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Abstract 
 

Pharmacogenomics is a field of study that involves the association of genes involved in drug 

metabolism with drug response. The CYP2D6 gene is important for drug metabolism. 

Different studies have identified a number of variations in the CYP2D6 gene in African 

populations with potential functional impact. The aim was to gain insights of how missense 

variants found in sub-Saharan African populations may potentially impact the functionality of 

the CYP2D6 enzyme, with focus on a drug commonly used in Africa. Fifty missense variants 

identified in African populations were selected using the PharmVAR, and GnomAD 

databases. Missense variants were prioritised for molecular dynamics using the Structural 

Workflow for Annotating ADME gene Targets (SWAAT) and the H3Africa dataset to identify 

variants that are more common in Africa and have a potential significant impact on drug 

metabolism. Missense variants which were exceptions to the prioritisation criterion were also 

selected for molecular dynamics assessments. The complex CYP2D6/thioridazines structure 

was used to run the molecular dynamics simulations as the reference structure and for the 

selected variants. A total of 10 missense variants were selected for molecular dynamics 

assessment. From the 10, only Y355C, P34S and R365H were destabilising according to all 

the SWAAT features. The MD results showed how the 10 missense variants may affect the 

stability, flexibility, secondary structure and mobility of the enzyme. These findings may be 

used to expand our knowledge in pharmacogenomics which may be used to enhance 

precision medicine in Africa. 
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Chapter 1: Introduction 
 

Precision medicine is an emerging approach that has been implemented to optimise the 

efficiency of medicine and reduce adverse drug reactions. Several factors are considered 

when implementing precision medicine, these include, genetic factors, environmental factors, 

age, lifestyle and sex. Genetic factors have shown to contribute to the implications of 

administered drugs on patients. The aim of relating an individual’s genotype and drug 

response is referred to as pharmacogenomics. Pharmacogenomics studies have been 

performed to enhance the efficiency of precision medicine; however, African populations 

have been underrepresented. As a result, more studies are required for African populations to 

enhance the effectiveness of precision medicine in Africa. Among a number of genes 

involved in drug metabolism, the CYP2D6 gene plays a critical role in the metabolism of a 

number of drugs such as anti-cancer drugs and analgesics which are commonly used in 

Africa. This study provides an insight into the implications of some missense variants on the 

activity of the CYP2D6 enzyme using structural bioinformatics approaches which may 

provide a better understanding on the implications of the variants on the phenotype of the 

individual. Moreover, the study identifies potentially damaging missense variants which may 

be potentially used as biomarkers for treatment guidelines in African populations, thus, 

enhancing precision medicine applications in Africa. 

 

1.1 Precision Medicine 

Beneficence and non-maleficence are two bioethics principles that should guide in health care 

to optimise therapeutic benefit and minimise toxicity from medical treatment (Beauchamp 

and Childress, 2019). In South Africa, an observational study reported that approximately 

6.3% of admitted patients were hospitalised due to adverse drug reactions (ADRs), while an 

additional 6.3% of patients experienced significant ADRs within the hospital (Terblanche, 

2018). Table 1.1 shows the number of individual case safety reports (ICSRs) in several 

African countries and the percentage of the total ICSRs in Africa from VigiBase by 2015 

(Ampadu et al., 2016). In addition, 3.5% of admissions in hospitals resulted from ADRs and 

~197,000 deaths occurred annually in Europe as a result of ADRs (Khalil and Huang, 2020). 

Furthermore, according to Duncan et al., (2020), there are a number of drugs that have been 

reported to be potentially non-beneficial to some patients. 
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Precision medicine is a new approach which large amount of data generated daily in the 

healthcare system are used to provide the most effective treatment or preventive care, at the 

right time, to the patients that will benefit the most from it (Gameiro et al., 2018). This 

method incorporates a number of factors that are considered prior to the treatment process 

(Zia et al., 2013). These factors include the patient’s age, gender, lifestyle and genome. As a 

result of these factors, individuals with the same condition may respond differently to the 

same drug as depicted in Figure 1.1 (Gill et al., 2021). 

 

Table 1.1: Reported ICSRs in some African countries. 

Country No. of ICSRs from 

VigiBase 

Percentage of the total 

ICSRs in Africa according 

to VigiBase 

South Africa  28 609 27.64 

Morocco 17 231 16.65 

Nigeria 10 590 10.23 

Egypt 8 474 8.19 

Kenya 8 440 8.15 

Tunisia 6 990 6.75 

Democratic Republic of 

Congo 

5 558 5.37 

Ghana 2 900 2.80 

Zimbabwe 2 155 2.08 

Eritrea 1 982 1.91 

(Ampadu et al., 2016) 

 

Pharmacogenomics (PGx) aims to relate genetic variation with drug response amongst 

different individuals with studies that focus on ADME genes, which are a group of genes that 

encode proteins involved in the absorption, distribution, metabolism and excretion of drugs 

(SkaricJuric et al., 2018; Madian et al., 2012). 
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Figure 1.1: Diagram showing how a group of individuals with the same diagnosis and same medication 

may respond differently to the particular treatment. The possible outcomes of the treatment include a good 

response (shown on the top left subgroup), partial drug response (shown on the bottom left subgroup), adverse 

drug reaction (shown on the top right) and no response (shown on the bottom right) (Figure was taken from Gill 

et al., 2021) https://creativecommons.org/licenses/by/4.0/. 

 

1.2 Cytochrome P450 Enzyme Roles and the CYP2D6 Genetic Variants 

Among the proteins involved in drug metabolism, a group of enzymes called the Cytochrome 

P450s (CYPs) are synthesised mainly in the liver and several other tissues. They are divided 

into 18 families and 43 subfamilies according to the similarity of their sequences. Families 1, 

2 and 3 play a role in the metabolism of drugs and xenobiotics (Preissner et al., 2013). These 

enzymes are membrane-attached proteins that play a role in numerous biotransformation 

processes within the endoplasmic reticulum and mitochondria. Figure 1.2 illustrates how a 

membrane-attached Cytochrome P450 enzyme (CYP3A4) may interact with the membrane. 

The membranes influence the behaviour of these proteins which may change the opening 

pattern of the access or egress channels as well as the substrate transport into or out of the 

enzyme’s active site and the interaction with redox partners facilitated by electrostatic 

interactions (Srejber et al., 2018). Furthermore, most of these enzymes metabolise more than 

one drug (Figure 1.3b) and some drugs could be metabolised by more than one CYP. In 

addition, only CYPs are responsible for activating prodrugs which are drugs that are 
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converted into active drugs prior to having a pharmacological effect (Preissner et al., 2013). 

Cytochrome P450 2D6 (CYP2D6) has the highest number of single nucleotide 

polymorphisms (SNPs) and metabolises the second highest number of drugs Figure 1.3a.  

 

 

Figure 1.2: Diagram showing a membrane-attached cytochrome P450 enzyme (CYP3A4). Also shown is 

the enzyme’s substrate, WARF (warfarin), and the heme group (Figure was taken from Lonsdale et al., 2014). 

 

a)                                                                     b)                                                     

   

Figure 1.3: Diagram showing the number of known SNPs per CYP (shown on the left) and the number of 

drugs metabolised per CYP (shown on the right). The enzyme with the highest number of known SNPs is 

CYP2D6 (shown in a) and the enzyme with the highest number of substrates (drugs), shown in b, is CYP3A4 

(Figure was taken from Preissner et al., 2013). 
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Most genetic studies have been conducted on non-African populations, therefore, leading to a 

dearth of data pertaining to African populations. In addition, African populations show a high 

genetic diversity (Tucci and Akey, 2019). For these reasons, this study focuses on African 

populations to enhance the efficiency of precision medicine in African populations by 

expanding the knowledge of pharmacogenomics in the context of Africa.  

 

CYP2D6 is involved in drug metabolisation of several drugs, members of different families 

(Table 1.2) including, but not limited to, anti-cancer, anti-psychotic and analgesic drugs 

(Wang et al., 2015; Taylor et al., 2020). Furthermore, drugs such as metoprolol are mainly 

metabolised by CYP2D6 while drugs such as verapamil may be alternatively metabolised by 

another CYP450 enzyme known as CYP2C8 (Whirl-Carrillo et al., 2012). 

 

Table 1.2: A list of some CYP2D6 substrates 

Substrates Drug family 

Codeine Analgesic 

Desipramine Anti-depressant 

Fluoxetine Anti-depressant 

Imipramine Anti-depressant 

Metoprolol ꞵ-blocker 

Tamoxifen Anti-cancer 

Thioridazine Anti-psychotic 

Zuclopenthixol Anti-psychotic 

(Wang et al., 2015; Taylor et al., 2020). 

 

Several studies have reported how genetic variants of the CYP2D6 gene impact the 

functionality of the enzyme. The four possible phenotypes for drug response are ultra-rapid 

metabolisers (UM), normal metabolisers (NM), intermediate metabolisers (IM) and poor 

metabolisers (PM) (Jarvis et al., 2019). These phenotypes occur as a result of a combination 

of alleles which are usually classified according to the star-allele nomenclature which is a 

system that is commonly used for the designation of the ADME gene alleles. In many cases, 

the *1 denotes the wildtype (WT) allele while other star alleles such as *2 and *3 represent 

alleles that harbour at least one variant (Kalman et al., 2017).  
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As shown in Table 1.3, different types of variants have been reported in the CYP2D6 

enzyme. These include frameshift, stop gain, splicing defects and missense variants. The 

CYP2D6 star alleles are characterised by core variants which are also shown in Table 1.3. 

African populations have a high frequency of the *17 and *29 alleles and these are 

characterised by missense variants (Zhou et al., 2017). Furthermore, missense variants 

account for the highest portion of variants with unknown significance and variants that have 

been misclassified in terms of their implications on the phenotype (Dines et al., 2020). 

Moreover, the CYP2D6 *74 and *73, which have been reported in sub-Saharan Africa, are 

defined by missense variants and are yet to be characterised (Gaedigk et al., 2018; Whirl-

Carillo et al., 2012).  In this study, we focused on missense variants to enhance our 

understanding on their potential impact on the functionality of the CYP2D6 enzyme and to 

expand on our knowledge that may provide insight into the significance of the variants. 

 

Table 1.3: Allele frequencies of important CYP2D6 alleles in different populations and 

their implications on the functionality of the enzyme 

Star 

allele 

Variant type (Core 

variants) 

Allele frequencies in indicated populations 

(%) 

Functional 

consequences 

EUR AFR EAS SAS AMR 

*1 No variants 33.1 9.3 13.6 25.8 40.2 Normal 

*1xN *1 duplicated 1.0 3.3 1.0 0.5 0.5 Increased 

*2 Missense (R296C, 

S486T) 

34.3 26.7 14.0 36.2 32.7 Normal 

*2xN Missense (R296C, 

S486T) duplicated 

1.3 6.0 1.0 1.0 0.5 Increased 

*3 Frameshift 4.1 0.3 0.0 0.1 0.3 Inactive 

*4 Splicing defect 15.5 11.9 0.4 11.6 15.7 Inactive 

*5 CYP2D6 deleted 3.0 4.0 6.5 2.0 3.0 Inactive 

*6 Frameshift 2.2 0.3 0.0 0.1 0.4 Inactive 

*7 Missense (H324P) 0.0 <0.1 0.0 0.8 <0.1 Inactive 

*8 Stop‐gain (G169X) 0.0 <0.1 0.0 <0.1 0.0 Inactive 

*9 Inframe deletion 

(K281del) 

1.6 0.4 0.0 0.2 1.3 Decreased 
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*10 Missense (P34S, 

S486T) 

0.2 3.2 58.7 6.5 0.0 Decreased 

*11 Splicing defect 0.0 <0.1 0.0 0.0 0.0 Inactive 

*12 Missense (G42R) 0.0 <0.1 0.0 0.0 0.0 Inactive 

*14 Missense (G169R) 0.0 0.0 1.6 <0.1 0.0 Inactive 

*17 Missense (R296C, 

T107I) 

<0.1 19.7 0.0 0.1 0.7 Decreased 

*29 Missense (R296C, 

S486T, V136I, 

V338M) 

0.0 9.2 <0.1 <0.1 0.4 Decreased 

*33 Missense (A237S) 0.7 0.2 0.0 0.7 0.1 Normal 

*41 Splicing defect 3.0 3.0 3.0 13.5 3.5 Decreased 

*42 Frameshift 0.0 0.2 0.0 0.0 <0.1 Inactive 

*43 Missense (R26H) <0.1 2.0 <0.1 0.8 0.2 Uncertain 

implication 

*53 Missense (F120I, 

A122S) 

0.0 <0.1 <0.1 <0.1 0.5 Increased 

*62 Missense (R441C) <0.1 <0.1 <0.1 <0.1 <0.1 Inactive 

EUR, Europeans; AFR, Africans; EAS, East Asians; SAS, South Asians; AMR, Admixed Americans. 

(Zhou et al., 2017). 

 

1.3 CYP2D6 Structure and Critical Residues 

Protein function depends on the protein’s structure and stability which depend on its 

sequence (Li and Koehl 2014). As a result, missense variants may potentially affect the 

protein’s functionality as a result of altering the amino acid sequence, this however, depends 

on the nature of the mutation such as the location of the mutation and the impact of the amino 

acid change on the chemical property of the protein (Li and Koehl 2014). This is due to the 

different properties of amino acids which results in some amino acids being critical to the 

protein’s structure and function. Figure 1.4 shows the structure of the CYP2D6 enzyme 

including the FG loop and the BC loop. The FG and BC loops function as a ‘lid’ over the 

active site cavity (Srejber et al., 2018). 

 

Amino acids have unique chemical properties which include polarity, charge and other 

characteristics of their side chains i.e chain length and whether an aromatic ring is present or 
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not (Vnučec et al., 2016). These unique characteristics are crucial for the roles played by 

some of the amino acids in protein structure and function (Ittisoponpisan et al., 2019). Some 

of these amino acids, such as cysteine, serine, histidine and threonine, may be crucial for 

catalysis, binding affinity for the substrate or serve as an important component of the protein 

structure and protein function (Holliday et al., 2009). These amino acids are referred to as 

critical residues and missense mutations that occur in these residues usually result in a 

significant impact on the functionality of the protein (Thibert et al., 2005).  

 

Figure 1.4: Diagram of the CYP2D6 structure showing the channel entrance indicated with an arrow. 

The FG and BC loops and the ꞵ-sheets are labelled. The PDB ID for the structure is 3QM4 (Figure adapted 

from Xin et al., 2020) https://creativecommons.org/licenses/by/4.0/. 

As serine, threonine and tyrosine possess hydroxyl groups, these amino acids may serve as 

regulatory sites for proteins since they are phosphor-acceptors (Miao et al., 2018). As a 

result, the substitution of a phosphor-acceptor amino acid (which serves as a regulatory site) 

with an amino acid that lacks a hydroxyl group may potentially impact the functionality of 

the protein since the regulation of the protein would be affected by the amino acid change. It 

has been reported that the CYP450 enzymes undergo post-translational modifications (Lamb 

and Waterman, 2013). According to Oesch-Bartlomowicz and Oesch (2005), when a wild-

type phosphor-acceptor Ser129 in a rabbit CYP2E1 protein kinase A (PKA) recognition motif 

Arg-Arg-Phe-Ser is absent, the regulation (via PKA-mediated phosphorylation) will take 

place on another site which enhances the catalytic activity which would be the opposite effect 
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as compared to when Ser129 is phosphorylated. Thus, missense mutations in CYP2D6 

phosphorylation sites such as Ser135 may affect the enzyme’s activity. 

 

In addition to some amino acids being critical for protein function through forming a 

disulphide bond or serving as a regulatory site, there are other critical residues which may 

impact the protein function directly. These include amino acids that are located in active sites 

and play a key role in the catalysis of substrates by enzymes. Amino acids such as histidine 

may play a significant role in the catalysis of a substrate in enzymes such as 

carboxypeptidases and serine proteases (Bartlett et al., 2002). Furthermore, certain amino 

acids may facilitate the binding of the substrate to the enzyme. According to Marechal et al., 

(2008) Glu216 and Asp301 play a significant role in the binding of basic substrates in 

CYP2D6, as basic substrates require acidic residues. The basic nitrogen of bufuralol and 

dextromethorphan forms an ionic interaction with a negatively charged carboxylate group 

(Paine et al., 2003). The basic nitrogen of the substrates is known to lie close to the negative 

charge of the Glu216 carboxylate, but it is relatively distant from the one of Asp301 (Paine et 

al., 2003). Furthermore, Val370 and Phe483 are also known to be involved in substrate 

binding (Ingelman-Sundberg, 2005; Ito et al., 2008). Thus, missense mutations that occur in 

these residues may potentially impact the functionality of the enzyme, since the binding 

affinity of the substrate may be reduced (Huff et al., 2021). Figure 1.5 shows the CYP2D6 

and its active site including the amino acids that interact with substrate. 

