GAFF) which is an
extension of Amber FF. Included in AMBER is GAFF and an antechamber tool enabling the
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generation of AMBER FF template for any given molecule and the MCPB.py (Python-based metal
parameter builder) [113] which allows for the development of reliable FF for simulating many
different metal ions. This makes AMBER a powerful tool in pharmaceuticals with parameters for
small molecules [113]. Quantum mechanics can be adjusted to determine bond distance [114],
dihedral angles [115,116], partial charges [117], and van der Waals [118] parameters for individual
atoms using metal properties [119,120]. AMBER FF14SB parameters are more adaptable to
diverse protein simulations that incorporate heme proteins and are compatible with capturing the

distinctive characteristics of heme proteins [112,121,122,105,106] compared to other FF.
3.2.2 The heme domain and the metal parameters

CYPs contain heme-b type which is a cytotoxic, hydrophobic, prosthetic element of proteins that
function in xenobiotic metabolism, oxygen pathways, and preservation in CYP enzymes
[123,125]. The heme group illustrated in Figure 3.1, presents a complex molecule with a porphyrin
ring and an iron atom center found in CYP450 enzymes [126]. The catalytic process of CYP450
enzymes is influenced by the heme compound and a cysteine (CYS) residue which are crucial to
the molecular makeup and operation of these enzymes. Varfaj's work [127], however, found an
indirect connection between CYS residues and the heme binding. Fe is useful in systems of life
because of its capacity to transition between the ferrous (Fe** ) and ferric (Fe*") forms, while
excessive levels can be adverse, [128]. The Fe** center coordination displayed by the CYP2A6
enzyme is deficiently described by the current AMBER FF parameters.
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Figure 3.1. The structure of the heme. Illustrated is the pophyrin ring (orange), iron center
(brown) is held by nitrogen atoms in blue. The CYS residue in sticks (pink) connection to

the heme for the catalytic process.

Chebon-Bore and colleagues [129] investigated the effects of resistant variations on Cytb-ISP in
the bilayer membrane. They validated the derived force field parameters for the heme using MD
simulations and their results were consistent and reliable for usage in membrane MD simulations.
In this current study, Fe?* parameters were adopted from Chebon-Bore et al [129] discussed in the

methodology section.

3.2.3 Methodology

3.2.3.1 Protein structure protonation

Figure 3.2 shows all steps followed in the protonation process. Coordinates of chain A, the heme,
and iron (Fe) of the reference protein (PDB ID: 2FDV) for the selected 13 variations were
separated into different files. The reduce command was used to remove hydrogens and the ATOM
sequence of all protein structures was extracted and added to new folders. The Heme group was

extracted and added to a new file. Fe was separated from the heme group and pasted into a new
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file. The heme was protonated using the reduce command and added to a new folder. The

protonated heme was cleaned and renumbered using pdb4amber

Protonation of the unconjugated protein was done using H++ software at pH 7.4 which is the
average pH of blood in humans and mimics the effective environment for metabolic processes.
H++ results gave the protonated protein coordinates (*.crd) and topologies (*.top) which were

downloaded for further processing.

Figure 3.2. Metal parameterization flow diagram. The initial structure is prepared,
protonated using H++ server at ph7.4 and force field parameters are fitted into the final

protein complex. The parameters are validated using MD simulations.

Using the ambpdb command, the topology and coordinate protein files were concatenated into a
single file. The line with “END” was removed from the protonated protein. The three files, protein
complex, HEM, and Fe were concatenated into a new complex. This complex file was cleaned and

renumbered using pdb4amber and added to a new final complex file. The parameterized residues
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were given custom names edited as depicted in Table 3.1 to avoid confusing the names and prevent
conflicts with the built-in FF so that they match with the cyp tleap.in file parameter names.

Residue numbers were renumbered to include the correct parameters in the leap file.

TABLE 3.1
RESIDUE CUSTOM NAMES
Residue Custom name
CYS CM1
HEM HMI1
Fe FE1

Next was the solvation step to explain the integrity, sustainability, and electrostatics of the aqueous
environment as well as the interactions between macromolecules [15]. The distance utilized to
create a periodic border box has a significant impact on both the number of atoms and the
simulation's duration [129]. The t-leap file was modified to include the final protein complex pdb
file, correct coordinates of Fe and parameters, box shape: box, box distance: 12.0 A [130], protein:

ff14SB, heme: GAFF and water model: TIP3P.

