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Abstract

In an era of newly emerging cases of non-communicable diseases such as cancer, research is
vital for both the medical and economic well-being of humanity. Pharmacogenomics has laid
the groundwork for the identification of potential genes in cancer progression and treatment
outcome investigations. Researchers are increasingly discovering heterogeneity in the
efficacy and toxicity responses of drug metabolizing enzymes (DMEs) in diverse patient
populations receiving anti-cancer therapy. DMEs comprise of Phase I (Cytochrome P450s)
and Phase II (glutathione-S-transferases (GSTs), UDP-glucuronosyltransferases (UGTs), and
dihydropyrimidine dehydrogenases (DPD) enzymes. The main cause of disparity in DME
treatment outcomes is genetic variation, which causes missense mutations leading to
structural and kinetic properties of the enzyme. These modifications have a deleterious
impact on the pharmacodynamics and pharmacokinetics of drugs through multiple
mechanisms. Presently, most cancer medicines are manufactured in developed countries
based on the genetic background of non-African subpopulations. Thus, these drugs may not
be optimally effective or can cause adverse side effects. Even though heterogeneity in
toxicity and efficacy of these drugs has been observed in African descent, the basis of this
population variance remains partially understood. For instance, a deficiency of DPD, the
first-rate limiting metabolizing enzyme in the pyrimidine pathway, causes severe toxicity
when exposed to 5-fluorouracil (5-FU) chemotherapy. However, minimum studies have been
conducted to unravel its molecular mechanism which may unravel the observed drug
treatment outcomes. The aim of this pharmacogenomics study was to determine the
underlying mechanism by which DPD missense mutations, which are associated with an
African ancestry subpopulation, provoke dysfunctional 5-FU metabolism, resulting in drug
toxicity. This knowledge will be critical in designing drug modulators to aid in the restoration

of DPD function, a hallmark of precision medicine. Therefore, in the first part of the research



we identified and reviewed the general role of Phase I and Phase II cancer drug metabolizing
enzymes. We then used World Health Organization (WHO) essential medicine and drug.com
to authenticate the usage of 5-FU as an anti-cancer treatment agent. The 3D structure and
chemical structure of the agent was then downloaded from the Drug bank. Subsequently,
Human Mutation Analysis - Variant Analysis PORtal (HUMA) and Mendelian Inheritance in
Man (OMIM) were used to obtain data on DPD non-synonymous genetic variants.
Additionally, the aggregate information of DPD missense mutations and their relation to
human health were extracted from ClinVar and Pharmacogenomics Knowledge Base
(PharmKGB). This information, along with additional data from single nucleotide
polymorphisms (dbSNP), 1000 Genomes Project and Exome Sequencing Project (ESP MAF)
considering variants classified based on their minor allele frequency (MAF) of 0.001, as well
as research articles, consolidated information on missense mutations associated with African
subpopulations. Finally, the wild type (WT) and detected mutation sequences were obtained
from the Universal Protein Resources database (UniProt). However, because the 3D structure
of human DPD was missing, the dimeric wild type (WT) human 3-dimensional (3D) structure
was modeled via MODELLER using the pig’s structure as a template. PRIMO, HHpred, and
the Protein Data Bank (PDB) were all used to locate the suitable template. As a result, six
clinical (C29R, M166V, Y186C, S534N, 1543V, and D949V) and thirteen non-clinical
(S201R, K259E, D342N, D432N, S492L, R592Q, A664S, G674D, A721T, V732G, T768K,
R886C, and L993R) mutations were discovered. Using AMBER tools, we then determined
accurate force field parameters for each monomer of DPD protein's Fe*" centers. Following
the creation of each mutation model structure in Discovery Studio, the resulting AMBER
force field parameters were inferred. For each model structure, a drug free (inactive/open-
conformation) and drug bound (active/closed-conformation) model structure was created