 

 

Figure 1.5: Diagram of the CYP2D6 and its active centre. The residues that form part of the active centre 

including, but not limited to, Phe483, Gly373, Val370 and Glu216 are shown. Also shown are the heme group 

and substrate propranolol (PPD) (Figure was taken from Nagy and Oostenbrink, 2012) 

https://creativecommons.org/licenses/by/4.0/.  
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Other catalytic roles, played by amino acids, include stabilisation, steric role, covalent 

catalysis, proton shuttling, hydrogen shuttling, electron shuttling and shifting the redox 

potential and nucleophilicity or electrophilicity of a reacting species (Holliday et al., 2009). 

Missense mutations may also lead to damaging effects in other ways, such as, altering the 

hydrophobic protein core, altering the charge on the core residues of the protein, introducing 

a proline residue in the core region of the protein and by altering the van der Waals forces, 

consequently, affecting the structure of the protein significantly and ultimately its function 

(Ittisoponpisan et al., 2019). A number of methods are used to study the functional effects of 

variants such as in vitro and in silico studies. 

1.4 In Silico Approach: Structural Bioinformatics 

In silico studies involve experimentation that is conducted on computers to make simulations 

or models. This has advantages such as low cost, the ability of a quick execution and does not 

require biological samples (Andrade et al., 2016). Structural bioinformatics (SB), which is an 

in silico approach, is a bioinformatics category that involves the prediction of 3D structure of 

biological macromolecules such as proteins as well as its structure-function relationship 

(Choong et al., 2013). Multiscale molecular modelling is a structural bioinformatics 

approach which relies on the structure of the protein of interest to conduct the simulation and 

assessment. In general, experimental structures obtained from techniques such as x-ray 

crystallography and Nuclear Magnetic Resonance (NMR) are better than predictions obtained 

from theoretical building of the protein 3D coordinates. Furthermore, results and analysis 

from in silico approaches may be validated and strengthened by other experimental methods 

including but not limited to, mutagenesis assays, microcalorimetry, binding assays and 

knock-out assays (Frohlich and Salae-Behzadi, 2014). 

Multiscale methods approaches are used in biological studies to determine how events, such 

as single nucleotide mutations, affect a phenotype by using structurally-based 

physicochemical models for the integration of temporal and spatial scales of biology. This 

improves the mechanistic understanding of the processes and their implications (Brown and 

Bishop, 2018; Boras et al., 2015). In the context of this study, the term “structural 

bioinformatics” is used interchangeably with “Multiscale methods” to describe the set of 

methods that uses biological macromolecular structures to run a computational analysis on 

mutations and intermolecular interactions. Thus, multiscale methods can be used to predict 
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the potential effect of a mutation which can be further assessed using approaches such as 

molecular docking and molecular dynamics (Boras et al., 2015).   

A computational technique called molecular dynamics (MD) can be used to simulate the 

dynamic behaviour of the molecules as a function of time, with all entities (molecules and 

biological molecules) in a simulation box being regarded as flexible (Salmaso and Moror, 

2018). MD involves the simulation of a classical system of N particles which is based on 

Molecular Mechanics (MM) physics (Santos et al., 2019). Albeit, MD simulations may also 

be performed on the basis of Quantum Mechanics (QM) which incorporates the direct 

electronic effects in molecules which are ignored by MM (Santos et al., 2019). The basis of 

many simulations is to begin with the initial positions and velocities for every particle then 

followed by the repeated application of an algorithm which updates the particles velocity and 

position from the initial time to the final time (Vollmayr-Lee, 2019). The dynamics is 

governed by Newton’s second law of motion (Vollmayr-Lee, 2019). MD simulates the 

motions of particles that result from the application of molecular mechanics by solving 

Newton’s equation of motion over a specific simulation time and by calculating the potential 

energy using one of the available force fields such as CHARMM, AMBER, OPLS and 

GROMOS (Lopes et al., 2015). Molecular dynamics yields a set of conformational 

ensembles of the protein called trajectories (Boras et al., 2015). Trajectories are sequential 

snapshots of a simulated molecular system which is a representation of atomic coordinates at 

a particular point in time (Likhachev et al., 2016). The trajectories are generated by following 

a number of steps as shown in Figure 1.6.  

 

MD has several applications such as assessing conformational stability and flexibility, 

dynamic processes of macromolecules in a period of time, the impact of allelic variants on 

the protein structure, the manner in which binding of a substrate occurs on a protein and other 

physical properties of a protein (Hollingsworth and Dror, 2018; de Waal et al., 2014). MD 

can be used to understand the effect of variants by comparing the simulation of the native as 

well as the mutant protein (Kamaraj and Purohit, 2013). This approach reveals how non-

synonymous variants affect the structure of a protein and consequently the phenotype of the 

organism (Abduljaleel, 2019). Moreover, MD has been used in PGx studies by evaluating the 

impact of variants on the enzyme’s flexibility, stability and motion which have implications 

on the enzyme’s functionality (Marquez et al., 2019).  
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Figure 1.6: A schematic diagram of the MD steps. The first step involves the selection of a crystal structure 

for protein of interest from PDB (preferably a structure with a high resolution) or modelling a protein using a 

homologous structure through an approach called homology modelling. Protonation states are then assigned on 

amino acids with ionisable groups based on the pH level of the protein’s environment. The protein is solvated 

with water and then the system is neutralised using either Na+ or Cl-. The system is minimised to obtain a 

minimum energy configuration, then this is followed by the equilibration of the system at a constant 

temperature. The MD simulation is then performed for a particular period and analysis is performed after 

generating the trajectories (Figure was taken from Pandya et al., 2018).  
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Chapter 2: Study Rationale and Aim and Objectives 
 

2.1 Study Rationale 

Precision medicine is an emerging approach that aims to give the right drug to the right 

person at the right time which reduces the occurrence of adverse drug events. To achieve this, 

pharmacogenomics is one of the methods that has been established. This relates an 

individual’s genetic makeup to drug response and serves to reduce costs of trial and error for 

identifying the best available drug for the patient and reduce burdening hospitals with 

patients that are admitted due to ADRs which could be avoided. 

 

African populations have been shown to have a high genetic diversity; however, they have 

also been underrepresented in genetic studies. For this reason, more studies are required in 

African populations to enhance the effectiveness of precision medicine among populations in 

Africa. Missense variants account for a high proportion of VUSs and misclassified variants. 

Furthermore, missense variants also form part of a number of pathogenic variants which have 

been implicated in CYP2D6, an enzyme that is involved in metabolising a variety of drugs. 

As a result, acquiring a better understanding of how missense variants impact the 

functionality of the enzyme is essential for knowing the implications at the phenotype level. 

 

Tamoxifen and thioridazine are examples of various drugs metabolised by CYP2D6 which 

are commonly used in Africa. Some CYP2D6 alleles such as *17, which has missense 

variants as the core variants, have been suggested to result in a decreased activity of the 

CYP2D6 enzyme and occur mainly in African populations. Thus, we sought to gain a better 

understanding of how missense variants result in a significant impact at molecular the level 

and predict the possible implications of uncharacterised star alleles defined by missense 

variants relevant in sub-Saharan Africa.  

 

To achieve this, we used multiscale modelling, PharmVar and molecular dynamics to select 

and assess the impact of missense variants (found in sub-Saharan African populations) that 

have a potential significant effect. This provides a better understanding on how missense 

variants may potentially result in a significant effect on the functionality of the enzyme and 

provides a guide on identifying variants that may potentially have significant implications on 

drug response. In addition, this may also provide insight into the implications of future 
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discovered novel star alleles that consist of the implicated missense variants. Thus, this will 

contribute to the growth of knowledge of pharmacogenomics in Africa and enhancing the 

efficiency of precision medicine in Africa. 

 

2.2 Aim and Objectives   

2.2.1 Aim 

   

Amino acids have unique characteristics and certain amino acids play an important role in the 

function of CYP2D6. With the paucity of pharmacogenomics studies in Africa, this study 

aims to gain insights into how missense variants found in sub-Saharan African populations 

may possibly impact the functionality of the CYP2D6 enzyme which may influence drug 

response, with focus to a drug commonly used in Africa. 

 

2.2.2 Hypothesis 

 

Given that amino acids have unique chemical properties and some amino acids have critical 

roles in the function of proteins, we therefore, hypothesise that CYP2D6 missense variants 

influence the structural properties and dynamics of the CYP2D6 enzyme. 

 

2.2.3 Objectives 

   

●  To catalogue African CYP2D6 variants using PharmVAR, GnomAD and the 

H3Africa/GSK ADME project dataset   

●  To discriminate variants of high impact of CYP2D6 from a large list of candidates 

using molecular modelling-based filtering approaches   

●  To select a drug/CYP2D6 complex from a set of available co-crystals in the  

Protein Data Bank based primarily on the quality of the structure and the relevance of 

the drug to African populations   

●  To provide insight into the molecular mechanism of variant effect on the protein 

function using multi-scale simulation methods which allows us to predict the possible 

implications of some uncharacterised star alleles relevant and identify potential causal 

variants for star alleles associated with a decreased enzyme activity in sub-Saharan 

African populations 
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Chapter 3: Methodology 
 

3.1 Data Collection 

The Pharmacogene Variation (PharmVar) serves as a hub for pharmacogene naming 

convention and its efforts are synchronised with other databases which include 

Pharmacogenomic KnowledgeBase (PharmGKB) and the Clinical Pharmacogenetic 

Implementation Consortium. In addition, PharmVar is known for incorporating a great 

amount of data on CYPs (Gaedigk et al., 2018). PharmVar was used for compiling a list of 

missense variants.  No ethical clearance was required for the data acquired from public 

databases. Missense variants that were categorised as core variants for the CYP2D6 star 

alleles were selected for further prioritisation from PharmVar using the GRCh37 reference 

which is the primary reference that is used by most human genetic tools (Li et al., 2021). 

Furthermore, non-zero frequency variants were retained for further analysis based on the 

prevalence in African populations calculated from GnomAD (Karczewski et al., 2020).  

 

3.2 Variant Selection 

Variant prioritisation consists of applying different filters over an initial list of variants in 

order to retain those with the most likely deleterious effect on CYP2D6 protein. At this stage, 

an efficient tool called SWAAT (Structural Workflow for Annotating ADME gene Target) was 

used to obtain insight into the effect of ADME variants at the structural level (Othman et al., 

2020). SWAAT screens the missense variants in a VCF file, performs their structural 

modelling and outputs a rich report of different properties that includes, but not limited to, the 

variation of the folding energy upon amino acid changing from the wildtype to the variants 

(∆∆G) as well as the entropy value (∆∆S) through the integration of FoldX and ENCoM 

within the workflow. The integration of FoldX and ENCoM makes SWAAT a robust 

prediction tool, thus a preferable tool for identifying variants with potential destabilising 

effects. The tool also integrates a random forest model to predict the impact of variants by 

using a set of 15 structure-related and sequence-related features. In addition, there is an 

auxiliary workflow that helps in the preparation of the dataset required for SWAAT analysis. 

A VCF was generated to conduct SWAAT analysis for determining the missense variants that 

have a potential impact on the activity of the enzyme based on the ∆∆G energy, machine 

learning (ML) prediction and red flag features. These features indicate the implications of 

variants on the stability of a protein. A missense variant is retained if it fulfills the following 
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criteria: a ∆∆G > 1.0 kcal/mol, indicating a likely destabilising effect, a classification as a 

variant with significant impact according to the machine learning predictive model, and at 

least one red flag. Red flags consist of eleven molecular events originally defined by 

Missense3D that were found to be disease-associated features. Thereafter, the retention of 

missense variants in uncharacterised star alleles in PharmVar that were within the H3Africa 

ADME/GSK data set was performed to assess missense variants in uncharacterised star 

alleles and that are more common in the context of Africa. The H3Africa ADME/GSK data 

set includes 458 sequenced samples from various African countries (da Rocha et al., 2021). 

Ethical clearance was obtained from the Human Research Ethics Committee (Medical) of the 

University of the Witwatersrand (M200711) for accessing data generated by the H3Africa 

projects, the clearance certificate is shown in Appendix A.  

 

Given that the prioritisation criterion was stringent, some variants were selected as 

exceptions. These included missense variants from star alleles commonly found in sub-

Saharan Africa and defined by missense variants according to Zhou et al., (2017) were 

selected. A selection of highly prevalent (frequency > 0.1) star alleles found in sub-Saharan 

African populations associated with a decreased enzyme activity and characterised by 

missense variants was performed (Wright et al., 2010). These are the *29 and *17 which are 

highly prevalent in African populations (Masimirembwa et al., 1996, Wennerholm et al., 

2001). The *29 and *17 have a frequency of 0.12 and 0.19 in sub-Saharan African 

populations, respectively (Whirl-Carillo et al., 2012). From the selected star alleles, missense 

variants that were solely harboured, as a core variant, in star alleles with a normal function 

were excluded in order to only assess variants that have a potential damaging effect according 

to the clinical data from PharmVar. This approach was conducted to identify potential causal 

missense variants from the selected star alleles. Furthermore, missense variants from star 

alleles that are uncharacterised and were firstly reported in African populations from recent 

studies (*73, *74 and *84) were selected (Wright et al., 2010, Gaedigk et al., 2017). 

 

3.3 Selection of Reference Variants 

Two CYP2D6 variants were selected as references for the computational analysis. These 

variants have been characterised by in vitro studies. P34S was selected, given that the variant 

results in the loss of function in CYP2D6, and has been reported to significantly decrease the 

enzyme’s in vivo activities (Kim et al., 2013, Sakuyama et al., 2008). Furthermore, P34S 
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occurs in the highly conserved proline rich region of microsomal P450s, which may be 

responsible for acting as a hinge between the heme binding region of the CYP and the 

hydrophobic membrane that anchors the enzyme (Sakuyama et al., 2008). S486T was 

selected as a negative control as this variant does not affect the functional or structural basis 

of the mutant enzyme when catalysing bufuralol according to Kim et al., 2013. In addition, 

the S468T is the only core variant for *39 which is known to have a normal function and the 

variant results in the introduction of an amino acid that has similar properties to that of the 

wildtype amino acid. Thus, the amino acid change has not resulted in drastic implications 

(Gaedigk et al., 2018, Vnučec et al., 2016).  

 

3.4 PDB Structure Preparation 

The most complete human structure of all available CYP2D6 structures from the PDB was 

selected to generate the reference structure from the canonical CYP2D6 protein sequence 

(P10635) (Berman et al., 2000, The UniProt consortium, 2019). The PDB structure included 

two thioridazine drug molecules. Prior multiscale modelling, the PDB structure was prepared 

by removing molecules that were not required for the simulation. These included, the 

phosphate group, zinc and glycerol molecules since these were used for the purification and 

crystallisation of the enzyme. Furthermore, a single chain was retained as one biological 

entity. The heme group was retained since it is essential for the biological activity of the 

enzyme. The thioridazine drug molecules were bound on the active site and the entrance 

channel antechamber of the enzyme, respectively. Both drug molecules were retained to 

explore the potential impact of missense variants on the interactions of the active site and the 

antechamber entrance channel which play critical roles in the function of the enzyme (Dong 

et al., 2019). Following the local alignment between the canonical sequence and PDB 

structure using EMBOSS Water which uses the Smith-Waterman algorithm, an algorithm that 

is based on dynamic programming and provides optimal alignments (Madeira et al., 2019, 

Blazewicz et al., 2011). Modeller 9.24 (Blundell and Sali, 1993), which is an accurate and a 

commonly used modelling tool, was used to generate CYP2D6 structure conformed to the 

canonical Uniprot sequence. Two residues were replaced, namely, Lys32 into Arg32 and 

Leu33 into Tyr33. 
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3.5 Molecular Dynamics 

It is important to gain insight into the dynamical and molecular effects of mutations to 

understand the mechanisms to which variants may impact the function of proteins. Molecular 

dynamics (MD) was the approach that was used to assess the dynamical impact of missense 

variants on the enzyme. This process includes the generation of topology files and coordinate 

files, energy minimisation, heating, equilibration and the production simulation steps. MD 

was performed using AMBER which provides programmes that setup, conduct and analyse 

MD simulations. The AMBER tool consists of classical molecular mechanics force fields that 

are primarily used for the simulation of biomolecules. In addition, the tool also has parameter 

sets that describe the most popular components of condensed matter and biomolecular 

simulations, which consists of parameters for naturally occurring solvents, amino acids, ions, 

lipids and carbohydrates (Salomon-Ferrer et al., 2012). 