AnteChamber Python Parser interface (ACPYPE) [131] tool was used to change the resulting
system files to be compatible with GROMACS generating a *.gro file for the structure, *.top for
the topology and *.itp. The mdp files were downloaded from GROMACS tutorial

https://manual.gromacs.org/5.1/user-guide/mdp-options.html and edited to suit the required time

of simulation and barostats (Berendsen and Parinello-Rahman) for the production run in MDs.

3.3 MD simulations

3.3.1 GROMACS-Based Molecular Dynamics

Research needs, user preferences, and the type of structure on investigation may control the
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decision to choose between the software [132]. Although there are many open-source tools [133]
for MD simulations, including AMBER, CHARMM (Chemistry at HARvard Molecular
Mechanics), NAMD (NAnoscale Molecular Dynamics), the GROMACS (GROningen MAchine
for Chemical Simulation) [134] software was our choice which best suite goals of this study.
GROMACS is a highly preferred software involving all types of MD based on pair possibilities
since calculations for non-bonded contacts may be performed with the selected MD tool [121-
123]. GROMACS is typically employed on biological molecules with observable as well as
complicated bonded interactions. GROMACS’s ability to work with multiple FFs and proteins
displayed its compatible relevance to this study [134].

3.3.2 Rationale for MD simulations

MDs are effective in modeling, binding free energy prediction, and providing detailed information
on the structure and function of CYPs regardless of their ligands [137]. Previous studies
demonstrated the applicability of MDs [138] and how critical they are to structural dynamic
investigations for further understanding of protein conformational behavior, flexibility,

interactions, and stability [138-142].

Following an extensive comprehension of the physics directing interatomic interactions, MDs are
powerful in predicting the motion of each atom in a protein complex over time [140]. Based on
interatomic connections, we use MDs to determine the atom's motion and behavior in time and
space [140]. This method allows for the clarification of the protein's dynamics and stability. Its
applicability to various systems from liquids to biomolecules makes them diverse in studying an

appropriate analysis.

3.3.3 Steps in MDs

The preparation step, solvation was done in the previous chapter, where the topology, structure,
and position restraint files were generated [132]. During solvation, there was an addition of solvent
molecules to residues and that experience imposed unfavorable interconnections between
molecules. In this chapter, energy minimization, equilibration then production run [143] were
followed in the respective order. Energy minimization was done to relax the system stabilizing the

protein. During energy minimization, the solute (protein) molecules are placed in the simulation
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box but this placement can be randomly done causing instability of atoms. At this stage, the system
is not stable and is not a natural representation anymore [144]. Atoms are capable of clashing
resulting in bond distortions. To predict the arrangement of molecular atoms the total energy of
the system is minimized. This step uses the steepest descent algorithm (gradient descent). A
minimum point is selected, set initial iterative counting at zero (m=0), a gradient (steepest) is
calculated at a point for each iteration (m), and then descend (step down the gradient opposing the

direction) based on the step size [145].

During equilibration, the system needs to be brought to the required temperature [146] for a well-
equilibrated starting point for the production MD simulation. This is done by continuously
increasing the temperature of the system. The aim was to observe stable predictable properties
across time, these include variations in energy, pressure, and temperature. This allows the system
to adapt to the temperature change and prevents sudden shock to the system. Lastly is the

production run.

3.3.4 Methodology

MDs were carried out utilizing the GROMACS 2018 version 6 program on the GPU cluster of the
Center for High Performance Computing (CHPC), Cape Town, South Africa. A total of 13 proteins
and the WT were simulated using uniform parameters to examine the effects of variations on
CYP2AG6 [147]. Minimization was done at an energy step size of 0.0001 and 50000 steps for each
mutant and the holo WT up to a maximum force of 1000 kj/mol/nm until convergence.
Convergence was verified, whether the gradient approached zero, if not converged the algorithm
would repeat the process. The model was then simulated under desired conditions, constant
temperature constant volume ensemble (NVT ensemble) [148] with a reference temperature of
300K for each group (protein, cysteine, iron, and heme) and constant temperature constant pressure
(NPT ensemble) at 1 bar pressure [149]. This was to ensure that the solute molecules adjust to the
new environment. The NPT ensemble production run used the leapfrog integrator, the neighbor
searching algorithm, and Berendsen barostat [ 149] t-coupling to ensure that the system progressed
toward a stable state. The systems had a rcoulomb cut-off of 1.2 nm and a rvdw cut-off of 1.2 nm.
The MDs were done using different barostats at the production run (Berendsen and Parrinello-