(WT and mutations). The model structures were validated using the consensus of three



validation programs, namely ERRAT, PROCHECK, and ProSA. Similarly, the impact on
structural functionalities was predicted by consensus from Variant Analysis Porta (VAPOR)
web server, which include three support vector machines (SVM)-based tools; PhD-SNP,
MUpro, and I-Mutation. After protonation in the H++ web server, the six clinical and thirteen
non-clinical (six active site and seven non-active site) mutations identified were then exposed
to 600 ns molecular dynamic (MD) simulation. The non-clinical data was divided into two
categories to better understand the impact of the mutation based on its position in the protein:
six catalytic-domain (R592Q, A664S, G674D, A721T, V732G, and T768K) and seven
remote (S201R, K259E, D342N, D432N, S492L, R886C, and L993R) missense mutations.

The post-MD analysis was done using the typical existing computational global
investigations [RMSD, all versus all RMSD, RMSF, RG, hydrogen bonds (H-bonds) and
dynamic cross correlation (DCC)]. In addition, we used in silico tools newly developed
within the Research Unit in Bioinformatics (RUBI) group, such as comparative essential
dynamics (ED)-principal component analysis and dynamic residue network (DRN) multi-
metric [betweenness centrality (BC), closeness centrality (CC), degree of centrality (DC),
eigen-centrality (EC) and Katz centrality (KC)] analysis algorithms. From the analysis, it was
observed that the loop regions of the mutation proteins had increased loop flexibility,
particularly around the catalytic loop, which could account for the enhanced asymmetric
behavior of the mutation’s monomers compared to the WT. Notably, the A664S mutant
showed relatively lower fluctuations, deviating from the observed heightened flexibility in
other mutants. A general decrease in hydrogen bonds was observed in the 5-FU binding
environment of the mutations compared to the WT. In particular, 5-FU contact analysis of the
WT versus the mutation revealed a reduction in contact between core 5-FU binding residues
and catalytic residues Cys671 and Ser670, which form hydrogen bonds that initiate DPD

catalytic action. Additionally, BC was used to quantify the importance of a protein residue



based on how often it acted as a bridge along the shortest paths between other residues. It
reflected the potential control or influence a residue may have over communication between
different parts of a protein structure. DC assesses the number of connections or interactions a
residue had with other residues in the protein, indicating its overall connectivity within the
structure. In both drug free and drug bound state, DPD data from the active site hubs' BC and
DC revealed a dimeric asymmetric communication pathway per monomer involving a cluster
of newly introduced hubs ensemble along the oxidoreduction conduit from NADPH to 5-FU.
The two BC communication pathways were located more on the interior of the
oxidoreduction conduit, while the two DC communication pathways were located on the
exterior. In both cases, one pathway dominated the other. Partially lost function reported in
mutation systems could be credited to the compensation communication response to the
catalytic site via the least compromised routes. Similar patterns were observed in allosteric
communication pathways to the active site induced by remote mutations. Mutations may have
destabilized the active-loop and 5-FU binding environment, resulting in a compensatory
mechanism seen by the addition of new hubs to the communication network. Surprisingly,
EC hubs in the WT were found within the catalytic site domain, indicating that the region is
important in 5-FU metabolism. EC measured the importance of a residue by considering both
its own degree of connectivity and the degrees of connectivity with its neighboring residues,
highlighting its significance in information flow and communication. Herein, EC hubs in
mutant systems were found to lose this importance, with active site domain mutations
suffering the most. This could explain why non-clinical catalytic domain mutations R592Q,
A664S, and G674D, as well as clinical catalytic domain mutations S534N and 1543V,
experienced drug exit in one of their monomers during simulation. In contrast, there was no
5-FU exit in the non-clinical remote domain. Additionally, aside from the active site, KC

hubs were also found around the cofactors, indicating that these components were equally



important in DPD overall function. KC combines the concepts of both degree centrality and
eigen-centrality, it incorporated both direct and indirect interactions to evaluate the
importance of a residue, assigning higher centrality to residues that have connections to other
highly central residues. Hence, providing a more comprehensive measure of influence within
the protein network. More importantly, CC is known to measure how efficiently a residue can
interact with other residues in the protein, considering the shortest path lengths. It indicates
the proximity of a residue to others, suggesting its potential for information transfer or
functional integration. CC revealed that the majority of persistent hubs were found within the

protein-cores known as cold-spots.