 

3.5.1 System Preparation for the MD Simulation 

 

In preparation of the system, topology files and coordinate files of the wildtype and mutant 

CYP2D6 enzymes bound to the heme group and the drug molecule were required as input 

files for the further minimisation step. Mutagenesis was performed on the PDB crystal 

structure prior to generating the mutant topology and coordinate files. Mutagenesis involved 

the removal of atoms that were uncommon atoms, between the wildtype and mutant amino 

acids, on the PDB structure. Thereafter, the three-letter amino acid code of the wildtype was 

replaced with that of the mutant, on the PDB structure, and the mutagenesis process was 

completed with the topology generation which is described later. To further prepare the PDB 

structures, protonation states of histidine, aspartic acid, glutamic acid and lysine side chains 

were assigned at pH 7.0 (physiological pH of hepatocytes where the CYP2D6 enzyme 

functions) according to the pKa values determined through PROPKA (Dolinsky et al., 2007). 

Furthermore, the models were run through pdb4amber, for final preparation, to make the 

PDB file compatible with Amber (Case et al., 2018). The penta-coordinate ferric heme state 

was selected for the simulation process, since this state occurs before the binding and 

catalysis of the substrate through the heme group. The state was selected to mimic the 

biochemical state that occurs in a biological system, given that, the drug molecules are not 

directly interacting with the heme group in the selected PDB structure (Jandova et al., 2019). 

The force field parameters for the heme state were obtained from Shahrokh et al., (2012). For 
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the thioridazine molecules, parameter files were generated through the antechamber program. 

This was followed by generating topology files and coordinate files for the wildtype and 

mutant enzymes using tleap which included the generation of a bond between the proximal 

cysteine residue (residue 412) and the heme group (Case et al., 2018). The Amber 18 ff14SB 

force field, which is for proteins, was used for the topology generation. For the heme group 

and drug molecules, the General Amber Force Field (GAFF) was assigned and AM1-BCC 

was used to calculate the atomic point charges. The topology generation included the 

introduction of water molecules to solvate the system using TIP3PBOX 15.0. No counterions 

were required to neutralise the system. 

 

3.5.2 Molecular Dynamics Minimisation 

 

Prior to performing an in vacuo MD simulation, 500 step combined steepest descent and 

conjugate gradient in vacuo energy minimisation was performed on the CYP2D6 enzyme 

topology using the AMBER 18 prior to the solvation of the system (Case et al., 2018). This 

was conducted to minimise the energy of the system and remove any steric clashes between 

the atoms in the system which may potentially result in an unstable simulation in the later 

stages. Two stages of a 20 000 step combined steepest descent and conjugate gradient for 

explicit energy minimisation were then performed on the solvated system. The first stage 

involved 2 000 steps of the steepest descent and 18 000 steps of the conjugate gradient. Then 

the second stage included 4 000 steps of the steepest descent and then 16 000 steps of the 

conjugate gradient. This process allows for the minimisation of energy and incorporates the 

minimisation of both the solvent (water molecules) and solutes. The first stage of 

minimisation was conducted with restraints on the enzyme and ligands with a force constant 

of 500 kcal mol-1 Å-2. The second stage of energy minimisation was performed on the entire 

system with no restraints. Xmgrace was used to visualise the minimisation energy plots and 

VMD 1.9.3 was used to visualise the generated topology following the minimisation 

(Humphry et al., 1996). Although energy minimisation was performed for all the enzymes, 

only the wildtype explicit energy minimisation plots are shown in Appendix B as the same 

principle applies to all the variants as well. 
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3.5.3 Heating and Equilibration 

 

Following the energy minimisation process, the system was heated from an initial 

temperature of 50.0 K to a final temperature of 300.0 K using the Langevin dynamics to 

control the temperature with a collision frequency of 5.0 ps-1. The heating was performed on 

the enzyme and ligand with a weak restraint of 10 kcal mol-1 Å-2. The heating stage was 

performed for 20 ps with the SHAKE algorithm used for restraining bond lengths that involve 

hydrogen atoms and the random seed value (ig), which generates the velocity distribution, 

was kept constant at a value of 96465. This was followed by equilibration which was 

employed to relax the system at 300.0 K. The equilibration was performed at constant 

pressure with an average pressure of 1 atm which was maintained by isotropic position 

scaling with a relaxation time of 2 ps. This was conducted for a range of restraints with an 

initial force constant of 10 kcal mol-1 Å -2 to a final force constant of 0 kcal mol-1 Å -2 lowered 

with a decrement of 1 kcal mol-1 Å-2 for each 80 ps which was then followed by the 

production simulation. The wildtype heating and equilibration plots are shown in Appendix 

C. 

 

3.5.4 Molecular Dynamics Production Simulation 

 

A molecular dynamics production simulation was employed to assess the potential impacts of 

missense variants at the molecular level. This method generates trajectories for the wildtype 

and mutant enzymes which can be analysed to understand how variants may affect the 

dynamics of the enzyme. Production simulation was performed for 500 ns on the wildtype 

and mutant enzymes using AMBER 18. Moreover, the simulation was conducted at a 

constant temperature of 300 K using the weak-coupling which ensures that the kinetic energy 

is appropriate for the selected temperature and the trajectory snapshots were obtained every 

10 ps. Given that the time limit for running simulations using the CHPC GPU is 12 hours, the 

simulation for each enzyme (wildtype and mutants) was divided into eight stages. Another 

advantage is that this approach is cost effective, given that; the simulation continues from the 

previous stage instead of starting over completely; whenever technical disruptions occur 

during the run.  
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3.6 Data Analysis 

AMBER includes several trajectory analysis tools such as CPPTRAJ and PTRAJ. CPPTRAJ 

is a tool that has several advantages over PTRAJ, such as, generating files that can be 

supported by Gnuplot and Xmgrace, which are visualisation tools, and can strip topology 

files to reduce disk space usage and accelerate the analysis process (Salomon-Fererer et al., 

2012, Case et al., 2018). Prior to the analysis of the molecular dynamic trajectories, water 

molecules were stripped from the final topology files using CPPTRAJ (Roe and Cheatham, 

2013). Data analysis involved several assessments including the Root Mean Square Deviation 

(RMSD), Root Mean Square Fluctuation (RMSF), Principal Component Analysis (PCA), 

Porcupine Plot analysis and Secondary Structure Analysis (SSA). RMSD, RMSF and PCA 

were performed on the Jupyter environment to generate and visualise the plots. The RMSD 

and RMSF trajectory was read using MDTRAJ, which is an open and lightweight Python 

library that is employed to manipulate and analyse MD trajectories (McGibbon et al., 2015). 

PYTRAJ, which is another python library that is utilised for assessing MD trajectories, was 

used for the PCA calculation (Nguyen et al., 2018). CPPTRAJ was used to generate the SSA 

plots, which are saved as gnuplot files, and Porcupine plots that are visualised using VMD. 

Visualisation of the SSA and the Porcupine plots were conducted using the Gnuplot 5.2.7-qt 

and VMD 1.9.3, respectively.  

 

3.6.1 Root Mean Square Deviation 

 

The RMSD measures the average displacement of atoms relative to a reference structure 

during a simulation (Knapp et al., 2011). This approach assesses the time-dependent 

movements of a structure and evaluates the evolution of a trajectory that shows the stability 

of the structure (Martinez, 2015, Knapp et al., 2011). We employed this method to assess the 

potential impact of the selected variants on the stability of the CYP2D6 enzyme. This 

provides insight on how the missense variants may influence the stability of the enzyme. 

 

3.6.2 Root Mean Square Fluctuation 

 

The RMSF measures the displacement of particular atoms with respect to the reference 

structure with an average over the number of atoms (Knapp et al., 2011). This method was 

used to evaluate the local fluctuations of the residues on the CYP2D6 enzyme as a result of 
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the missense variants. This reveals the potential effects of the mutations on the flexibility of 

the enzyme which has potential implications on the catalytic efficiency of the enzyme. 

3.6.3 Principal Component Analysis 

 

Principal Component Analysis (PCA) is a multivariate statistical method employed to 

systematically decrease the number of dimensions required to describe protein dynamics by 

means of a decomposition process which filters observed motions from the greatest to the 

least spatial scales (David and Jacobs, 2014). The implementation of PCA on a protein 

trajectory is referred as “Essential Dynamics”, since essential motions are extracted from 

sampled conformations (David and Jacobs, 2014). As a result, this method yields dominant 

modes in the movements of the atoms from the MD trajectory (Haider et al., 2008). These 

significant movements correspond to the collective movements of groups of molecules in 

normal modes analysis (Teeter et al., 1990). Furthermore, this method generates eigenvectors 

and eigenvalues. The eigenvector represents the motion whereas the eigenvalue corresponds 

to the eigenvector and represents the energetic contribution of the particular component on 

the motion (Haider et al., 2008). The PCA method has several advantages, one advantage is 

that information from any atom may be used to acquire the PCA modes of that particular 

subspace (David and Jacobs, 2014). Another advantage is that statistics from numerous 

trajectories can be pooled which allows flexibility for the manner in which data from a 

number of trajectories may be combined (David and Jacobs, 2014). Although, one limitation 

of essential dynamics is that whenever variables are not intrinsically linearly related, 

nonlinear relationships that are present are not described properly (David and Jacobs, 2014). 

In this study, the PCA approach was employed to evaluate the implications of missense 

variants on the motion of the enzyme which may influence the efficiency of the enzyme.  

3.6.4 Porcupine Plots 

 

Assessing the stability and flexibility of a protein does not provide extensive information 

pertaining the nature of movements from the CYP2D6 enzyme residues which have 

implications on enzyme activity. To assess this effect resulting from missense variants, 

Porcupine plots were generated from the eigenvectors that were produced using PCA. 

Porcupine plots show a graphical representation of the summarised enzyme movements 

(Wang et al., 2011). This method reveals the movements of the residues on the enzyme by 

producing spikes, from the residues with significant motion, that represent the direction and 
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the magnitude of the enzyme residues (Chen et al., 2016). The advantage of this method is 

that it shows which residues on the protein exhibited significant movements, including their 

magnitude and direction (Wang et al., 2011). Thus, this approach was used to assess the 

implications of the missense variants on the movements of the residues on the enzyme. This 

provides better understanding on how the enzyme may potentially interact with its substrate 

as a result of altered movements.  

3.6.5 Secondary Structure Analysis 

 

Understanding the impact of mutations on the secondary structure provides insight into how 

mutations may potentially affect the functionality of the protein, given that the protein’s 

structure is critical for its function (Ma et al., 2018). The SSA was implemented to assess the 

impact of the missense variants on the secondary structure of the enzyme. The dictionary of 

secondary structure prediction (DSSP) algorithm was implemented, through CPPTRAJ, for 

generating secondary structure analysis plots. The DSSP algorithm is based on the use of 

hydrogen bonding patterns on the backbone of the protein for classification and is robust in 

distinguishing α-helices from ꞵ-helices (Nagy and Oostenbrink, 2013). In addition, the DSSP 

algorithm provides insight in bends and turns on the structure of the protein (Case et al., 

2018). The scripts used for the study can be accessed on github on the following link 

https://github.com/BR-Sitabule/CYP2D6_SB. 

  

https://github.com/BR-Sitabule/CYP2D6_SB
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Chapter 4: Results 
 

4.1 Overview 

We sought to evaluate the potential impact of the selected missense variants on the enzyme’s 

which may potentially influence the enzyme activity. Missense variants were prioritised using 

the SWAAT tool and additional variants were selected as exceptions to the criteria that were 

implemented. These were analysed using MD which included the implementation of several 

assessments to assess the dynamic effects of the prioritised missense variants on the CYP2D6 

enzyme. This provided insight on the potential implications of the variants on the 

functionality of the enzyme. These MD assessments include the RMSD, RMSF, PCA, 

Porcupine plot and Secondary Structure analyses and were performed on the backbone atoms 

(Cα, C, N) of the enzyme. The outcomes for all the steps which were carried out are 

discussed in greater detail in the subsequent sections. 

 

4.2 PDB Structure Selection and Cleaning 

Structures of ligand (drug) bound to CYP2D6 available on the Protein Data Bank (PDB) were 

evaluated to identify the most suitable ligand with a structure (Berman et al., 2000). The 

ligands that contained structures included, prinomastat (anti-cancer drug), thioridazine (anti-

psychotic drug), ajmalicine (treat high blood pressure), quinidine (treat psychomotor-

seizures), quinine (anti-malarial drug) and BACE1 inhibitors (treat Alzheimer’s disease). 

DrugBank was used to determine the details regarding the medicinal use of the drugs 

(Wishart et al., 2006). Thioridazine was selected as the drug for this study as it is known to 

be used as an anti-psychotic drug worldwide. In addition, thioridazine has been found to be a 

potential anti-cancer, anti-inflammatory and anti-microbial drug (Baig et al., 2018; 

Thanacoody, 2007; Chang et al., 2018). Furthermore, drugs such as prinomastat, quinidine 

and quinine, which are inhibitors of CYP2D6, were excluded given that they are not 

substrates of CYP2D6 (Wang et al., 2015). The PDB ID of the selected structure is 3TBG. 

The PDB structure is a human CYP2D6 enzyme that is bound to two thioridazine molecules 

and consists of four subunits, namely, chain A/B/C/D (Wang et al., 2015).  

 

The PDB structure was prepared for MD by removing atoms that were not required for the 

modelling step, these included, the phosphate group, zinc, water and glycerol molecules since 

these were used for the purification and crystallisation of the enzyme. A single chain (chain 
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A) was retained as one biological entity was adequate for the evaluation of the potential 

impact of missense variants on the enzyme activity. The heme group was retained since it is 

essential for the biological activity of the enzyme. The two thioridazine molecules were 

bound on the active site and the entrance channel antechamber of the enzyme, respectively. 

Both thioridazine molecules were retained to explore the potential impact of missense 

variants on the interactions of the active site and the antechamber entrance channel, which 

play critical roles in the function of the enzyme, with the drugs (Dong et al., 2019). 

 

4.3 Variant Selection 

A total of 50 missense variants, using the GRCh37 build, from African populations were 

selected from PharmVar. The details for these 50 variants are shown in Appendix D. A total 

of eight variants were retained using the SWAAT tool and these are discussed in more detail in 

section 3.4. This was followed by the retention of missense within the H3Africa dataset 

resulting in a final of two variants, namely, Y355C and R365H. Due to the stringent criteria, 

exceptions to the criteria were selected. This included variants harboured in *17 and *29 

which are highly prevalent *alleles in sub-Saharan Africa as well as *73, *74 and *84 which 

have only been reported in Africa to date. These variants are, namely, T107I (*17), V338M 

(*29), V136I (*29), L91M (*74), V104M (*74) and P267H (*84). A summary of variant 

selection is shown in Figure 4.1. A final of eight variants and two reference variants, P34S 

and S486T, were selected for MD assessment. Table 4.1 shows the details of the missense 

variants selected for the MD analysis which includes the reference variants and Figure 4.2 

shows the PDB structure of CYP2D6 annotated with the eight selected variants as well as the 

two reference variants. The PDB structure was visualised using PyMOL 2.4.1 (Schrödinger, 

2010). 
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uncharacterised 

*alleles in PharmVar  

n = 2 

PharmVAR missense 

variants in African 

populations according 

to GnomAD 

            n = 50 

T107I 

V136I 

V338M 

Y355C 

R365H 

Variants retained 

based on SWAAT 

results 

             n = 8 

Selected variants within 

*alleles with high 

prevalence in sub-Saharan 

African populations 

according to PharmGKB 

              n = 3 

Figure 4.1: Schematic diagram showing the selection criteria for variants selected for the MD 

assessment. The “n” denotes the number of variants retained in each step. 
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Table 4.1: Table showing the details of the variants selected for the MD simulations and 

their frequencies in African populations according to GnomAD. 

Variant ID Nucleotide change 

(GRCh37) 

Amino acid 

change 

Frequency in African 

populations according to 

GnomAD 

rs1065852 g.42526694G>A P34S 0.12 

rs28371703 g.42525821G>T L91M 0.03 

rs267608308 g.42525782C>T V104M - 

rs28371706 g.42525772G>A T107I 0.19 

rs61736512 g.42525134C>T V136I 0.10 

rs148769737 g.42524219G>T P267H <0.01 

rs59421388 g.42523610C>T V338M 0.09 

rs202102799 g.42523558T>C Y355C <0.01 

rs1058172 g.42523528C>T R365H 0.03 

rs1135840 g.42522613G>G (C>G)* S486T 0.35 

*GRCh37 denotes the variant as the reference, thus the mutation (at genomic level) is shown using GRCh38 in 

brackets. 