Rahman) to determine the standards of our results. MDs were run for 300ns, a total number of 150
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000 000 steps and a time step of 0.002 ps with 8 core-nodes. A gmx trjconv command was used to

center and remove jumps and rotations before making calculations.
3.3.5 Post MD local analysis of trajectories

GROMACS analysis tools gmx energy, gmx rmsf, gmx rms, and gmx gyrate were used for RMSD,
RMSF, and Rg calculations [150] from the MD simulations to generate xvg files used to create
graphs. Visualization tools; xmgrace, matplotlib for the line plots, seaborn for the violin plots, and
the heatmap were used to create the graphs. Visual Molecular Dynamics (VMD) software was
used to view the conformational changes for all the systems and as preparation for the analysis of

the proteins after MD simulations [151].

To study the structural similarity between the holo WT and mutants, RMSD was used [152]. The
calculated RMSD values measure the average distance between matching atoms in a simulated
trajectory [153]. First was a check for consistency on the WT runs in both the Berendsen barostat
and Parrinello barostat sample results. The line plots display how much the mutant system structure
had deviated from the reference structure. Structural deviations were expected because of
variations introduced to the structure as discussed in Chapter 2. Because line plots do not show the
RMSD distributions, violin plots were utilized to exhibit the distribution of RMSD values and the
summary statistics between the WT and the mutants [154]. These violin plots combine density
charts which show each peak reflecting the frequency of the data points in each region, with a box

plot inscribed in the peak to indicate the mean and maximum quartiles [155].

RMSF is how much a residue moves from the expected average thus the flexibility of a residue,
how much it has moved from its initial position with regards to C-alpha [152]. It calculates a
quantity's fluctuations around its mean value across an allocated duration of the simulation. An

unstable residue has higher mobility and, thus flexibility and the RMSF value is high.

Clustering is an unsupervised machine learning model, in a molecular simulation context, it means
grouping the data according to a similar neighborhood showing the same confirmations at a
specified cut-off [156]. To resolve an imbalance in the data which usually causes analysis and
interpretation of large systems like MD simulations hard to do, clustering was done. In clustering,

different algorithms like K-Means [157], density based (DBSCAN) [158], and the hierarchical
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agglomerative algorithm [159] can be used. In this study, clustering was done using AMBER tools,
cpptraj script, and then aligning the clusters using PyMOL. The bottom-up approach (hierarchical
agglomerative algorithm) [159,160] regards each data point as its cluster, clusters of shortest
distance merge to form another cluster, repeating this to form an overall cluster with all
observations. It uses an average-linkage between two clusters based on distance to create sub-
clusters. Confirmations were set using a distance between the L helix (442-459), and the CYS438

and was set to get a default of three conformational clusters.

We hypothesized that there would be structural changes because of the variations. We used an
important Bioinformatics tool, the DSSP program for predicting secondary structures [161] to
create plots for visualizing secondary structural changes. DSSP states were assigned to the
coordinates according to their probabilities (in percentages) of occurring at respective residues in
the protein: Loop (L), 310-helix (G), helix-turn (T), a-helix (H), beta-sheet (extended (E)), beta
bridge (B), bend (S) and the n-helix (I) [162,163]. DSSP allocates every residue to one out of the
eight states largely mostly on hydrogen bonding arrangements and certain geometric restrictions.
A DSSP script was used to run an interactive mode using gromacs 2023.2 and a csv file was

generated to make graphs for the assigned structures.

3.3.6 Validation of parameters

It was important to test the success of the heme parameters assigned to the force fields which were
aimed at holding Fe in the heme. To validate the heme parameters set, 100ns MDs were run for
the reference structure using the GPU and CPU clusters. The purpose of this validation was to
check if the heme stayed in place during the MD simulations before extending the time for MDs
to 300ns. Results showed consistency in all runs however the GPU cluster was faster than the CPU

cluster so an extension of the MDs to 300ns was done using the GPU discussed in the next section.
3.3.7 Barostats used at production run (Berendsen vs Parrinello-Rahman results)

A comparison of RMSD violin plots for Parrinello-Rahman (A) and Berendsen (B) results is
illustrated in Figure 3.3.1. Both results show that WT runs were consistent for both Berendsen and

Parinello throughout the simulation showing stability. Most systems like [149M, S224P, Y351H,
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K476R, and F118L in Berendsen results exhibited different distributions across the respective runs
compared to Parinello results which showed similar distributions in most systems. This suggested
the inconsistency of Berendsen barostat findings. RMSD values for Parinello-Rahman systems
ranged from 0.075nm (0.7 A) to 0.25nm (0.2 A) and was the same for Berendsen. Parrinello results

were consistent compared to Berendsen results.