Overall, this study highlighted the communication pathways triggered by active site domain
mutations, as well as the allosteric communication pathways triggered by each remote
mutation in both drug free and drug bound states of the DPD enzyme. Both clinical and non-
clinical mutations revealed each protein's adaptive compensation mechanism, which results in
partial function loss. In each case, the communication network of the different monomers
changed from inactive to activated DPD protein. Cold-spot areas were discovered to contain
key persistent residues involved in protein function and stability. These areas have been
proposed as potential targets for new or repurposed pharmacological modulators that can
restore enzyme function. In the pursuit of precision medicine, it also lays the groundwork for
detecting and explaining the molecular mechanisms of other drug metabolizing enzymes

related to the African-descent subpopulation.
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THESIS SUMMARY

This thesis uses dihydropyrimidine dehydrogenase (DPD), a pyrimidine degrading enzyme,
as a case study to demonstrate the impact of African population-related missense mutations in
5-fluorouracil 5-FU metabolism at the molecular level. 5-FU is a pyrimidine antimetabolite
chemotherapeutic drug that is commonly used to treat cancer, specifically breast, colon,
rectum, stomach, and pancreas cancers. However, the presence of missense mutations in DPD
protein in the general population, including people of African descent, has been linked to
increased toxicity due to altered 5-FU metabolism. Thus, understanding the effects of
mutations on protein structure and function is critical, particularly for precision medicine.
Using post-molecular dynamics studies and dynamic residue network (DRN) analysis, this
thesis aims to identify African-related DPD protein missense mutations and decipher their

effect on the protein structure and function.

It is divided into six chapters, beginning with an introduction (Chapter 1), followed by
parametrization chapter (Chapter 2 Chapters 3, 4, and 5 were split into two major sections:
Chapter 3 focused on clinically significant mutations, while Chapters 4 and 5 (Part II)
addressed mutations of unknown significance (those that are yet to be validated). Using the
mutations of unknown significance, the impact of allosteric/remote (Chapter 4) and catalytic
domain (Chapter 5) mutations in dysregulated metabolism of 5-FU was ascertained. These
findings shed light on how African population specific DPD mutations in various parts of the
protein cause a variety of drug metabolism concerns. It also lays the groundwork for future
research to improve treatment outcomes by discovering novel hits for personalised tailored
precision oncology drugs. Guidelines for implementing precision medicine based on drug

resistance mutations can thus be developed. Chapter 6 is a conclusion chapter.

The introduction chapter provides a general overview of pharmacogenomics and
pharmacokinetics of drug metabolizing enzymes in precision medicine, with a particular
emphasis on DPD and its implication in cancer therapy. In addition, the computational
approaches used in the study were highlighted. Finally, primary research motivation, goals,

and specific objectives were addressed.

The second chapter describes the generation of AMBER force field parameters for Fe?*
centers in DPD proteins using both the original Seminario (Model 1) and automated VFFDT

Seminario (Model 2) approaches. This was done to pave the way for the subsequent wild type

x|



(WT) and mutant protein analyses via molecular dynamics (MD) simulations and post-MD
calculations. It is worth mentioning that this chapter was published in a peer-reviewed

journal.

The third chapter elaborates on the effects of clinically significant DPD enzyme missense

mutations, associated with people of African descent, on the drug metabolism.

Chapter 4 and 5, both, analyse the effect of mutations that are previously studied by in vitro
and ex vivo approaches rather than direct clinical studies. Chapter 4 focuses on the mutations
located away from active site area while Chapter 5 investigates the effect of mutations

located in the vicinity of active site region.

Chapter 3, 4, 5 use combined in silico methods such as MD and post-MD analysis coupled
with an approach that was established in our research group called dynamic residue network

(DRN) while aiming to link the mutation effect into different level of drug metabolism.

The same analysis approaches as in Chapter 4 were used to depict the change in
communication pattern within the active site residues caused by the presence of these

mutations.