 

 

                                       

                
Figure 4.2: Diagram showing the CYP2D6 enzyme structure and the missense variants to be assessed 

using MD, with P34S and S486T serving as controls. The heme group is shown in red, the two thioridazine 

molecules are shown in blue and the variants of interests are depicted as light pink spheres. The helices are 

shown in cyan, the sheets are depicted as magenta and the loops are portrayed in light pink. The FG loop is 

shown in green and the BC loop is shown in yellow on the Figure (Figure generated using PyMOL 2.4.1). 
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4.4 SWAAT Analysis 

SWAAT analysis was performed on 50 missense variants to prioritise variants that have 

potential significant implications. The SWAAT results for all the assessed variants are shown 

in Appendix E. From the 50 missense variants, V7M, V11M, R26H and R28C were not 

processed, given that the SWAAT tool algorithm incorporates the available protein structures 

on PDB and the CYP2D6 enzyme crystal structures lack the first 31 residues. Figure 4.3 

shows a histogram of the frequencies and ∆∆G distribution for the 46 variants. A total of 15 

variants had a ∆∆G > 1.0 kcal/mol which indicates that they are potentially destabilising. 

From these variants, eight missense variants were retained by using two other features as 

described in the methods section and Table 4.2 showing the eight missense variants and their 

SWAAT results.  

 

As shown in Table 4.2, the R365H mutation had the highest ∆∆G score, which was 8.525 

kcal/mol, suggesting that the mutation may have the most destabilising effect compared to the 

other seven variants. All eight variants had an ML prediction score of 2 which indicates that 

they have potential significant implications on the enzyme activity. From the eight variants, 

only M279K and P469A were not flagged as variants that occur in hotspot patch regions. The 

variants that are flagged as “hotspot patch” are potentially deleterious as they occur in a 

hotspot patch region. The P34S, L231P and P469A mutations were flagged as “buried 

exposed switch” which indicates that these variants may be damaging as a result of 

destabilising the structure through an amino acid change that involves proline that possesses a 

bulky side chain. The L31P mutation was also flagged as a “buried proline introduced” which 

also implies that the variant may destabilise the protein through the introduction of the 

proline amino acid. The M269K was flagged as “salt bridge formation” which results from 

the charged lysine amino acid. This mutation affects the nature which the residue may 

interact with the solvent as a result of the introduced charge. The P34S, G42R and G42E 

were the only variants that have been characterised with in vitro, in vivo or biochemical 

assays according to Kim et al., (2013) and Tsuzuki et al., (2003). 
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Figure 4.3: Diagram showing the frequencies and distribution of the ∆∆G for the 46 African missense 

variants selected from PharmVar.  

Table 4.2: Variants that have a potential significant effect according to the SWAAT 

features used for prioritisation and their consequences according to in vitro, in vivo or 

biochemical studies. 

Variant ∆∆G value 

(kcal/mol) 

Machine 

Learning 

Prediction score 

Red flag 

description(s) 

Reported impact on 

enzyme functionality 

according to literature 

Y355C 2.290 2 hotspot patch Unknown implications 

P34S 4.575 2 buried exposed 

switch; hotspot 

patch 

Decreased function (Kim 

et al., 2013) 

R365H 8.525 2 hotspot patch Unknown implications 

G42R 2.243 2 hotspot patch Decreased function 

(Tsuzuki et al., 2003) 

G42E 2.768 2 hotspot patch Decreased function 

(Tsuzuki et al., 2003) 

L231P 6.389 2 buried proline 

introduced; 

buried exposed 

Unknown implications 
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switch; hotspot 

patch 

M279K 1.878 2 Salt bridge 

formation 

Unknown implications 

P469A 2.020 2 buried exposed 

switch 

Unknown implications 

 

4.5 RMSD 

RMSD results were visualised using MDTRAJ following the generation of MD trajectories 

through AMBER. RMSD is an MD assessment that was used to assess the stability of the 

enzymes by analysing the time evolution of the backbone deviation of a variant compared to 

the reference structure, corresponding to the crystal structure of CYP2D6 used to run the 

molecular dynamics simulation (wildtype structure) as shown in Figure 4.4.  

 

Figure 4.4 shows that some of the variants had similar trends. The Y355C and R365H 

variants yielded similar trends which were also similar to that of the wildtype trajectory. The 

P34S, V338M, V104M and V136I mutations showed similar patterns to each other, as these 

showed some fluctuations on the trajectory and were less steady compared to the wildtype 

trajectory. The L91M, P267H and S486T yielded trajectories that were fairly stable although 

the L91M and P267H trajectories had some fluctuations while S486T was steadier. 

 

The results for L91M show that the wildtype converges around 200 ns and the mutant 

enzyme RMSD trajectory is initially stable between the 0 and 300 ns. At this point the 

trajectory fluctuates and regains a steady value. Minute deviations were observed between the 

mutant and the wildtype RMSD trajectories which suggests that the mutation may potentially 

destabilise the enzyme; however, this may not be significant. 

 

For P34S, the mutant trajectory maintains a steady value between 0 and 120 ns. However, 

moving to the later stages of the simulation, there are deviations that occur between the 

mutant and wildtype enzyme and convergence occurred later for the mutant enzyme. This 

suggests that the P34S may potentially destabilise the enzyme which may have implications 

on the functionality of the enzyme.  
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The results for the S486T mutant showed that the mutant enzyme had a steady trajectory 

through the entire simulation. The trajectory had lower RMSD values in comparison to the 

wildtype. This suggests that the mutant has greater stability compared to the wildtype 

enzyme.  

 

For the Y355C enzyme, the trajectory of the mutant coincided with the trajectory of the 

wildtype through the entire simulation. This suggests that the mutation may not have 

implications on the stability of the enzyme.  

 

 

Figure 4.4: A diagram illustrating the comparison of RMSD trajectories of the mutant and wildtype 

enzymes in a 500 ns simulation. The wildtype is shown in cyan and the mutant is shown in red. The RMSD 

(nm) is shown on the y-axis and the time (ns) is shown on the x-axis.  

For the V338M mutation, the mutant enzyme’s trajectory was initially steady; however, some 

fluctuations were observed from ~140 ns and a more stable trajectory was observed later in 
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the simulation compared to the wildtype enzyme. This suggests that the mutation may 

potentially have an impact on the stability of the enzyme. 

 

For the V104M trajectory. The trajectory of the mutant converges at ~340 ns, which is later 

than the wildtype enzyme, indicates that the mutation may potentially affect the stability of 

the enzyme and ultimately the functionality of the enzyme. 

 

The results for the V136I mutation showed that the mutant only stabilises at 300 ns. This 

implies that the mutation may potentially result in altering the enzyme’s stability. However, 

the trajectory is steady from 0-120 ns and 300-500 ns, suggesting that the variant did not 

impact the enzyme’s stability drastically.  

 

The P267H trajectory stabilised at around 200 ns together with the wildtype enzyme. This 

suggests that the mutation may potentially have no impact on the stability of the enzyme and 

ultimately no significant impact on the functionality of the enzyme. 

 

For the R365H enzyme results, the trajectory of the mutant enzyme coincided with the 

enzyme through the 500 ns simulation. Thus, this may suggest that there is no impact on the 

stability of the enzyme by the mutation. 

 

For the T107I mutant and the wildtype enzyme, the mutant trajectory coincided with the 

wildtype from 0-400 ns; however, it deviates from the wildtype from ~400 ns and only 

stabilises in ~460 ns. This may imply that the mutation may have an effect on the stability of 

the enzyme.  

 

4.6 RMSF 

For further assessments, RMSF analysis was applied to observe the local fluctuations that 

occurred on the residues of the enzyme. The local fluctuations reflect the flexibility of the 

enzyme. Figure 4.5 shows the RMSF of the wildtype enzyme and the mutant enzymes. 

Variation of the RMSF between the wildtype enzyme and the L91M mutant was observed in 

some residues. The wildtype has greater fluctuations in the first N-terminal residues on the 

RMSF plot. Furthermore, the wildtype has higher fluctuations around residue 200 and in 

approximately residue 260. These indicate that the wildtype has a greater flexibility on those 
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regions which has implications on how the enzyme interacts with the substrate, which is 

thioridazine in this case. 

 

Figure 4.5: A diagram depicting the comparison of the RMSF of the mutant enzymes and wildtype 

enzyme in a 500 ns simulation. The wildtype is shown in cyan and the mutants are shown in red. The residue 

positions of the enzyme are shown on the x-axis and the Root Mean Square Fluctuation (nm) is shown on the y-

axis. 

 

The results from Figure 4.5 show that the variants yielded similar patterns for the first 100 

residues and the last 100 residues. Various implications were observed in the central regions 

of the protein for the different variants. These implications are described in more detail for 

each variant in the subsequent paragraphs.   

 

For the P34S mutation, there are higher fluctuations on the wildtype from the N-terminal 

residues, near residue 140, 240 and 360. However, there were lower fluctuations compared to 

the mutant around residue 210. These differences indicate that there are differences in the 

flexibility from the wildtype enzyme and the mutant enzyme. 

 

The results for S486T show that there were higher fluctuations observed from the wildtype 

from the N-terminal residues, residue ~200 and at ~260. This shows that the wildtype has a 

higher flexibility compared to the mutant enzyme in the affected residues. 
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For the Y355C mutation analysis, higher fluctuations were observed in the wildtype in the 

first N-terminal residues and the residue around 260. However, on residue ~120 and ~210 the 

mutant has higher fluctuations. This shows the variation in flexibility between the two. 

 

The results for the V338M mutation show that the wildtype did not have prominent 

differences in fluctuations compared to the mutant enzyme. This indicates that the mutation 

may not have much implications on the flexibility of the enzyme. 

 

For the V104 mutation, the plot shows that there are differences in the N-terminal residues, 

residue ~200 and ~260. The wildtype had higher fluctuations in those residues. This suggests 

that the mutation may potentially result in a decreased flexibility. 

 

The V136 mutation RMSF analysis shows that from the N-terminal residues and residue 

~200 the wildtype enzyme had higher fluctuations compared to the mutant. However, in 

residue ~260, the fluctuations are higher for the mutant which shows some increase in 

flexibility due to the presence of the mutation. 

 

For the P267H mutation, prominent differences in fluctuations are observed in the N-terminal 

residues, residue ~200 and ~400. The wildtype enzyme has higher fluctuations in all those 

sites, showing that the mutant has a reduced flexibility when compared to the wildtype 

enzyme. 

 

The results of the R365H mutation showed that prominent differences were only observed in 

the first 30 residues on the plot with the wildtype enzyme having the highest fluctuations. 

These indicate that the wildtype is more flexible than the mutant in that region. 

 

The results for the T107I mutation revealed that differences were only observed on several 

residues from the N-terminal end of the enzyme. The wildtype has more fluctuations 

compared to the mutant in this region, which indicates that the wildtype has a higher 

flexibility than the mutant in those residues.  
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4.7 Principal Component Analysis (PCA) 

To assess the conformational variance in protein folding and motion between the wildtype 

enzyme and mutant enzymes, PCA (Principal Component Analysis) was performed. The 

CYP2D6 trajectories were projected on the subspaces and the calculations were based on the 

backbone atoms (Cα, C, N) of the enzyme. This approach compares the most significant 

variations between the wildtype enzyme and the mutant enzyme. The results pertaining the 

effect of the missense variants on the conformation of the enzyme are shown in Figure 4.6 

(PC1 vs PC2) and Figure 4.7 (PC3 vs PC4) for the mutant enzymes compared to the wildtype 

enzyme.  

 

The PC1 vs PC2 results showed that all the variants had implications on the movement of the 

enzyme. The S486T, L91M and V104M resulted in similar movement patterns on the 

enzyme. The other seven variants yielded unique movement patterns. For the PC3 vs PC4 

plots, the S486T, T107I, R365H, V119L and V136I showed similar movement patterns and 

were similar to the wildtype movements. V104M and V136I showed some similar 

implications for the enzyme’s movement. P267H, Y355C and L91M had unique implications 

on the movements of the enzyme.  

 

The PC1 vs PC2 plot for L91M shows that there are differences in motion of the wildtype 

and mutant enzyme; however, the differences are not as prominent with the PC3 vs PC4 plot. 

These differences indicate that the mutation has potential implications on the movement of 

the enzyme which may potentially affect how the enzyme interacts with the drug and its 

functionality. 

 

For the P34S results, differences were observed from the PC1 vs PC2 plot, however, the 

differences were moderate. Minor differences were also observed with the PC3 vs PC4 plot. 

This suggests that the mutation does not cause drastic changes in the motion of the enzyme.  

 

The S486T PCA analysis results for the PC1 vs PC2 plot showed some differences in motion 

between the mutant and the wildtype enzyme. The PC3 vs PC4 shows minor differences 

between the mutant and wildtype enzyme. This suggests that the mutation may alter the 

enzyme’s motion. 
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For the V104M PCA analysis, results showed that there were prominent differences in the 

motion of the wildtype and mutant enzyme. The PC3 vs PC4 had drastic differences between 

the mutant enzyme and the wildtype enzyme. This implies that the V104M may potentially 

have a prominent effect on the enzyme’s motion. 

 

 

 

Figure 4.6: The diagram showing the PC1 vs PC2 principal component analysis of the wildtype and 

mutant enzyme’s motion. The wildtype is shown in grey and white plots and the mutant is shown in red and 

salmon. 
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Figure 4.7: The diagram showing the PC3 vs PC4 principal component analysis of the wildtype and 

mutant enzyme’s motion. The wildtype is shown in grey and white plots and the mutant is shown in red and 

salmon. 
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The PC1 vs PC2 plots for the V136I mutation shows a difference in motion between the two 

enzymes. However, the PC3 vs PC4 has minor differences. These results show that the 

mutation results in changes on the motion of the enzyme when compared to the wildtype 

enzyme. 

 

For the V338M mutation PCA analysis, the PC1 vs PC2 outcome showed prominent 

differences in the motion between the wildtype and the mutant enzyme. In addition, the PC3 

vs PC4 also had moderate differences in the motion of the two enzymes. This suggests that 

the mutation has implications on affecting the direction and magnitude of the enzyme’s 

motion. 

 

The Y355C PCA results showed that the mutant had great differences in motion (for the PC1 

vs PC2) compared to the wildtype enzyme. In addition, the differences were prominent for 

the PC3 vs PC4 analysis as well. This suggests that the mutation may have a great effect on 

the motion of the enzyme. 

 

The P267H mutation PCA assessment revealed that the PC1 vs PC2 plot showed great 

differences in the motion of the mutant compared to the wildtype. This is also observed with 

the PC3 vs PC4 analysis. These results suggest that the mutation may potentially have a 

significant effect on the enzyme’s functionality by affecting the enzyme’s mobile 

characteristics. 

 

The R365H PCA outcome showed that the PC1 vs PC2 shows the differences in the motion 

of the wildtype enzyme and the mutant enzyme. The differences on the PC3 vs PC4 are not 

prominent. However, these results still show the potential implications on the enzyme’s 

mobility which results from the introduction of the mutation. 

 

The T107I PCA results showed that the PC1 vs PC2 plot shows variation in the motion 

between the wildtype and mutant enzyme. The PC3 vs PC4 plot showed moderate differences 

in the motion of the mutant enzyme and the wildtype enzyme. These findings show that the 

mutation has an impact on altering the motion of the enzyme. 
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4.8 Porcupine Plots 

Porcupine plots were generated to evaluate the magnitude and directions of the movements of 

the residues during the simulation. These plots portray the enzyme structure with spikes that 

represent the movements of the residues. The length of the spike represents the magnitude of 

the motion and the direction of the motion is represented by the point of the spike. The 

mutants were compared to the wildtype which are shown on Figure 4.8. All the variants 

altered the movement patterns of the enzymes. This included altering the movements in the 

FG loop, the BC loop and/or the central regions. However, the new movements were unique 

among the variants in terms of the magnitude and the direction of the movements for the 

residues.  

 

For the L91M Porcupine plot analysis, great movements were observed in both enzymes on 

the FG loop (which is a flexible loop). However, the direction of the motions was different. 

Furthermore, some of the residues located in the BC loop had greater motions. As a result, 

these alterations may potentially result in inadequate interactions between the enzyme and the 

substrate.
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Figure 4.8: A diagram showing the Porcupine plots of the wildtype enzyme and mutant enzymes. The variants are illustrated as spheres on the enzyme structures and 

the spikes depict the magnitude and direction of the motions from the residues. The FG loop and BC loop are shown in black and cyan, respectively.
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For the Y355C mutation, the motion from the residues on the FG loop were similar for the 

mutant and wildtype enzyme. The BC loop residues also showed similar patterns. This 

suggests that this mutation may not have an impact on the enzyme’s motions significantly. 

 

For the V136I Porcupine plot results, both the wildtype and mutant enzyme had similar 

motions on the BC loop and FG loop; however, the mutant has greater movements with 

unique directions on the central site of the enzyme. Furthermore, larger movements are also 

observed on the neighbouring region. This suggests that the mutation may result in 

influencing the functionality of the enzyme. 

 

The V338M Porcupine plot showed that the direction of the movements of the FG loop 

residues differs between the two enzymes. Furthermore, the mutant residues located in the 

central region have greater motion and move in different directions compared to the wildtype 

enzyme. Thus, this mutation may potentially result in inefficient interactions between the 

enzyme and the drug. 