Figure 3.3.1. Comparison of RMSD distribution. Different barostats were used during the
production run, Parinello-Rahman barostat (A) and Berendsen barostat (B). In both systems marked
in red are the reference structures and the runs for each variant are presented in the same color. The

clinical consequence for the variations is decreased activity (brown) and normal activity (magenta).

The heatmap in Figure 3.3.2 displayed information on the fluctuating regions. The Berendsen
heat map (B) showed many darker regions which suggest more fluctuations as compared to

the Parinello barostat results (A).
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Figure 3.3.2. Normalized heatmap fluctuations at each residue. Berendsen at production run
results (A). Parinello-Rahman at production run, RMSF results (B). The color scale is from

0-1 depicting that the darker the color the more fluctuating the residue is.
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This suggested that Berendsen results in most regions were not stable. The C-D loop, H-I
loop, J-K loop, and I-K loop were the most fluctuating in both barostat results as expected
since loop regions have the highest mobility due to their biological roles. Measuring
consistency, fluctuating regions are supposed to be uniform across all the runs for each
system. However, it was observed that Berendsen heatmap showed more inconsistent
fluctuations making it hard to analyze. The use of Berendsen barostat may be the reason for

too many fluctuations in the systems.

Figure 3.3.3 shows the gyration plots illustrating the spread of mass distribution from the
center of mass. From our results, both barostats indicate compact distributions which
suggests stability in the protein structures. Rg values were small ranging from 2.26nm to
2.30nm indicating rigidity and that the protein structures were more folded and ordered.

There were not many differences noted in Rg between the two barostats.

The comparison gave evidence that MD simulation results can be affected by simulation
settings such as barostats [164]. In this study, using Berendsen at the production run was not
appropriate as it affected the MD results and analysis negatively. The structural analysis is a
bit biased because of the inconsistency of the results making reproducibility of these results
unguaranteed. According to the GROMACS 5.1.1 guide on MD parameters, because it is a
weak coupling method, Berendsen barostat is good at relaxing systems rapidly which makes
it very effective in equilibration and not recommended for production run. No further
analysis was done with the Berendsen barostat results in this study; instead, we continued

with the global analysis of Parrinello-Rahman barostat [139] results.
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Figure 3.3.3. Rg plots comparison of Parinello-Rahman (A) and Berendsen

barostat results (B). The plots show the compactness of the residues.
3.4 Results and Discussion

3.4.1 Structural alterations exhibited as a result of variations

3.4.1.1 RMSD analysis

Results in Figure 3.4 were grouped into three-time steps: Ons-300ns, 50ns-300ns, and 150ns-
300ns to see when the systems equilibrated since at the beginning of the simulation the
system may not be stable. The analysis was based on 150ns-300ns as most systems
converged after 150ns as depicted on the violin and line plots in the supplementary Figure
S2 which was an indication that the systems had reached a stable state. Results also showed

satisfactory parameterization that Fe?" remained anchored in the heme in the catalytic site
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during the entire MD simulation.

The line plots did not show much detail on how the RMSD values are distributed on each
mutant system so to observe the small changes in the variant structures with time we analyzed
the Kernel distribution of the RMSD values using the violin plots in Figure 3.4. RMSD
values ranged from 1A-2A, the difference was not significant suggesting small changes in
the variant structures. From the outcome, most variant systems remained in the same

conformation throughout the MDs.

Figure 3.4. The Kernel distribution of RMSD values. The plots are for different
time steps. In red are the reference structures and the variant replicate runs are in
the same colors. The left arrow shows systems with decreased activity and on the

right are the normal activity systems.
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When compared to the reference structure, these variants displayed minor variations, either
a slight increase or decrease in RMSD values and the mean distribution. Both the increased
and decreased function systems were stable and the RMSD distributions were unimodal for
all the systems after 150ns. R203S with a normal activity, located in the F helix’s SRSI,
results showed stability of the system and the RMSD distribution looked more similar to the
WT system. This suggests that they may have the same function. This appears to be
consistent with R203S in vivo experimental test results reported by Tong et al [165], that
variant R203S had no alteration in the catalytic activity it had a normal function. Our results
showed that K476R tagged normal activity, had the highest RMSD values across the whole
system but they were stable. In vivo, results from a previous study [166], showed that
nicotine metabolism decreased function systems however our results did not show similar
results of normal activity as suggested. An explanation for this is that different substrates
may have different catalytic activity, in this study we used a holo system which can give us

different results. [149M and E390K N418D E419D had slightly different distributions.