Chapter 6 concludes with a summary of all significant findings obtained in this work, their

applications, and future work proposals.
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CHAPTER 1
INTRODUCTION

1.1  General insight on pharmacogenomics of drug metabolizing enzymes in
precision oncology

According to the 2019 United Nations World Population Prospects report, the global
population is expected to grow by two billion people between 2019 and 2050, with 1.05
billion (52 percent) of them in Sub-Saharan African countries (1). Without a doubt, one of the
reasons for this rise is the adequate supply and use of pharmaceutical drugs, which has
resulted in prolonged life expectancy (2, 3). Technological advancements over the past
decade have transformed the face of drug discovery beyond recognition (4). The
incorporation of computational and experimental methods continues to play a pivotal role in
drug design, opening up new opportunities for the drug discovery and development process
(5). Computational tools (in silico) for drug metabolism prediction are at the scientific
community’s disposal. These tools have been used to generate improved drug target
signatures pertinent to metabolic routes (6). Additionally, computational frameworks which
evaluate drug metabolism and toxicological as well as pharmacokinetic effects, including the
use of the adverse outcome pathway approach for risk assessment, have the potential to
enhance the efficiency and speed of preclinical drug development (7). Generally, the
pharmacokinetics and pharmacogenomics of a drug have a significant impact on its efficacy,
dosing, and toxicity. Thus, influencing clinically relevant outcomes in drug dosing based on
individuals’ genetic predisposition, a concept known as precision medicine, is gaining
increasing momentum (8). The rising paradigm in precision medicine holds great potential
for providing efficacy and safety in drug design and development (9). It is also essential in
oncology, where most anti-cancer medications have a narrow therapeutic index and diverse
inter-individual pharmacokinetic variability (10, 11). Missense mutations caused by genetic
variation in the gene encoding drug targets, transporters, and metabolizing enzymes can help
to explain some of this variability (11). Thus, understanding the molecular mechanism by
which missense mutations affect drug disposition and action in their metabolizing enzymes
may hold the key to developing personalized (precision) drugs with improved efficacy and

safety, including cancer drugs.



1.2 Cancer

The increasing disease burden in both infectious diseases such as tuberculosis (TB) and
human immunodeficiency virus (HIV) and non-communicable diseases like cancer,
cardiovascular diseases, and diabetes, demands the understanding of the basic molecular
mechanism of susceptibility and response to drugs in the struggle towards improving
healthcare solutions in Sub-Saharan Africa (SSA). For instance, cancer accounts for 7-10
million global deaths per annum (12). The impact is particularly pronounced within middle-
income and low-income nations, characterized by a swift upsurge in cancer incidences, with a
noteworthy 9.3 % of the populace facing a mortality risk from cancer before reaching the age
of 75 years (13-15). Presently, 60% more Africans succumb to cancer than malaria (16).
According to the International Agency for Research on Cancer (IARC), 693 487 Africans
died from cancer in 2018, with a projected increase to 1 429 812 deaths by 2040 (15, 17).
This figure represents a 106 % increase in deaths predicted between 2018 and 2040. Figure
1.1 illustrates the incidence and mortality rate of cancer in the year 2020. Cancer incidence in
SSA has more than doubled in the last 30 years (18, 19). Without intervention, analysts
predict that these figures will surge in the next 20 years, resulting in a doubling of cancer

mortalities in Africa (20).

Figure 1.1: Cancer incidence and mortality rates in Sub-Saharan Africa sub-regions in
2020. Grey represents the number of new cases, while crimson represents the number of
deaths. Furthermore, the Y-axis represents the number of new cases and mortality in 2020,
while the X-axis represents the sub-regions of Sub-Saharan Africa. The statistical data was
extracted from Ngwa and colleagues (20).