 

The P34S mutation Porcupine plot results show that the direction of the residues located in 

the FG loop differ between the two enzymes. Furthermore, the P34S BC loop residues move 

in an opposite direction of the wildtype BC loop residues. This may have implications on the 

functionality of the enzyme.  

 

The S486T Porcupine plot assessment revealed that the magnitude of the motions on the BC 

and FG loop were not different between the two enzymes. However, there were some 

differences in the direction of movements for some of the residues. These may potentially 

affect the functionality of the enzyme. 

 

The V104M Porcupine plot assessment revealed that the residues on the wildtype FG loop 

moved in a different direction and magnitude compared to the mutant enzyme. In addition, 

the centrally located residues of the mutant have greater movements and move in a different 

direction compared to the wildtype. As these differences involve the catalytic site, the 

mutation may disrupt the functionality of the enzyme significantly. 
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The T107I Porcupine plot results showed large differences in the nature of the motion from 

the FG loop of the mutant and wildtype enzyme. Furthermore, there are greater motions in 

the opposite region of the mutant enzyme compared to the wildtype enzyme. This suggests 

that the mutation may potentially cause drastic changes on the functionality of the enzyme.  

 

The P267H mutation results for the Porcupine plot showed that the FG loop residues from the 

mutant enzyme had movements in the opposite direction compared to the wildtype enzyme. 

Differences were also observed on the central residues; thus, this mutation may potentially 

result in significant implications on the enzyme’s functionality. 

 

With the R365H mutation Porcupine plot assessment, the BC loop residues on the mutant 

enzyme moved in a different pattern compared to the wildtype and the residues which are 

located centrally had a unique pattern in comparison to the wildtype enzyme. These 

differences show the potential impact of the mutation on the enzyme. 

 

4.9 Secondary Structure Analysis (SSA) 

To determine the impact of missense variants on the secondary structure of the enzyme, 

secondary structure analysis was implemented. The dictionary of secondary structure 

prediction (DSSP) algorithm was used for this analysis which is embedded in CPPTRAJ. The 

secondary structure elements which were assessed included structural bending, turns, pi (3-

14) helix, alpha helix, 3-10 helix, anti-parallel beta sheets and parallel beta sheets. The 

assessment was carried out over a 500 ns simulation to observe the difference in 

conformational evolution between the wildtype and mutant enzymes. The results are shown 

in Figure 4.9. The diagram shows that the variants had some effects on the secondary 

structure of the enzyme. However, the impacts varied with the different variants. 

 

The SSA analysis for the V338M mutant show that the mutation results in changes which 

include the introduction of a turn on the secondary structure around residue 231 within the 

simulation period of 200 ns and 400 ns. The 3-10 helix around the 100th residue which occurs 

throughout the simulation is not present on the mutant enzyme. In addition, the turn that is 

present on the wildtype throughout the simulation around residue 400 is absent on the mutant 

enzyme. These alterations may have potential implications on the functionality of the 

enzyme. 
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The SSA results for the P267H mutation showed that, on the mutant enzyme, a turn is 

observed around the 240th residue between the 100 and 400 ns period which is not present on 

the wildtype enzyme. An alpha helix is observed on the wildtype enzyme between the 200 ns 

and 300 ns period near the 100th residue was not observed on the mutant enzyme.  

 

For the R365H SSA analysis, notable differences included a turn that only occurs on the 230th 

position of the wildtype at 100 ns whereas the mutant enzyme had an alpha helix at that 

position. In addition, the alpha helix observed in the wildtype around residue 100              

(200 ns to 300 ns) became more prominent at a later stage of the simulation on the mutant 

enzyme. 

 

The S486T SSA results included the introduction of a bend around residue 80 from 

approximately 500 ns. An alpha helix was also observed between ~10 ns and 350 ns from 

approximately residue 100; however, this element was only evident between 200 and 300 ns 

on the wildtype enzyme. Around the position which the amino acid change took place, no 

conformational changes were noticeable. 

 

For the V104M SSA results, the bend observed between 1-100 ns on approximately residue 

80 of the wildtype was not observed on the mutant enzyme. This is replaced by a turn on the 

mutant enzyme. The wildtype enzyme has an alpha helix around position 400 between 100 ns 

and 200 ns period; however, the mutant consists of a bend in this region. 



44 
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Figure 4.9: Diagram showing the secondary structure analysis of the wildtype enzyme (WT) and the mutant enzymes. The different colours on the plots represent the 

secondary structure elements. These include the Bend (shown in red), Turn (shown in brown), Pi (3-14) helix (shown in forest-green), Alpha helix (shown in green), 3-10 

helix (shown in dark green), anti-parallel Beta sheet (shown in dark blue) and parallel Beta sheet (shown in blue). Black represents “none” of the secondary structure 

elements. The x-axis represents the simulation time and the y-axis represents the residue positions. The white rectangles on the mutant enzyme plots indicate the regions that 

had different secondary structure elements compared to the wildtype (WT) enzyme.  



46 

 

The P34S SSA assessments show that the mutant enzyme had a turn that was introduced on 

the centre of the plot (around 231st residue and ~250 ns). The bend which is observed 

between 1 and 100 ns on approximately residue 80 of the wildtype enzyme only occurs at a 

later stage of the simulation on the mutant. Furthermore, the alpha helix element observed on 

approximately residue 400 (between 100 ns and 200 ns) on the wildtype is replaced by a bend 

on the mutant enzyme.  

 

The L91M SSA results revealed that a turn was introduced at around residue 231 (between 

100 ns and 200 ns) on the mutant enzyme which was not observed on the wildtype structure. 

The alpha helix that occurs around position 100 in the period between 200 ns and 300 ns on 

the wildtype enzyme is not present on the mutant structure. A bend appears more prominently 

between 1 ns and 100 ns around position 80 on the wildtype compared to the mutant enzyme. 

 

For the V136I mutation SSA results, the turn observed around the 231st residue of the 

wildtype between 100 ns and 110 ns is not evident on the mutant. Furthermore, a bend is 

introduced on the mutant between 100 ns and 400 ns around residue 80. A turn observed on 

the wildtype enzyme between 50 ns and 150 ns near residue 131 was not present on the 

mutant enzyme. 

 

The conformational evolution results of Y355C show a notable alteration on the mutant 

enzyme is the absence of a turn around 100 ns on approximately residue 231, which is 

observed on the wildtype enzyme. A bend only occurs on the later stages of the simulation in 

approximately residue 80.    

 

For the T107I SSA results, a notable bend on the wildtype enzyme around residue 80 

(between 1 ns and 100 ns) was replaced by a turn on the mutant enzyme. Furthermore, the 

anti-parallel beta sheet that occurs on the wildtype around residue 480 in the 300 ns point in 

time is lost on the mutant enzyme. 
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Chapter 5: Discussion 
 

The CYP2D6 enzyme is involved in the metabolism of ~25% of commonly used drugs 

(Monte et al., 2018). As a result, variation in the gene coding for the enzyme has implications 

on how individuals may respond to several families of drugs including anti-psychotics, anti-

cancer drugs and analgesics (Ingelman-Sundberg, 2005). Most genetic studies have focused 

on non-African studies, thus there is a paucity in data for African populations. We, therefore, 

aimed to assess the potential impact of missense variants on the functionality of the CYP2D6 

enzyme relevant to sub-Saharan populations using structural bioinformatics methods. The 

evaluation of the potential impact of the selected variants was performed using SWAAT and 

MD. SWAAT was used to identify missense variants with potential significant effects using 

three features, namely, the ∆∆G score, ML prediction score and red flag. For the ten variants 

that were selected for MD (Table 4.2), the variants’ potential implications on the enzyme’s 

stability, flexibility, movement and secondary structure were assessed using various MD 

assessments. These included the RMSD, RMSF, PCA, Porcupine plots and Secondary 

Structure analyses. Table 5.1 shows a summary of the results for the eight variants that were 

retained based on the SWAAT results and the ten variants that were selected for the MD 

assessment. 

 

Table 5.1: Summary of SWAAT results for variants retained at SWAAT stage and MD 

results 

                                                              SWAAT Results 

Variant Implication based on 

∆∆G Value 

ML Prediction 

Outcome 

Red Flag Description(s) 

Y355C Destabilising Effect Significant Impact Hotspot patch 

P34S Destabilising Effect Significant Impact Buried exposed switch; 

Hotspot patch 

R365H Destabilising Effect Significant Impact Hotspot patch 

G42R Destabilising Effect Significant Impact Hotspot patch 

G42E Destabilising Effect Significant Impact Hotspot patch 

L231P Destabilising Effect Significant Impact Buried proline; Buried 

exposed switch; Hotspot 

patch; 
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M279K Destabilising Effect Significant Impact Salt bridge formation 

P469A Destabilising Effect Significant Impact Buried exposed switch 

                                                                MD Results 

Variant RMSD RMSF PCA Porcupine 

plot 

SSA 

L91M Converged 

later than 

wildtype 

Reduced 

flexibility in 

FG loop and 

residue ~260 

Altered 

conformation 

Altered 

movements in 

FG loop and 

BC loop 

Altered 

secondary 

structure 

elements at 

residues 

~231, ~100 

and ~80 

P34S Converged 

later than 

wildtype 

Reduced 

flexibility in 

D helix, KL 

and GH loop 

and enhanced 

flexibility in 

FG loop 

Similar 

conformation 

as wildtype 

Altered 

movements in 

FG loop and 

BC loop 

Altered 

secondary 

structure 

elements at 

residues ~80, 

~231 and 

~400 

S486T More stable 

trajectory 

compared to 

wildtype 

Reduced 

flexibility in 

FG loop and 

GH loop 

Similar 

Conformation 

Similar 

movements to 

wildtype with 

minor 

differences 

Altered 

secondary 

structure 

elements at 

residues ~80 

and BC loop 

Y355C Trajectory 

coincided 

with wildtype 

Increased 

flexibility in 

D helix and 

FG loop  

Altered 

conformation 

No prominent 

difference 

compared to 

wildtype 

Altered 

secondary 

structure 

elements at 

residue ~231 

and ~80 

V338M  Converged 

later than the 

No prominent 

impact on the 

Altered 

conformation 

Altered 

movements in 

Altered 

secondary 
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wildtype flexibility FG loop structure 

elements at 

residue ~100, 

~231 and 400 

V104M Converged 

later than the 

wildtype 

Reduced 

flexibility in 

GH loop and 

FG loop 

Altered 

conformation  

Altered 

movements in 

FG loop 

Altered 

secondary 

structure 

elements at 

residue ~80 

and ~400 

V136I Converged 

later than the 

wildtype 

Reduced 

flexibility in 

GH loop and 

FG loop 

Altered 

conformation  

Altered 

movements in 

central 

residues 

Altered 

secondary 

structure 

elements at 

residues 

~231, ~80 

and ~131 

P267H Converged 

earlier than 

the wildtype 

Reduced 

flexibility in 

FG loop 

Altered 

conformation 

Altered 

movements in 

FG loop 

Altered 

secondary 

structure 

elements at 

residues ~100 

and ~240 

R365H Converged 

earlier than 

the wildtype 

No prominent 

impact on 

flexibility of 

enzyme 

Altered 

conformation 

Altered 

movements in 

BC loop and 

central 

residues 

Altered 

secondary 

structure 

elements at 

residues ~100 

and ~230 

T107I Converged 

later than the 

wildtype 

No prominent 

impact on 

flexibility of 

enzyme 

Altered 

conformation 

Altered 

movements in 

FG loop 

Altered 

secondary 

structure 

elements at 



50 

 

residues ~80 

and ~480 

 

 

5.1 SWAAT Analysis 

Fifty CYP2D6 core missense variants which occur in African populations, according to 

GnomAD, were selected from PharmVar and processed through SWAAT. However, four were 

not processed successfully, namely, V7M, V11M, R26H and R28C. This is due to the 

SWAAT algorithm that incorporates the crystal structures of proteins from the PDB and the 

CYP2D6 crystal structures are incomplete, with the first 31 residues missing on the structure. 

From the 46 variants that were processed successfully, a total of 15 missense variants had a 

∆∆G > 1.00 as shown on the frequency distribution diagram (Figure 4.3). Only eight variants 

from the 15 were retained through the SWAAT tool which included variants with a machine 

learning prediction score of 2 and at least one red flag. These variants are shown in Table 4.2 

with the results of the machine prediction score and red flag description.  

 

From the eight variants retained based on the SWAAT results, all the variants showed a ∆∆G> 

1.0 and a machine learning score of 2. This indicates that the variants were potentially 

destabilising and had a potential significant impact on the enzyme’s functionality. The 

R365H mutation had the highest ∆∆G score which suggests that the mutation may be the 

most destabilising variant based on the score. The P34S, L231P and P469A were mutations 

that involved the proline residue. These three variants were flagged as “buried exposed 

switch” which would result in a destabilising impact. The destabilising effect may be as a 

result of the altering of the backbone hydrogen-bonding pattern due to the removal or 

introduction of the proline residue (Ittisoponpisan et al., 2019). In addition, a buried exposed 

switch is damaging (Ittisoponpisan et al., 2019). Furthermore, according to Kim et al., 

(2013), the P34S mutation is known to reduce enzyme activity. The L231P variant was also 

flagged as a “buried proline introduced”, as a result, this proline may destabilise the backbone 

structure of the enzyme (Ittisoponpisan et al., 2019).  

 

The P469A and M279K were the only two variants from the eight that were not flagged as 

“hotspot patch” which indicates that the other six variants may be damaging as they occur in 

hotspot patch regions. From the six missense variants that occur in hotspot patch regions, 
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G42R and G42E are known to result in a decreased enzyme function according to Tsuzuki et 

al., (2003) which agrees with the SWAAT predictions. These effects may be due to the 

mutations resulting in an acidic amino acid (glutamic acid) or basic amino acid (arginine) 

which have different charges and larger side chains compared to glycine (Tsuzuki et al., 

2003; Vnučec et al., 2016). G42 forms part of a hydrophobic region (LPLPGL) with bulky 

amino acids, as a result, the introduction of arginine or glutamic acid, which have longer side 

chains and are hydrophilic amino acids, may potentially destabilise hydrophobic interactions 

and ultimately the enzyme (Schrödinger, 2010; Vnučec et al., 2016). 

 

The M279K variant was the only mutation to result in a salt bridge formation from the 

SWAAT results. The introduced lysine residue may form a salt bridge with an aspartate 

(D292) or glutamate residue (E293), and this type of interaction is stronger than common 

hydrogen bond interactions. However, the strength of a salt bridge may vary with the type of 

solvent and pH level (Xie et al., 2015). According to Sindelar et al., (1998), salt bridge 

formation may destabilise a protein, as a result, the M279K is potentially damaging given the 

introduction of a strong interaction in a site that normally has weaker interactions.  

 

From the eight variants retained based on SWAAT, only P34S, R365H and Y355C were found 

in the H3Africa dataset, which suggests that these were more common in African populations 

as compared to the other five. Moreover, R365H and Y355C are core variants of 

uncharacterised star alleles, *108 (H352R and Y355C), *127 (R365H and Y355C) and *139 

(R365H), according to PharmVar (Gaedigk et al., 2018). As a result of the potentially 

deleterious characteristics of the variants, these star alleles may be associated with a 

decreased enzyme activity. To obtain more insights, further assessments of these two variants 

were performed with MD. In addition, the P34S, which has been reported as a damaging 

variant in other studies, was used as a reference for the MD assessments. The assessments are 

discussed in the next subsections. 

 

5.2 Molecular Dynamics 

5.2.1 L91M Mutation 

 

To assess the deviation between the wildtype and mutant enzymes, the Root Mean Square 

Deviation analysis was performed. From Figure 4.2, the results show the trajectories for the 
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wildtype and the mutant variants during the 500 ns simulation. The L91M mutation is a core 

variant for *74 which is an uncharacterised allele that is commonly found in sub-Saharan 

African populations (Gaedigk et al., 2018, Whirl-Carillo et al., 2012). The results show that 

the L91M mutation yields a trajectory that equilibrates later than the wildtype enzyme. This 

suggests that the conversion of leucine into a methionine in position 91 may potentially result 

in a destabilising effect. The destabilising effect may be as a result of the unique properties of 

methionine that is introduced from the mutation. Methionine consists of a sulfur atom and 

can form bonds with aromatic rings (Lim et al., 2019). This suggests that the introduction of 

methionine may result in new interactions such as the formation of a bond with a residue, 

potentially F433, which possesses an aromatic ring thus affecting the stability of the protein. 