All the systems were in one conformation except for K476R's second run with two bumps
which disappear when it equilibrates after 150ns. Decreased function systems such as R203C
and Y392F displayed similar RMSD distributions as the reference structure which
contradicts the in vivo experiments where R203C and Y393F are said to have a decreased
function and not a normal function. In general, RMSD values showed small structural
deviations in the variant structure when compared with the reference structure. This was in
agreement with a previous study by Kato et al. [48] who asserted that there were no major
differences observed in a short time simulation but after 400 ns. It would be interesting to
run MDs over 400ns to see if there would be any significant changes. RMSD alone gave
information about the equilibration and RMSD values distribution, RMSF calculations
allowed for analysis of the residues in fluctuation and the results are depicted in Figure 3.5

in the next section.
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3.4.1.2 RMSF Analysis

Generally, residues in the regions 390-400 (K" region), 278-290 (H-I loop), and 135-145 (C-
D loop) showed higher fluctuations (Figure 3.5) and this was expected as loops are always
moving carrying out their biological roles. R128Q displayed more fluctuations around
residue 50 and 120 when compared to all the systems suggesting that they were not stable.
Other decreased function variations, F118L, and 1149M also showed more flexibility in the
residues. These fluctuations may have caused other alterations like shifts in other functional
secondary structures. Normal activity R203S showed the least flexible regions as compared
to the reference structure and other variants. Most of the decreased function systems showed

more flexibility as compared to the normal function systems.

Figure 3.5. A normalized heatmap showing fluctuations in residues during MD
simulations. The darker regions in orange color represent the most fluctuating
residues concerning the system. The color scale measures how much the residue

fluctuates.
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Yes, RMSD violin plots showed unimodal distributions but clustering would confirm more
about the fluctuations and conformations, to get true representatives of the allele variant

systems.

3.4.2 Clustering Analysis

Results from clustering in Figure 3.6 showed three clusters for each of the systems, however
quality analysis of results was important. Careful evaluation of each cluster percentage was
considered, the other two clusters for each system had very few frames and the fraction
percentages were very low as displayed in Table S1 (Supplementary material). It was not
ethical to consider the other two clusters, rather we considered clusters with = 30% and
disregarded clusters with lower percentages. From our results, only one cluster dominated in
each of the systems and was used as the representative cluster. The WTs were aligned and
results showed an RMSD of 1.248 A showing no significant differences and suggesting that
the conformation was similar. After aligning the variant clusters with the WTs, the RMSD
values ranged from 0.968A - 1.801A as in the supplementary material Table S2, which

showed little difference.

Results depicted in Figure 3.6, decreased activity systems 1149M (A), F118L (C),
E390K 418D 419D (D), and normal activity variation K476R (B) showed some differences
in the representative cluster structures compared to the WT. These differences were on the
C-D loops, H-I loops, K’ helix, and shifts in the F and G helices as illustrated in Figure 3.6.
Variation E390K N418D E419D showed differences in the C-D loop and H-I loop and
shifts in the ‘B’ helix. The C-D loop in variations N418D and E419D promotes a structural

alteration in the substrate binding location and the substrate entry channel [48].
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Shifts were noticed on K476R on F and, G helices and the H-I loop. Residue F118L is one
of the residues that form the catalytic site and 1149M is close to the catalytic site; they both
had shifts on the F and G helices. Flexibility on these helices which are connected to the F°
and G helices allows the opening and closing of the substrate entrance allowing movements
that may end up in shifts on the helices. This was also noted in a previous related study where
F118L was said to have side chain shifts away from the heme during MD simulation, having
an impact on secondary structure formation and interactions with substrates and heme [48].
Most of the aligned structures (Figure 3.7) had no significant differences in structure

regarding the WT.

Figure 3.6. Representative clusters that showed differences. Reference structures (green
and cyan) and the variants were aligned using PyMoL to show the differences in

structures 1149M, F118L, E390K N418D E419D and K476R.
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Conclusive to clustering results all the systems were in one conformation; a few systems
showed some differences in structure while in most systems there were no significant
differences noted. However, no matter how slight a change in the protein structure is, it may

also result in modifications to the catalytic site [13] and other secondary structures.

Wt_1 cluster Green
Wt_2 cluster Cyan

Figure 3.7. Representative clusters with no significant differences. Superimposed
variants with the reference structures, Wt_1 and Wt_2 are in green and cyan for all

the systems.

3.4.3 Structural change using Define Secondary Structure Prediction (DSSP)

Comparisons of variants against the reference structural elements were done for all 13
systems and results are displayed in Figure 3.8 (A-E): R203C, 1149M, F118L,
E390K N418D E419D, K476R, and those with no significant differences are in the
supplementary material Figures S5 — S12.
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Figure 3.8. Differences in secondary structures. The reference structures (WT 1, WT 2) and
the variants R203C, 1149M, F118L, E390K N418D E419D, and K476R are presented in plots
A-E respectively. The colors show secondary structure conformations at each residue (x-axis)
and the percentages (y-axis) depict the probability of a secondary structure forming at a specific
residue. On the legends, the letters represent amino acid states, B (residue in isolate), C (beta
bridge), E (extended strand), G (31, helix), H (alpha helix), I (pi helix), P (polyproline helix), S
(bend) and T (hydrogen bonded turn). The black rectangle highlights the region with

differences.

Our results show that the reference structure at residues around 439-445 (L helix and KL loop
region) there was a secondary structure conformation of ~50% 34 helix (yellow), ~15% hydrogen
bond (jet black), and ~35% alpha helix (sky blue). On the same region in variations A-E (Figure
3.8), there was a different orientation in the secondary structure conformations. The variant
structures showed a loss of the 3, helix. The substitution of Arginine with Cysteine, R203C, as
predicted in Chapter 2 can result in structural changes, agreed with the DSSP analysis. The 34,
helix could have disrupted the likelihood of Cysteine forming a hydrogen bond resulting in an

altered hydrogen bonding pattern thereby impacting a structural change and loss of the 3, helix.

45



Variant [149M (Figure 3.8 B) had a higher percentage of a hydrogen bond turn forming (~70%)
and at some point, the secondary structure existed as a bend (~30%). Again, there was a loss in the
310 helix and the alpha helix which existed in the reference structure. F118L displayed a higher
percent of an alpha helix and a loss in the 3;, helix. In variant E390K_N418D E419D there was
aloss of the 31, helix and it showed more of a hydrogen-bonded turn. The presence of a Cysteine
residue (439) might be the reason for a hydrogen bond turn formed in these variants. Besides
Cysteine being polar, and having the ability to form hydrogen bonds, its small size and flexibility
properties contribute to a high probability of a turn conformation. On the sequence, on residues
438-443 (NCFGEQG), there are turn-loving residues Asparagine (N), Cysteine (C) and Glycine (G)

which increase the likelihood of a structure conformation to a hydrogen bond turn.

In the same region the variant K476R with normal activity and close to the catalytic site, presented
in Figure 3.8 E displayed a very high percent of an alpha helix (blue) dominating in that region
and there was a loss of the 319 helix and conformation to a hydrogen-bonded turn (grey). As
predicted in Chapter 2, Arginine substitution can form hydrogen bonds which can participate in
the turn formation by imposing rigidness while stabilizing the turn conformation. A related study
demonstrated that variation CYP2A6*21: K476R has a minimum effect on the catalytic functions
[167] and their results showed non-significant structural changes in K476R variation and a loss of

H bond.

All five systems have a decreased activity except for K476R with a normal function. The location
of the five systems: 1149M (D helix, SRS1), R203C (F helix, SRS2), F118L (B'C loop, SRS1),
E390K N418D E419D (K'L loop, beta-sheet surface) and K476R (L loop) play a role in the
successful functioning of the protein. The B'C loop is close to the F F* loop and this region opens
and closes the access channel for the substrates to interact with the catalytic site. Around the B'C
loop, the F and FF" loop could be more channels since the region is part of SRS1 and SRS2. The
DSSP approach was in agreement with the results from the heatmap (Figure 3.9) where these five
systems showed higher fluctuations in that same region. This suggests that residues around 439-
443 were not stable. The fluctuations might have been caused by the movements at the access
channel opening or closing orientation impacting the variations located in such regions. The region

which showed differences is a section of the L helix and I loop that borders the catalytic site and
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contains the oxygen binding motif. F118L is in the catalytic site, K476R is close to the catalytic

site and all the other systems are scattered around outside the catalytic site.

There may be something common linking these five variations. We need to understand more about
the changes exhibited by the five systems on the access channels for this protein. The secondary
structure prediction has shown structural changes but there is a need to further investigate these

five variants at residue level.

Figure 3.9. The fluctuations exhibited by the five systems with secondary structural changes

from DSSP results. The yellow rectangles highlight the variation and the region of fluctuation.