Incorporating hydrogen bond analysis and tools such as Dynamut may provide better insight 

into how atomic interactions are affected by the mutation (Rodrigues et al., 2018). The 

observed RMSD results agree with Don and Smiesko (2018), who assessed missense variants 

in CYP2D6 *4, which consists of L91M as one of the core variants, and found that the 

trajectory converged later compared to the wildtype. However, the assessed *4 allele also 

harbours P34S, which is known to have a damaging effect. As a result, the delayed 

convergence may be solely due to the P34S mutation. Although, this does not rule out the 

possibility of the L91M impact being masked by the effect of P34S which would mean that 

L91M is potentially destabilising together with P34S within *4.  

 

The RMSF analysis was performed to evaluate the flexibility of the residues on the mutant 

and wildtype enzymes, since flexibility is known to have a significant role in substrate 

specificity and access (de Waal et al., 2014). The RMSF results are shown in Figure 4.3. 

Some of the most critical loops include the BC loop, which includes residues 59-83 on the 

RMSF plots (residue position numbering is based on modellers numbering system i.e. 1-466), 

and the FG loop, which includes residues 186-210 on the RMSF plots (Marquez et al., 2018). 

The BC loop is involved in substrate binding and substrate recognition and the FG loop 

functions as a hatch (de Waal et al., 2014, Marquez et al., 2019). The molecular dynamics 

system was solvated with water and there was no membrane in the system, thus high 

fluctuations were observed in the residues around the N-terminal proline rich region of the 

enzyme which is normally anchored by a membrane (Don and Smiesko, 2018). The RMSF 

results for L91M show that higher fluctuations were observed in the FG loop (around residue 

200) and ~260 for the wildtype compared to the mutant. These findings suggest that the FG 

loop and the residues around residue 260 (I helix region) are more flexible for the wildtype 
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enzyme compared to the mutant enzyme. These findings reveal that the mutation has an 

impact on distal residues (i.e around residue 260 with a distance of ~40 Å from the mutation) 

and not only residues with close proximity (i.e around residue 200 with a distance of ~30 Å 

from the mutation) at the mutation site. This amino acid change involves a change from 

leucine which is non-polar and aliphatic while methionine is amphipathic and contains a 

sulphur (Vnučec et al., 2016). Thus, it is expected for this amino acid change to affect the 

enzyme’s flexibility due to the unique amino acid properties, given that methionine can form 

new interactions, with other residues, that influence the flexibility (Lim et al., 2019).  

 

PCA was performed to assess the motion of the wildtype enzyme compared to the mutant 

enzymes. Furthermore, the movements of the residues were assessed using Porcupine plots 

which were generated from the PCA eigenvectors. The Porcupine plots show the distance and 

the direction of the movements of the residues. The PCA and Porcupine plot results are 

shown in Figures 4.4-4.6. For L91M, the PCA results showed some variation in motion 

between the mutant enzyme and the wildtype enzyme which suggests that the mutation may 

have affected the enzyme’s nature of movement and further assessment was performed with 

Porcupine plot analysis to gain more insight and predict the potential implications. The 

Porcupine plot (Figure 4.6) showed the greatest movement in the FG loop and the BC loop of 

the mutant. The direction of the movements of the residues in the FG loop were different 

compared to the wildtype enzyme. The results suggest that the mutation results in altered 

motions in the FG loop. As a result, since the FG loop functions as a hatch, the altered 

direction in motion may result in poor accessibility for the substrate to the active site which 

would diminish the enzyme’s activity (Fukuyoshi et al., 2016). Given that L91M is 

understudied, more assessments may be performed to explore the implications of such a 

mutation. 

 

To elucidate the impact of missense variants on the secondary structure of the enzyme, 

secondary structure analysis was performed using the DSSP algorithm. The results are 

demonstrated on Figure 4.7 which shows the comparison between the wildtype and the 

mutant enzymes. From the secondary structure plot (residue position numbering is based on 

the PDB crystal structure i.e. residues 31-497) the BC loop includes residues 90 to 114 and 

the FG loop includes 186 to 210 (Marquez et al., 2018). The SSA results for L91M show that 

the mutation altered the secondary structure of the enzyme at residue ~231, ~100 and ~80 
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during the simulation. Since this affects the BC loop, these results suggest that the mutation 

may potentially have a damaging effect on the enzyme. The overall analysis of the L91M 

mutation suggests that the mutation may potentially result in a damaging effect, thus the *74 

allele may be associated decreased enzyme activity.  

 

5.2.2 P34S Mutation 

 

RMSD was used to evaluate the impact of P34S on the stability of the enzyme. The P34S 

mutation is one of the core variants of the *10 allele, which results in a decreased enzyme 

activity according to PharmVar (Gaedigk et al., 2018). This variant was selected as a positive 

control for this study. The RMSD trajectory for this mutation converged later than the 

wildtype and the SWAAT results in Table 4.2 indicate that P34S results in a destabilising 

effect. Furthermore, our results showed that the trajectory for the mutant was lower than that 

of the wildtype which agrees with Xin et al., (2020). A potentially damaging effect was 

expected as this variant is known to lower the activity of the CYP2D6 enzyme. According to 

Silvino et al., (2016) the P34S mutation results in the disruption of the local hydrophobic 

interaction network and has an impact on the rigidity of the backbone which explains the 

observed potential destabilising effect from RMSD and SWAAT. Furthermore, the side chain 

carbon atoms from the P34 residue were found to perform a main chain to side chain polar 

interaction together with a neighbouring beta strand (Silvino et al., 2016). 

 

The impact of P34S on the flexibility of the enzyme was assessed using RMSF. Fluctuations 

were observed around residues 140 (D helix), 240 (GH loop), 360 (KL loop) and 210 (FG 

loop), with the wildtype having higher flexibility in all the regions excluding the latter (FG 

loop). This agrees with Xin et al., (2020) who observed that the P34S mutation resulted in 

altered flexibility in the FG loop from the RMSF results; however, they observed a higher 

flexibility for the wildtype in the FG loop which is the opposite of our case. Although, the 

unique changes in our case may still have implications on how the enzyme interacts with the 

substrate which would ultimately affect the enzyme’s activity. The observed results may a be 

a result of P34 playing a role in imparting rigidity to the backbone, through hydrophobic 

interactions with V68 and performing a main-chain to side-chain polar interaction with a beta 

strand (Silvino et al., 2016). Therefore, the P34S mutation resulting in higher degree of 

freedom within the backbone (Silvino et al., 2016).  Furthermore, our results agree with Don 

and Smiesko, 2018 who reported that *4 which harbours the P34S had higher fluctuations 



55 

 

compared to the wildtype in the FG loop, however, this was for the apo enzyme, whereas in 

this study the enzyme was assessed with thioridazine. In addition, this mutation was a 

positive control, thus potential damaging effects were expected as observed from these 

findings given that P34 plays a role in maintaining the rigidity of the backbone through local 

hydrophobic interactions.   

 

The PCA results for the P34S mutation showed moderate and minor differences compared to 

the wildtype enzyme. However, the Porcupine plot showed the prominent differences which 

included the altered directions of the FG loop and BC loop residues. Given that the BC loop 

is responsible for substrate recognition and substrate binding, the altered direction would 

potentially reduce optimal interaction between the enzyme and the substrate (de Waal et al., 

2014). Furthermore, the altered direction of the motion in the FG loop residues may also 

impede optimal interaction between the enzyme and the substrate. This implies that the 

mutation results in a decreased enzyme activity which agrees with Hongkaew et al., (2021) 

who reports that *10 which harbours P34S has a decreased activity. Furthermore, these 

results were expected given that the variant was a positive control.  

 

To assess the impact of P34S on the secondary structure of the enzyme, SSA was conducted. 

The results show that the mutation results in a change in residue ~80, ~231 and ~400. These 

changes may result from the removal of a proline which may change the backbone hydrogen-

bonding (involving the nitrogen atom) pattern thus disrupting the secondary structure 

(Ittisoponpisan et al., 2019; Deepak and Sankararamakrishnan, 2016). These may result in a 

significant impact on the enzyme’s functionality. Furthermore, the P34 residue forms part of 

the proline rich region which is highly conserved in microsomal P450s and may function as a 

hinge between the hydrophobic membrane and the heme-binding region of the enzyme 

(Sakuyama et al., 2008). Thus, the P34S mutation may result in a damaging effect and this 

agrees with Kim et al., (2013), who stated that the P34 is located in a conserved region 

suggesting that P34S is a destabilising variant. The overall results suggest that the mutation is 

damaging, this was expected since this mutation was previously reported as damaging.  

 

Interestingly, even though the P34S mutation portrays damaging characteristics, the mutation 

has a high frequency (0.12) in African populations (Table 4.1) (Karczewski et al., 2020). This 

may be due to a number of possible reasons, which include, hitchhiking or reduction in 

selective constraints such as reduced exposure to xenobiotics that are only metabolised by the 
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CYP2D6 enzyme (van Hooft et al., 2014). Furthermore, some drugs or other xenobiotics are 

alternatively metabolised by other CYPs (Lynch and Price, 2007). As a result, the deleterious 

mutation may not cause severe effects on the organism even though the CYP2D6 enzyme 

may have a reduced activity. Another possible explanation may be that the P34S may exhibit 

a substrate-specific effect (Marcath et al., 2019). Thus, only certain substrates are 

metabolised by CYP2D6 inadequately. This would reduce the odds of individuals, with the 

mutation, possibly encountering adverse drug reactions to a point that the P34S is not 

eliminated through negative selection. 

 

5.2.3 S486T Mutation 

 

The S486T mutation is a neutral control for this study. The impact of S486T on the enzyme’s 

stability was elucidated using the RMSD. This mutation defines the *39 allele and is one of 

the core variants of other star alleles. The *39 allele is known to have a normal function 

according to PharmVar (Gaedigk et al., 2018). Thus, we selected this variant as a neutral 

control. The RMSD results showed that the trajectory was stable throughout the 500 ns 

simulation suggesting that the mutation stabilises the enzyme and has no negative impact. 

This is supported by Kim et al., (2013) who state that the S486T has no impact on the 

structural basis or functionality of the CYP2D6 enzyme. In addition, this is supported by the 

high frequency of 0.35 for S486T (Karczewski et al., 2020). 

 

The RMSF results showed that the wildtype had higher fluctuations in residues ~200 (FG 

loop) and ~260 (GH loop). This contradicts Don and Smiesko, 2018 who observed higher 

fluctuations in the loops for all variants including *2 which has a normal function and has the 

S486T mutant. However, this was for the APO enzyme and not the ligand bound enzyme. 

Furthermore, this study assessed the thioridazine drug whereas Don and Smiesko (2018) 

assessed other drugs which may have implications on the changes that were observed 

resulting from the unique drug type. This study used the AMBER 18 ff14SB force field 

which differs from the OPLS force field implemented by Don and Smiesko, (2018). This may 

have also contributed to the differences observed in the results. Moreover, *2 also includes 

another variant (R296C) which may have contributed to the observed changes. Our findings 

imply that the mutation results in altered flexibility of the enzyme in the mentioned regions. 

However, given the nature of the mutation, which involves two amino acids that share some 

chemical properties (both hydroxylic), and mutation being known to have not significant 
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impact on the enzyme activity, these changes may not affect the functionality of the enzyme 

significantly.  

 

The PCA results for S486T show that the motion of the wildtype and the mutant enzyme 

differed, however the differences were not that prominent. This suggests that the mutation 

does not have much implications on the enzyme’s functionality. In addition, the Porcupine 

plots showed that the magnitude of the motions were similar for the residues in the wildtype 

and the mutant enzyme. However, there were differences in the direction of the motions in 

some of the residues, although these were not as prominent as in other variants thus the 

mutation would not have a drastic impact on the enzyme activity. This agrees with Kim et al., 

(2013) who states that only a minor decrease in catalytic efficiency occurred, with 

dextromethorphan as the substrate, as a result of S486T. 

 

The SSA results reveal that the S486T which was the neutral control resulted in changes in 

residue ~80 and residue ~100 (BC loop). In contrast, serine and threonine have similar 

chemical properties (both possess hydroxyl groups) thus not much structural differences were 

expected between the wildtype and the mutant enzyme (Vnučec et al., 2016). These results 

indicate that the mutation may affect the functionality by altering the secondary structure. 

This agrees with Kim et al., (2013), who reported that the S486T resulted in a small decline 

(~24%) in catalytic efficiency. However, this may not be a significant effect since the 

mutation is known to have no significantly altered enzyme activity. The MD results were 

contrasting, thus the effect of S486T is inconclusive from the study; however, this variant is 

known to have no drastic impact on the functionality of an enzyme. Thus, the changes 

observed between the wildtype enzyme and mutant enzyme may not impact the enzyme’s 

functionality significantly. Although, the effect of the variant differs with substrates as 

reported by Kim et al., (2013) who showed different implications of S486T on the catalytic 

efficiency when assessing bufuralol and dextromethorphan. Moreover, CYPs have shown to 

have variant alleles that exhibit functional consequences that vary with different substrates 

(Marceth et al., 2019). As a result, we cannot rule out the possibility of S486T having a 

significant impact, resulting from the altered dynamic effects, on the catalytic efficiency for 

thioridazine specifically.   

 

5.2.4 Y355C Mutation 
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Figure 4.2 shows the RMSD trajectories of the wildtype enzyme and the Y355C enzyme. The 

Y355C variant is found in *108 which is uncharacterised (Gaedigk et al., 2018).  The results 

show that the mutant and wildtype trajectories coincided during the entire 500 ns simulation. 

This suggests that the Y355C mutation does not have a destabilising effect on the enzyme. 

However, this contradicts the SWAAT analysis results, shown in Table 4.2, which predicted 

that the variant would have a destabilising impact. Furthermore, this was expected to have a 

destabilising effect given the nature of the amino acid change, i.e., tyrosine and cysteine have 

different chemical properties (Vnučec et al., 2016). Running a longer simulation may 

potentially reveal the difference in trajectories at a later stage of the simulation provided the 

mutation is destabilising. 

 

To assess the impact of Y355C on the flexibility of the enzyme residues, RMSF was 

conducted and the results show that the mutation resulted in higher fluctuations in ~120 (D 

helix) and ~210 (FG loop) compared to the wildtype. These fluctuations may result from the 

different chemical properties between the two amino acids, as cysteine has a thiol group 

while tyrosine has a benzene ring and a hydroxyl group and, thus, this may have implications 

on how the residue interacts with the other residues (Vnučec et al., 2016). The loss of the 

hydroxyl group as a result of the mutation may potentially result in a loss of a hydrogen bond 

that can occur on the hydroxyl group which serves to stabilise proteins (Pace et al., 2001). 

Thus, these results suggest that the mutation may potentially affect the flexibility and 

ultimately functionality of the enzyme.  

 

The results from PCA for the Y355C mutation showed that the mutation causes some 

changes in the motion of the CYP2D6 enzyme. This results from the Y355C mutation. 

However, the Porcupine plots demonstrated no prominent differences from the residues of the 

mutant and the wildtype enzyme. This suggested that the Y355C mutation in the enzyme may 

not have significant implications on the enzyme’s functionality.  

 

The evaluation of the impact of Y355C on the secondary structure was conducted using SSA. 

The mutation resulted in structural changes in residue ~231 and ~80. These changes may 

potentially affect the enzyme activity. However, it cannot be ruled out that the changes may 

not result in a significant effect. In addition, the SSA results were similar to the S486T, which 

also suggests that the variant may be benign. Analysis of the overall results for Y355C are 
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inconclusive. Other approaches such as in vitro approaches may be performed to further 

assess the variant to draw a clearer conclusion.  

 

5.2.5 V338M Mutation 

 

To evaluate the impact of V338M on the stability of the enzyme, RMSD was performed and 

the results are shown on Figure 4.2. The V338M missense variant is one of the core variants 

of *29 which is known to be associated with a decreased function according to PharmVar 

(Gaedigk et al., 2018). In addition, the star allele is commonly found in sub-Saharan African 

populations (Whirl-Carillo et al., 2012). The V338M yielded a less stable trajectory which 

converged later than the wildtype enzyme, implying that the variant results in a destabilising 

effect. Furthermore, the nature of the V338M trajectory is similar to the P34S, which is the 

positive control. This may suggest that the V338M variant may be the causal variant for the 

clinical effects associated with *29. However, another variant (V136I) may contribute to the 

clinical effect observed in *29, since it is also a core variant of *29 (Wang et al., 2014). This 

variant will be discussed later.  

 

The influence of V338M on the flexibility of the enzyme was assessed and the RMSF results 

showed no prominent differences between the wildtype and the mutant. This suggests that the 

V338M mutation does not have much effect on the flexibility of the enzyme. These findings 

suggest that the mutation may not have a significant impact on the functionality of the 

enzyme. This however, contradicts the implications suggested by the RMSD results for this 

mutation. Furthermore, this variant is found in *29 which is known to have a decreased 

activity. Thus, these results suggest that V338M may be in linkage disequilibrium with the 

causal variant, potentially V136I, rather than V338M being the causal variant of the clinical 

effects associated with *29. However, these findings cannot rule out the possibility of 

V338M having a damaging effect for other drugs rather than thioridazine as different drugs 

have different chemical properties (Don and Smiesko 2018). 

 

The PCA results for the V338M revealed that there were differences in the movements of the 

wildtype and the mutant enzyme. In addition, the Porcupine plots indicated that the direction 

of the movements in the FG loop of the mutant enzyme differed compared to the wildtype 

and the central residues had greater movements and moved in different directions compared 

to the wildtype enzyme. This suggests that the mutation may result in a reduced enzyme 
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activity which may be due to the altered enzyme’s motion which affects the enzyme and 

substrate interaction. This agrees with Leitao et al., (2020) as this variant is also found in *29 

and this allele is associated with a decreased function. This may suggest that both V338M 

and V136I may be contributing in the reduced enzyme activity associated with *29. 

 

The Secondary Structure Analysis (SSA) results for V338M show that the mutation results in 

a change in secondary structure elements in some of the regions during the simulation which 

includes ~231st residue, the BC loop (residue 100) and the 400th residue. This suggests that 

the change from a valine to a methionine in position 338 has implications on the secondary 

structure of the enzyme. This may be due to the nature of the amino acid change, which 

involves two amino acids that have some unique chemical properties, i.e., valine lacks a 

sulphur atom while methionine contains one (Vnučec et al., 2016). As the secondary structure 

changes involve the BC loop, this indicates that the mutation may disrupt the catalytic 

activity of the enzyme, given that the BC loop is involved in substrate binding and 

recognition (de Waal et al., 2014). This further suggests that V338M is one of the causal 

variants of the phenotype associated with *29. The different analysis, excluding the RMSF, 

suggested that the mutation may potentially affect the functionality of the enzyme. Thus, the 

V338M mutant might be contributing to the phenotype associated with *29, although more 

studies may be performed for verification of the mutant’s implications. 

 

5.2.6 V104M Mutation 

 

The potential impact of V104M on the stability of the enzyme is illustrated on Figure 4.2. 

The V104M variant is harboured in *73, which is an uncharacterised star allele commonly 

found in sub-Saharan African populations (Gaedigk et al., 2018, Whirl-Carillo et al., 2012). 

The RMSD results show the trajectory of V104M and the wildtype enzyme. The trajectory of 

V104M converged later which indicates that the mutation may potentially have a 

destabilising effect and similar trends were observed with the positive control. Given that the 

nature of the amino acid change is the same as the V338M variant, similar implications were 

expected and this was observed since both mutations yielded results that suggested a 

destabilising impact. Furthermore, this may potentially imply that the *73 allele may result in 

a decreased enzyme activity due to this mutation. The other two core variants of *73 include 

S486T and R296C which define *2 (has a normal function). Thus, the V104M may define the 
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outcome of the *74 implications given that the other two variants do not have a significant 

effect on the enzyme’s functionality (Wang et al., 2014).  

 

The V104M implications on the flexibility of the enzyme were evaluated using RMSF. The 

wildtype enzyme had higher fluctuations in residues ~200 (FG loop) and ~260 (GH loop) 

which suggests that the mutation reduced the flexibility in those regions. This may potentially 

have significant implications on the functionality of the enzyme. Interestingly, the effects of 

this mutation differ from V338M even though the nature of the mutation is the same. This 

shows that the site of the mutation is also a factor that contributes to the implications of the 

mutation. These results further support that the V104M may result in a decreased function in 

*73.  

 

The PCA results for V104M showed that there were prominent differences between the 

mutant and the wildtype motions for both the PC1 vs PC2 and PC3 vs PC4. This suggests 

that the mutation alters the mobile characteristics of the enzyme. This may affect the 

efficiency of the catalytic processes. In addition, the Porcupine plots display that the 

movements of the central residues and the FG loops differed between the wildtype and the 

mutant enzyme. These results propose that the V104M mutation may potentially reduce the 

enzyme activity as a result of the altered movements which would diminish the interactions 

between the enzyme and the drug. Furthermore, this suggests that *73 is associated with a 

decreased enzyme activity. 

 

The evaluation for the impact of V104M on the secondary structure of the enzyme was 

performed using the SSA. The results reveal that there were structural changes at residue ~80 

and ~400. These effects may potentially impact the functionality of the enzyme. Furthermore, 

these results show that the position of the amino acid change has implications at the effects of 

the mutation, as these effects differ from V338M even though they involve the same amino 

acid substitution. This analysis together with the other results, suggests that *73 may have an 

altered enzyme activity resulting from the V104M mutation. 

 

5.2.7 V136I Mutation 

 

The effect of V136I on the enzyme’s stability was assessed using RMSD. The V136I 

mutation is also a core variant of the *29 allele. The RMSD results show that the trajectory of 
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the mutation only equilibrates later than the wildtype, which was also observed in the P34S 

mutant, positive control. This implies that this mutant will potentially result in destabilising 

the enzyme. Thus, this mutant may contribute to the clinical effects associated with *29 

which has a decreased enzyme function (Zhou et al., 2017). 

 

The impact of V136I on the flexibility of the enzyme was assessed with RMSF and the 

results show that the wildtype enzyme has higher fluctuations in the FG loop and the GH loop 

compared to the mutant. This suggests that the V136I variant results in a decreased function 

which agrees with *29 having a decreased activity (Leitao et al., 2020). Moreover, the results 

suggest that the V136I may be a causal variant for the phenotype associated with *29.  

 

The PCA results for V136I demonstrate that there were differences in the motion of the 

mutant and wildtype enzyme. This indicates that the mutation causes a change in motion on 

the enzyme. Moreover, the Porcupine plots revealed that the differences in movements were 

mainly observed in the central residues. As a result, this may have implications on how the 

drug may interact with the active site which ultimately affects the catalytic process. This 

agrees with Leitao et al., (2020) since *29 has a decreased function and the allele harbours 

V136I. Furthermore, this would imply that the mutation is one of the causal variants if not the 

only causal variant for the *29 phenotype. 

 

The assessment of the impact of V136I on the enzyme’s secondary structure was performed 

using the SSA. The results show that the mutation causes an alteration on the secondary 

structure in some of the regions. This includes residue ~231, ~80 and ~131 on the enzyme. 

These changes may potentially reduce the enzyme activity and this would suggest that the 

V136I mutation contributes in the decreased enzyme activity associated with *29 (Gaedigk et 

al., 2017). All the analyses suggest that the mutation may be damaging and, thus, V136I may 

be a causal variant of the phenotype associated with *29. 

 

5.2.8 P267H Mutation 

 

The potential impact of P267H on the stability of the enzyme was evaluated with RMSD and 

the results are shown on Figure 4.8. The P267H is found in *84 which was firstly reported in 

South Africa and is still uncharacterised (Gaedigk et al., 2018). The mutant RMSD trajectory 

stabilised early together with the wildtype enzyme, which suggests that the mutation does not 
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result in a destabilising effect. This, however, contradicts with Dodgen et al., (2013) who 

reported that the P267H would result in an altered function due to the altered charge that 

results from the amino acid change. Histidine consists of 3 pKa values which have 

implications on the protonation state of Histidine. The pKa values are, ~2.0, ~6.6 and ~9.0 

(Grimsley et al., 2009). As a result, histidine is considered to have no charge at neutral pH 

and a positive charge in a pH near 6.0 (Kampmann et al., 2006). This contradicts the notion 

of the P267H mutation introducing a charge (altering the charge) given that both histidine and 

proline would be neutral at pH 7.0 (Dolinsky et al., 2007). Thus, other assays such as in vitro 

studies may be conducted to further assess the implications and provide clarification as well 

as a greater insight. 

 

The RMSF results for P267H show that the wildtype enzyme had higher fluctuations 

compared to the mutant enzyme in ~200th residue (FG loop). This suggests that the mutation 

results in altered flexibility on the FG loop which functions as a hatch. As a result, this may 

have harmful consequences on the functionality of the enzyme which agrees with Dodgen et 

al., (2013). This suggests that *84 may have a decreased enzyme activity. 

 

The results of the P267H mutation in PCA showed that the mutation resulted in a drastic 

difference in motion between the mutant enzyme and the wildtype enzyme. Furthermore, the 

movements from the FG loop residues and the central residues differed with the magnitude 

and direction between the wildtype and the mutant enzyme. This suggests that the mutation 

may result in a reduced enzyme activity resulting from these changes. This agrees with 

Gaedigk et al., (2017) who reports that the P267H may cause a decreased function, thus *84 

may be associated with a decreased enzyme activity. 

 

The impact of P267H in the secondary structure was evaluated using SSA. The results show 

that the mutation causes structural changes in the 240th residue and BC loop (100th residue) 

during the simulation. Proline is a hydrophobic amino acid, in contrast histidine is a 

hydrophilic and basic amino acid. Thus, these unique properties may account for the effects 

observed from the mutation (Vnučec et al., 2016). Furthermore, the changes may affect the 

functionality by causing poor interaction between the enzyme and the drug due to the altered 

BC loop structure resulting from the mutation. This agrees with Gaedigk et al., (2017), who 

report that the P267H may result in a decreased function. Thus, the overall results suggest 



64 

 

that *84 is associated with a decreased enzyme activity, although the results on the stability 

were inconclusive as the SWAAT and RMSD results were contradicting. 

 

5.2.9 R365H Mutation 

 

The R365H mutation is found in an uncharacterised allele (*139). Figure 4.9 shows the 

impact of this mutation on the stability of the enzyme. The results show that both the 

wildtype and R365H trajectories converged early. This suggested that the mutation does not 

have an impact on the stability of the enzyme. This may be due to both histidine and arginine 

being basic amino acids thus share some chemical properties. However, this contradicted the 

SWAAT results (Table 4.2) that indicated that the mutation results in a destabilising effect. In 

addition, arginine’s side chain has a very high pKa value (~12.48) compared to histidine’s 

side chain (~6.6), thus the histidine side chain is deprotonated at a neutral pH while 

arginine’s side chain is still protonated (Dolinsky et al., 2007). As a result, the two amino 

acids will likely have different charges in the physiological pH of hepatocytes (pH ~7.0) 

which may be potentially be destabilising and this supports the SWAAT results (Berezhkovski 

et al., 2013). 

 

The R365H results show no prominent differences other than from the first 30 residues in the 

N-terminal region which may be due to the absence of the membrane that stabilises this 

region. This suggests that the R365H does not have a significant impact on the flexibility of 

the enzyme and potentially the functionality of the enzyme which contradicts the results from 

SWAAT which suggest that there may be a potential negative impact on the enzyme’s 

functionality.  

 

The PCA results for R365H revealed that the mutation results in different motion which may 

potentially affect how the enzyme interacts with the enzyme. In addition, the movements of 

the residues in the BC loop and the central residues in the mutant differed from the wildtype 

enzyme. This suggests that the R365H mutation may result in a decreased enzyme function. 

This agrees with Ittisoponpisan et al., (2019) who reports that an amino acid substitution that 

alters a charge may be damaging (histidine’s side chain is deprotonated in the physiological 

pH of hepatocytes whereas with arginine the side chain is still protonated). 
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The SSA results for R365H demonstrated that the mutation has an impact on the secondary 

structure of the protein. The R365H mutation caused structural changes in ~230th residue and 

the BC loop (residue 100) in the simulation. Even though both amino acids are basic, arginine 

has a higher pKa value which has implications on the charge differences between histidine 

and arginine at pH 7.0 (Pace et al., 2009). This may have implications on the secondary 

structure which has been observed in these results. The structural change that occurred in the 

BC loop suggests that the mutation results in a potential significant impact on the enzyme’s 

functionality. The overall results were inconclusive, given that there were contrasting results 

observed in a number of analyses. Thus, more studies should be carried out to assess the 

variant. 

 

5.2.10 T107I Mutation 

 

The T107I mutation is one of the core variants of *17 which is associated with a decreased 

function (Gaedigk et al., 2018). The allele is also found in sub-Saharan Africa (Whirl-Carillo 

et al., 2012). The RMSD results for this variant showed that the mutant trajectory coincided 

with the wildtype enzyme for the first 400 ns, however between 400 and 460 ns there were 

fluctuations and stabilisation only took place in ~460 ns. This suggested that the mutation had 

a destabilising effect on the enzyme, given that convergence took place later. Moreover, the 

variant may be the causal variant for the decreased activity associated with *17. These results 

agree with Don and Smiesko (2018) which reported that the *17 RMSD took longer to 

converge compared to the wildtype enzyme. 

 

The RMSF results for T107I show that the wildtype had higher fluctuations in the first 

residues from the N-terminal region which may be a result of the absence of a membrane and 

no prominent differences were observed from other regions. This suggests that there may be 

no significant impact on the flexibility and ultimately the functionality of the enzyme which 

may explain the high frequency of 0.19 for T107I (Karczewski et al., 2020). However, this 

contradicts Wright et al., (2010) who reports that the T107I contributes to the diminished 

enzyme activity. Furthermore, Don and Smiesko (2018) had higher RMSF fluctuations for 

the *17 allele compared to the wildtype. However, this allele includes other two variants 

which may also have accounted on the higher fluctuations observed in *17. This is supported 

by Cacabelos et al., (2012), who stated that T107I showed different implications on the 

enzyme when assessed with other variants as compared to when assessed as the only variant 
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in the enzyme. In addition, the T107I mutation has been reported to show substrate-specific 

effects which may be a plausible reason why the results from this study contrasted Don and 

Smiesko (2018) who assessed different substrates compared to the one (thioridazine) in this 

study (Cacabelos et al., 2012). 

 

The PCA results of T107I showed that the mutation caused an altered motion between the 

mutant and the wildtype. The Porcupine plots portrayed that the mutation resulted in different 

movements of the FG loops and other regions of the enzyme which suggests that the mutation 

may potentially result in a detrimental effect. This agrees with Leitao et al., 2020 as it reports 

that *17 which harbours T107I has a decreased enzyme activity. Furthermore, *17 was found 

to have ~10-30% of the wildtype activity according to Zanger et al., (2020). 

 

The effect of T107I on the secondary structure of CYP2D6 was evaluated using the SSA. The 

changes that resulted from this mutation occurred in residues ~80 and ~480. These may have 

significant implications on the functionality of the enzyme. In addition, the chemical 

properties of the two amino acids are unique, i.e., threonine has a thiol and is hydrophilic, 

while isoleucine is hydrophobic. This suggests that this change may be detrimental. 

Furthermore, this may suggest that the mutation is the causal variant of the decreased enzyme 

activity in *17 (Del Tredici et al., 2018). Except for the RMSF results, all the MD results 

suggested that the mutation may be potentially damaging and a causal variant of the enzyme 

activity associated with *17. Future MD studies may incorporate all three core variants to 

assess the overall effect, as some of the MD assessments showed that S486T, which is one of 

the *17 core variants, may potentially affect the functionality of the enzyme.  

 

5.3 Strengths and Limitations 

This study provides an insight of how missense variants may potentially impact the structure 

and functionality of an enzyme at molecular level. The findings of the study may provide a 

direction in identifying some biomarkers for treatment guidelines in Africa. Our approach 

included controls which were used as a guide to interpret the results for some of the assessed 

variants and increase the reliability of our findings. Furthermore, we managed to observe the 

impact of the variants at molecular level in a 500 ns simulation which is shorter than the 1 µs 

simulation employed by Don and Smiesko (2018). As a result, this approach may provide 

reliable results in a cost-effective manner.  
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However, there are some limitations from this study. Firstly, the SWAAT tool incorporates 

PDB structures for analysis, as a result, missing residues from the PDB structure are not 

processed. In this study, the V7M, V11M, R26H and R28C residues were not processed by 

SWAAT since the first 31 residues are missing on the CYP2D6 PDB structures. Secondly, 

even though studying the effects of the variants in isolation provides an idea of whether a 

variant may be a potentially a pathogenic variant or not, the epistatic effects are not observed 

and, thus, the findings do not show how the variants would influence the phenotype in the 

presence of other variants (haplotype groups). Thirdly, our molecular dynamics system did 

not include a membrane and the enzyme model was incomplete, as a result of the missing 

residues on the crystal structure. Thus, our system may not be the best representation of a 

biological system. However, our system is still valid as it includes some properties that mimic 

biological systems. Fourthly, the method used in this study does not assess the impact of 

missense variants (involving regulatory sites) on post-translational modification which would 

also have implications on drug response. Fifthly, only one drug was included in the 

simulation, as a result, the impacts observed in this study may only be relevant for this 

particular drug as different drugs have different chemical properties and, thus, they may 

interact differently with the same enzyme and have unique implications for the catalytic 

efficiency. Lastly, no functional assay was performed in this study to verify the prediction. 
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Chapter 6: Conclusion 
 

In conclusion, only eight missense variants from the fifty missense variants, obtained from 

PharmVar, were retained based on the SWAAT results. Only two missense variants from the 

eight were selected for MD analysis. MD assessments were performed on ten selected 

missense variants using a CYP2D6/thioridazine complex model (3TBG) that was acquired 

from PDB. The study provided an insight of the potential impact of variants in 

uncharacterised alleles, such as the L91M which has potential damaging effects and is 

harboured in an uncharacterised allele (*74). The study also provided an idea of potential 

causal variants in some of the alleles that are known to have a decreasing enzyme activity 

effect such as *29 and *17. This provides potential biomarkers that may be used for treatment 

guidelines of drugs involving the CYP2D6 enzyme. The findings also show that mutations 

involving amino acids with similar properties may also potentially cause significant effects 

such as with R365H (basic amino acids). The findings support the hypothesis, as it was 

observed that the missense variants affected the dynamics of the enzyme. These findings 

serve as a stepping stone for optimising the efficiency of precision medicine in Africa.   