3.4.4 Radius of Gyration (Rg) Analysis

The Radius of Gyration measures the distance between the atoms to their center of mass [167].
Assessing how a protein structure is tightly confined (compactness) or how loose it is in a three-
dimensional arrangement during MD simulation defines Rg. A conformational change [168] can

give a change in Rg distance after ligand binding [169]. The results for Rg are shown in Figure
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3.9.1. The findings demonstrate the compactness of the residues. From the violin plots the Kernel
distributions look similar to the wild types. None of the Rg distances exceeded 2nm showing little
changes in the Rg distance therefore there may not be much conformational changes in the

structures, maybe because there is no ligand binding to the protein.

Figure 3.9.1. Radius of gyration violin plots showing the compactness of the residues

3.5 Conclusion

Parameterization was done to include the parameters for both the protein and the heme in the FF
so that the heme does not leave the protein during MDs. The protonation condition of the protein,
the FF, parameters utilized, and equilibration of the system have a significant impact on the quality

of MDs. MD simulations were successful in providing information on the global structural

alterations, how packed the residues are, and their flexibility. MD simulation also validated our
parameters as the heme remained intact in the catalytic site. RMSD results showed very small
deviations between the reference structure and most mutant systems. Loop regions showed the
highest fluctuations as expected. All the mutants were in one conformation and showed a few

differences after clustering. DSSP results revealed changes in secondary structure in residues close
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to the cysteine pocket. The global analysis did not give the functional effects, there is need for a
further investigation at the residue level (local analysis) for the five systems that showed structural

differences.
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CHAPTER 4: CONCLUSION

4.1 General conclusion and forthcoming initiatives

This study aimed to investigate the effects of variations in the CYP2A6 allele focusing on the
protein structure and function. The study hypothesized that the presence of the variations would
cause structural changes in the CYP2AG6. Little is understood about how CYP2A6 missense
variations affect the structure and function of the CYP2A6 enzyme. There is also inadequate
knowledge of how Afrocentric missense variations impact the structure of CYP2A6 which is
mainly involved in the catalysis of drugs. The research was worth studying as CYP2A6°s
polymorphic state is known to affect the metabolism of drugs such as cancer, malaria, and TB
which may cause side effects due to the rate of enzymatic activity differing from each individual
and each population[77, 170-172]. It would greatly give more understanding of conformational
dynamics and the functions of CYP2AG6 so that therapies are tailor-made to reduce the risk of drug
effects. Conformational dynamics in CYP2A6 are linked to personalized medicine in that the
variations in CYP2A6 activity affect the rate of metabolism differently in individuals because of
distinct genetic profiles that influence therapeutic responses. This helps the individuals get the

right dose specifically following the rate of metabolism for effective therapy.

4.1.2 Chapter 2

Chapter 2 was a search for a good quality reference structure and selected PDB ID: 2FDV. A list
of 13 missense variations was accessed from PharmVar where two of them (K476R and R203S)
had a normal function and the rest had a decreased function. With BIOVIA, mutagenesis of 13

allele variants was constructed.

4.1.3 Chapter 3

In Chapter 3, the main idea was to assign heme and protein parameters to the FF where all the
systems were protonated and mimicked a human CYP enzyme environment important for the MD
simulations to get reliable results. MD simulations run for 300ns were used to observe the
structural changes. At the production run, Berendsen and Parinello-Rahman parameters were used

separately on each system. The Berendsen results gave unstable results as reflected on RMSD
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violin plots in Figure 3.3.1 with a weird third or second run. Going forth, Parinello-Rahman's
results were used for analysis. RMSD, RMSF, and Rg were calculated to check for deviations,
fluctuations, and compactness respectively comparing the reference structure to each of the 13

systems.

4.1.4 Main Outcomes

Outcomes from MD simulations may help predict modifications to structure in CYP2A6 mutants
and offer important insights into pharmacogenetics. RMSD results in general did not show many
deviations between the reference structure and the mutant structures except for a few. Fluctuations
were noted on loop regions which was expected and five systems had higher fluctuations around
residues 439-443 suggesting instability. Variations might have caused the fluctuations noted on
other residues. Clustering results showed one cluster for each mutant and changes were noted
mainly on the GI and HI loop and shifts on the C, F, and G helices. Clustering did not give much
detail on structural transition as compared to DSSP analysis for secondary structure prediction.
Variations at K476R, F118L, 1149M E390K N418D_ E419D, and R203C may have affected the
L helix (442-459) and K-L loop (432-441) secondary structure. The L helix is very important in
maintaining the stability of the structure and variations can alter and destabilize the structure.
According to our results, we can report that the variations may have an impact on the structure of
CYP2AG6 as hypothesized in this study. Further research is needed to investigate if there is any link

between residue interactions for the five systems which exhibited structural changes.