 

6.1 Future Work 

To better understand how variants may impact the enzyme’s functionality at molecular level, 

more studies may be performed which include other molecular dynamics assessments on the 

studied variants. This may include assessments such as assessing the effect of the variants on 

the catalytic pocket volume, residue interaction network, dynamic cross-correlation and 

binding affinity. Assessing the impact on the catalytic pocket volume may provide 

understanding on how variants may affect accessibility of the catalytic site by substrates. 

Evaluating the impact of the variants on residue interaction network may provide insight on 

how the mutations may affect the interaction between the residues of the enzyme which has 

implications on the efficiency of the enzyme. Dynamic cross-correlation analysis may 

provide greater understanding of the implications of variants on the collective motion. To 

further understand the impact of the variants at molecular level, assessing the binding affinity 

of the substrate may provide understanding on how variants may alter enzyme activity.   

 

Future work may also incorporate assessing other drugs metabolised by CYP2D6 by 

molecular dynamics. This may provide insight on which variants may potentially exhibit 
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substrate specific variant effect, given that CYP2D6 substrates have some unique chemical 

properties. In addition, the studies may also include assessing the overall core variants in 

uncharacterised star alleles. To provide a more valid representation of a biological system, 

future studies may also include assessing the enzyme with the membrane in the system and 

use a structure from the AlphaFold 2 database which may possibly consist of more complete 

protein structures. This will provide a better representation of a biological system.  

 

6.2 Future Directions 

Precision medicine is a complex model and, thus, there are several other factors that need to 

be taken into account to optimise the efficiency of the application. To achieve this, more 

studies involving other assays such as functional assays, in vitro and in vivo studies should be 

performed to verify or provide clarification to the findings of this study in order to draw more 

robust conclusions and enhance precision medicine. Studying other types of variants and 

other ADME genes may reveal potential epistatic effects and this will expand the genetic 

information pertaining to African populations. Furthermore, studies incorporating other 

factors involved in drug response such as environmental factors, sex, age, gut microbiome 

and lifestyle should be performed to enhance precision medicine applications which aim to 

reduce adverse drug reactions by optimising efficacy (beneficence) and minimising toxicity 

(non-maleficence). 
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Appendix B: Minimisation plots  

 

 

                                                                                    Number of steps 

Figure 1: Minimisation plot showing the energy level in 20 000 steps for the first stage. 

The first 2 000 steps involved the steepest decent thus the energy decreases in a drastic 

manner. For the subsequent steps the conjugate gradient was applied, thus there is a gradual 

decrease and a plateau is reached. 

 

 

 



83 

 

 

                                                                                Number of steps 

Figure 2: Minimisation plot showing the energy level in the 20 000 steps for the second 

stage. The first 4000 steps involved the steepest decent thus the energy decreases in a drastic 

manner. For the subsequent steps the conjugate gradient was applied, thus there is a gradual 

decrease approaching a plateau. 

Appendix C: Heating and Equilibration 

 

Figure 3: Plot showing the temperature during the heating and equilibration phase in 

100 ps. The heating stage was done for the first 20 ps, which shows the increase in 
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temperature until it reached 300 K, the subsequent stage was the equilibration stage which is 

shown by the stabilised temperature.  

 

Figure 4: Plot showing the potential energy (red), kinetic energy (green) and the total 

energy (black) during the heating and equilibration. The energy increases as the 

temperature increased during the heating stage, then the potential energy stabilises, while the 

kinetic energy and total energy stabilise after the first few seconds followed by a decline 

during 20 ps and a final stabilisation from the two energies.    

 

Appendix D: Table Showing Details of the 50 Variants Obtained from 

PharmVar and Their Star Alleles 

rs_number GRCh37 HGVS 

Amino 
acid 
position 

Amino 
acid 
change *alleles harbouring the variant 

rs1440526469 
22:42522580 
C>T 497 R/H *139 

rs568495591 
22:42522607 
G>A 488 S/F *112 

rs75467367 
22:42522625 
G>C 482 A/S *36; *57; *83; *141 

rs74478221 
22:42522626 
C>T 482 A/S *36; *57; *83; *141 

rs1135838 
22:42522629 
A>C 481 F/V *36; *57; *83; *141 

rs1135837 
22:42522635 
C>G 479 G/R *36; *57; *83; *141 

22_42522636_A/C 
22:42522636 
A>C 478 H/Q *85 

rs766507177 22:42522637 478 H/S *36; *57; *83; *141 
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T>G 

rs28371735 
22:42522638 
G>A 478 H/S *36; *57; *83; *141 

rs141756339 
22:42522649 
C>T 474 R/Q *138 

rs1135835 
22:42522662 
T>C 470 T/A *36; *57; *83; *141 

rs1135833 
22:42522665 
G>C 469 P/A *36; *57; *83; *141 

22_42522683_G/C 
22:42522683 
G>C 463 H/D *98 

22_42522699_G/T 
22:42522699 
G>T 457 F/L *97 

rs369177208 
22:42522721 
C>T 450 R/H *125 

rs751092905 
22:42522737 
C>T 445 G/R *110 

rs532668079 
22:42522748 
C>T 441 R/H *75 

rs730882251 
22:42522749 
G>A 441 R/C *62 

rs267608319 
22:42522751 
C>T 440 R/H *31 

rs569439709 
22:42522754 
C>T 439 G/D *113 

rs3021084 
22:42522879 
G>A 430 P/L *136 

rs28371733 
22:42522916 
C>T 418 E/K *52; *106 

rs747089665 
22:42522928 
G>A 414 R/C *135 

rs769157652 
22:42522940 
C>T 410 E/K *27; *32; *141 

22_42522958_T/G 
22:42522958 
T>G 404 K/Q *55 

rs77312092 
22:42523459 
C>T 388 R/H *95 

rs75386357 
22:42523475 
C>T 383 E/K *72 

rs61745683 
22:42523514 
C>T 370 V/I *122 

22_42523516_A/G 
22:42523516 
A>G 369 I/T *26 

rs1555888910 
22:42523525 
A>G 366 F/S *105 

rs1058172 
22:42523528 
C>T 365 R/H *127; *139 

rs202102799 
22:42523558 
T>C 355 Y/C *108; *127 

rs61736517 
22:42523567 
T>C 352 H/R *108 
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rs76088846 
22:42523591 
C>T 344 R/Q *134 

rs267608295 
22:42523595 
G>C 343 R/G *25 

22_42523604_C/T 
22:42523604 
C>T 340 G/R *133 

rs59421388 
22:42523610 
C>T 338 V/M *29; *70; *109 

rs748712690 
22:42523612 
T>C 337 D/G *94 

rs78209835 
22:42523613 
C>T 337 D/N *117 

rs72549348 
22:42523621 
T>G 334 E/A *51 

rs141009491 
22:42523633 
C>G 330 R/P *116 

rs5030867 
22:42523858 
T>G 324 H/P *7 

22_42523901_T/C 
22:42523901 
T>C 310 T/A *118 

rs1406719554 
22:42523924 
A>G 302 L/P *123 

rs949717872 
22:42523940 
T>G 297 I/L *24 

rs1135829 
22:42523975 
T>C 285 N/S *115; *132 

rs1135828 
22:42524183 
A>T 279 M/K *81; *86 

rs77913725 
22:42524187 
C>T 278 E/K *81; *86 

rs148769737 
22:42524219 
G>T 267 P/H *84 

rs267608297 
22:42524237 
G>A 261 T/I *54 

22_42524274_T/G 
22:42524274 
T>G 249 T/P *93 

rs28371717 
22:42524310 
C>A 237 A/S *33 

rs17002853 
22:42524327 
A>G 231 L/P *131 

rs199535154 
22:42524814 
A>G 213 L/P *20 

rs745365204 
22:42524850 
C>T 201 R/H *37 

22_42524880_C/A 
22:42524880 
C>A 191 C/F *130 

22_42524881_A/G 
22:42524881 
A>G 191 C/F *130 

rs5030865 
22:42525035 
C>T 169 G/R *14; *114 

rs1135826 
22:42525038 
A>C 168 S/A *121 
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rs1135825 
22:42525039 
G>T 167 H/Q *121 

rs1135824 
22:42525044 
T>C 166 N/D *103; *121 

22_42525058_C/G 
22:42525058 
C>G 161 C/S *91 

22_42525073_T/A 
22:42525073 
T>A 156 E/V *104 

rs267608302 
22:42525073 
T>G 156 E/A *50 

rs28371710 
22:42525077 
C>T 155 E/K *45; *46 

rs78482768 
22:42525089 
G>C 151 Q/E *58 

rs569229126 
22:42525100 
T>C 147 K/R *90 

rs375135093 
22:42525115 
A>G 142 L/S *89 

rs61736512 
22:42525134 
C>T 136 V/I *29; *70 

rs781457579 
22:42525136 
G>A 135 S/F *126 

rs1135823 
22:42525176 
C>A 122 A/S *53 

rs1135822 
22:42525182 
A>T 120 F/I *49; *53 

rs374616348 
22:42525185 
C>T 119 V/M *70 

rs535642512 
22:42525761 
C>T 111 G/S *111 

rs78459009 
22:42525767 
T>C 109 I/V *82 

rs28371706 
22:42525772 
G>A 107 T/I *17; *40; *58; *64; *141 

rs28371706 
22:42525772 
T>A 107 T/Y *82 

rs74802369 
22:42525773 
G>T 107 T/Y *82 

rs76187628 
22:42525781 
A>G 104 V/A *82; *88 

rs267608308 
22:42525782 
C>T 104 V/M *73 

rs28371704 
22:42525811 
T>C 94 H/R *82 

rs28371703 
22:42525821 
G>T 91 L/M *74 

rs267608309 
22:42525823 
G>A 90 A/V *48; *102; *103 

rs267608276 
22:42525829 
C>G 88 R/P *99 

rs267608310 
22:42525838 
G>A 85 A/V *23 
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22_42525889_A/G 
22:42525889 
A>C 68 V/G *128 

rs267608311 
22:42525908 
G>A 62 R/W *57 

rs118203758 
22:42526669 
C>T 42 G/E *71 

rs5030862 
22:42526670 
C>T 42 G/R *12 

rs1065852 
22:42526694 
G>A 34 P/S 

*10; *36; *37; *47; *49; *52; *54; *57; *64; 
*65; *69; *72; *87; *94; *95; *99; *100; *101; 
*114; *132; *142 

rs138100349 
22:42526712 
G>A 28 R/C *22; *44; *142 

rs28371696 
22:42526717 
C>T 26 R/H *43; *46 

rs267608313 
22:42526721 
G>A 25 R/W *47 

rs769258 
22:42526763 
C>T 11 V/M *35; *143 

rs72549358 
22:42526775 
C>T 7 V/M *28 

rs773790593 
22:42526780 
G>A 5 A/V *87 

 

Appendix E: SWAAT results 

Table 1: Non processed variants summary for SWAAT results 

Reference Allele Aternative allele Reference residue Residue position Residue variant 

G A R 28 C 

C T R 26 H 

C T V 11 M 
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Reference Allele Aternative allele Reference residue Residue position Residue variant 

C T V 7 M 

 

Table 2: Processed variants summary for SWAAT results 

Reference 

Allele 

Aternative 

allele 

Reference 

residue 

Residue 

position 

Residue 

variant 

dG 

(kcal/mol) 

dS 

(kcal/mol/K) 

ML 

prediction 

Red Flags 

G A P 34 S 4.575 0.447 2.0 

⚑buried_exposed_switch, 

⚑hotspotpatch 

C T G 42 R 2.243 -0.012 2.0 ⚑hotspotpatch 

C T G 42 E 2.768 0.000 2.0 ⚑hotspotpatch 

C G R 88 P 4.920 0.136 2.0 
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Reference 

Allele 

Aternative 

allele 

Reference 

residue 

Residue 

position 

Residue 

variant 

dG 

(kcal/mol) 

dS 

(kcal/mol/K) 

ML 

prediction 

Red Flags 

G T L 91 M -0.533 0.130 2.0 
 

T C H 94 R -0.525 -0.046 0.0 
 

C T V 104 M -0.796 -0.423 0.0 
 

A G V 104 A 1.685 0.101 1.0 
 

G A T 107 I -0.803 -0.166 0.0 
 

C T V 119 M -1.441 -0.423 2.0 
 

A T F 120 I 0.635 0.535 0.0 
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Reference 

Allele 

Aternative 

allele 

Reference 

residue 

Residue 

position 

Residue 

variant 

dG 

(kcal/mol) 

dS 

(kcal/mol/K) 

ML 

prediction 

Red Flags 

C A A 122 S 0.308 -0.319 0.0 
 

C T V 136 I -0.236 -0.028 0.0 
 

G C Q 151 E 0.537 0.109 0.0 
 

C T E 155 K -0.365 0.892 0.0 
 

T C N 166 D 1.007 0.099 0.0 
 

G T H 167 Q -0.182 0.165 0.0 
 

A C S 168 A 0.611 0.000 0.0 
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Reference 

Allele 

Aternative 

allele 

Reference 

residue 

Residue 

position 

Residue 

variant 

dG 

(kcal/mol) 

dS 

(kcal/mol/K) 

ML 

prediction 

Red Flags 

C T R 201 H 0.240 0.060 0.0 
 

A G L 213 P 1.468 -0.092 2.0 
 

A G L 231 P 6.389 0.488 2.0 

⚑buried_Pro_introduced, 

⚑buried_exposed_switch 

,⚑hotspotpatch 

C A A 237 S 1.192 -0.079 2.0 
 

G T P 267 H 0.419 -0.318 0.0 
 

C T E 278 K -0.435 -0.077 0.0 
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Reference 

Allele 

Aternative 

allele 

Reference 

residue 

Residue 

position 

Residue 

variant 

dG 

(kcal/mol) 

dS 

(kcal/mol/K) 

ML 

prediction 

Red Flags 

A T M 279 K 1.878 0.008 2.0 ⚑Salt bridge formation 

T C N 285 S 0.968 -0.002 0.0 
 

T G H 324 P 4.673 0.108 2.0 
 

C G R 330 P 3.289 0.791 2.0 
 

C T D 337 N -0.031 1.094 0.0 
 

C T V 338 M 0.527 0.243 2.0 
 

C T R 344 Q 0.235 0.439 0.0 
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Reference 

Allele 

Aternative 

allele 

Reference 

residue 

Residue 

position 

Residue 

variant 

dG 

(kcal/mol) 

dS 

(kcal/mol/K) 

ML 

prediction 

Red Flags 

T C H 352 R -0.232 -0.019 0.0 
 

T C Y 355 C 2.290 1.601 2.0 ⚑hotspotpatch 

C T R 365 H 8.525 0.132 2.0 ⚑hotspotpatch 

C T V 370 I -0.431 -0.188 0.0 
 

C T E 383 K -0.560 -0.033 0.0 
 

C T R 388 H -0.204 0.181 0.0 ⚑Salt bridge formation 

C T E 410 K -0.223 -0.060 0.0 
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Reference 

Allele 

Aternative 

allele 

Reference 

residue 

Residue 

position 

Residue 

variant 

dG 

(kcal/mol) 

dS 

(kcal/mol/K) 

ML 

prediction 

Red Flags 

C T E 418 K -0.548 0.512 0.0 ⚑Salt bridge breakage 

C T R 440 H -0.029 0.461 0.0 
 

G A R 441 C -4.008 0.550 2.0 

⚑exposed_hydrophilic_intr

oduced 

C T R 441 H 0.606 0.395 2.0 
 

C T R 450 H 0.234 -0.311 0.0 ⚑Salt bridge formation 

G C P 469 A 2.020 0.519 2.0 

⚑buried_exposed_switch 

,⚑hotspotpatch 

T C T 470 A -0.292 0.000 0.0 
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Reference 

Allele 

Aternative 

allele 

Reference 

residue 

Residue 

position 

Residue 

variant 

dG 

(kcal/mol) 

dS 

(kcal/mol/K) 

ML 

prediction 

Red Flags 

C T R 474 Q 0.477 0.037 0.0 
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