This study was able to unveil structural changes imposed by variations on CYP2A6 and no matter
how small they are, they can have a big impact on the catalytic site. From our findings the five
systems residue interactions need to be investigated, why they behaved the same in the same
region. Further investigation on variation impacts on CYP2A6 function could give a deeper
clarification on the residue interactions during MD simulation in the catalytic site. To provide
enough information on the effect of variations on the function of the CYP2A6 gene, the Dynamic
Residue Network (DRN) approach [173] is recommended for future study. In the future MDs

might need to be extended to 400 or 500 ns to investigate any significant change.
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SUPPLEMENTARY MATERIAL

Figure S1. The RMSD line plots from 150ns to 300ns (Berendsen at production run results)
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Figure S2. The RMSD line plots from 150ns to 300ns (Parinello-Rahman at production run
results)
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Figure S3. Rg plots to measure the compactness of residues (Berendsen results)
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Figure S4. Fluctuations on residues (Parinello results). The most fluctuating regions are

highlighted in orange
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Figure S5. DSSP results for R203S. Secondary structure differences variant compared to the
reference structure (WT 1, WT 2)
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Figure S6. S224P DSSP results

75



Figure S7. Y392F DSSP results
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Figure S8. Y351H DSSP results
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Figure S9. R128Q DSSP results
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Figure S10. D158E_L160I DSSP results
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Figure S11. V365M DSSP results
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Figure S12. V68M DSSP results
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TABLE S1.

Cluster percentages for each system

Protein Cluster 1 Cluster 2 Cluster 3
percentage percentage percentage
WT 1 0.946 0.053 0.000
WT 2 0.913 0.059 0.028
DISSE L1601 1 0.997 0.003 0.000
DIS8E L1601 2 0.836 0.123 0.041
E390K N418D E419D 1 0.977 0.012 0.011
E390K N418D E419D 2 0.993 0.045 0.021
F118L 1 0.979 0.020 0.001
F118L 2 0.929 0.052 0.019
1149M 1 0.946 0.052 0.002
1149M 2 0.972 0.028 0.000
K476R 2 0.990 0.005 0.005
K476R 2 0.992 0.008 0.000
R128Q 1 0.977 0.020 0.004
R128Q 2 0.590 0.409 0.001
R203C 1 0.995 0.005 0.000
R203C 2 0.999 0.001 0.000
R203S 1 0.972 0.016 0.012
R203S 2 0.998 0.002 0.000
S224P 1 0.982 0.018 0.000
S224P 2 0.975 0.025 0.000
V68M _1 0.965 0.035 0.000
V68M 2 0.976 0.023 0.001
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V365M_1 0.989 0.007 0.004
V365M_2 0.940 0.060 0.000
Y351F 1 0.980 0.015 0.004
Y351F 2 1.000 0.000 0.000
Y392F 1 0.975 0.024 0.001
Y392F 2 0.890 0.086 0.024
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TABLE S2.

RMSD values after aligning the WT and representative mutant clusters

System RMSD value RMSD value
system vs WT_1 system vs WT_2

WT 1 0 1.248

WT 2 1.248 0

DI158E L1601 1 1.294 1.229

DI58E L1601 2 1.213 1.292

Y351H 1 1.169 1.519
Y351H 2 1.112 1.327
E390K N418D E419 D 1 1.353 1.451
E390K_N418D E419 D 2 1.090 1.307

S224P 1 1.341 1.613

S224pP 2 1.215 1.512

R203C 1 1.228 1.295

R203C 2 1.267 1.472

R203S 1 1.164 1.351

R203S 2 1.187 1.249

V68M 1 1.137 1.259

V68M 2 0.968 1.387

R128Q 1 1.133 1.381
R128Q 2 cluster 1 1.436 1.617
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R128Q 2 cluster 2 1.575 1.470
V365M 1 1.218 1.309
V365M 2 1.022 1.372
Y392F 1 1.251 1.269
Y392F 2 1.229 1.272
1149M 1 1.245 1.296
1149M 2 1.034 1.381
F118L 1 1.588 1.801
F118L 2 1.094 1.005
K476R 1 1.266 1.551
K476R 2 1.218 1.265
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