The observed increase in cancer incidence rates can, in part, be attributed to improved

reporting practices (20). Over the years, advancements in diagnostic techniques, increased



awareness, and enhanced cancer registries have led to more accurate identification and
reporting of cancer cases (21). This improved reporting not only captures previously
undetected or unreported cases but also ensures comprehensive data collection (14). Studies
have shown that the implementation of more rigorous reporting systems has resulted in a rise
in cancer incidence rates, particularly for certain cancer types (22, 23). For instance, the
introduction of widespread mammography screening has led to increased detection of breast
cancer cases (24-26). Additionally, the implementation of population-based cancer registries
has contributed to better data collection, enabling a more accurate assessment of cancer
trends over time (14, 17, 21). Therefore, when evaluating the apparent growth in cancer rates,
it is important to acknowledge the influence of improved reporting practices alongside other
factors impacting cancer incidence (20). External and internal factors such as infection,
changing population demographics, behavioural changes, environmental exposures, and

genetics are all contributing to Africa's cancer epidemic (27).

1.3  Population genetic variation

Past external drivers of oncogenesis, genetics and tumour biology are also held
accountable for the disproportionate impact of several cancers on the general population
including people of African descent (28). Africa's population history reveals a high degree of
genetic and phenotypic diversity due to the presence of numerous ethnic groups and tribes
(29-31). Consequently, the genetic differences within these groups likely play a significant
role in the observed disparities in cancer prognosis (32, 33). Migration patterns and adaptive
pressures in ancient times led to genomic heterogeneity within African populations, resulting
in the formation of five subgroups: Central African, Northern Khoe-San, Southern Khoe-San,
East African, and West African (34, 35). Some individuals from these subgroups migrated
out of Africa and formed what is now known as the "out-of-Africa" population (34, 36).
Thus, Africa can be seen as a repository of human genomic diversity, offering an opportunity
to explore the role of genomics in promoting human health equity (31). This repository is
augmented by modern North African populations enriched with the genetic pool of “out-of-
African” Euro-Asian populations. Nonetheless, Africa's contribution to world genetic and
genomics data is grossly disproportionate to the diversity and size of its population. For
instance, the HapMap and 1000 Genome projects included very few African populations (31,
34). This is a significant shortcoming for a group of people who account for more than 90%

of human genomic diversity. According to a recent review of genome-wide association



studies (GWAS), African descents account for only 2.4% of individuals included in all
GWAS studies (37).

In addition, research into human genetics has uncovered that the complexities of
demographic history led to genetic diversity in different populations. Therefore, different
ethnic groups should exhibit genetic variation in cancer-related genes (38, 39). Besides the
prognosis, this may influence different ethnic groups' susceptibility to certain types of cancer
and sensitivity to treatment options such as chemotherapy and radiotherapy (40, 41).
Recognition of population genetic variation for anti-cancer agents through
pharmacogenomics has significant potential impact on chemotherapeutic approach given the

narrow therapeutics index of these drugs (9, 10).

1.4 Pharmacogenomics of drug metabolizing enzymes

Pharmacogenomics is defined as the study of individual differences in drug response,
as well as the mechanism underlying the variable drug response, using an in-depth
understanding of genomics, proteomics, transcriptomics, and metabolomics (9). Overall,
genomics is the study of an organism's entire genetic complement (the genome). It uses DNA
sequencing methods, recombinant deoxyribonucleic acid (DNA), and bioinformatics to
sequence, assemble, and analyse the structure and function of genomes (42). This considers
the genetic diversity that defines allele and allele frequency variation within and across
human populations (43). The role of genomic variation in health and disease has been a major
focus of human genomics research over the last three decades (31, 44). According to recent
research, more than 90% of the human genome is transcribed to ribonucleic acid (RNA) (45).
A cell's transcriptome is a collection of all the RNA molecules, or transcripts, that it contains.
To create the transcriptome, an organism's DNA is first transcribed by RNA polymerase to
produce complementary RNA strands, which are then spliced to remove introns, yielding
mature transcripts containing only exons (46). The protein-coding messenger RNA (mRNA)
transcripts are then used as templates for protein translation, whereas non-coding RNAs
(ncRNAs) play a variety of structural and regulatory roles in the molecular cell biology (47).

Proteomics is the study of the interactions, function, composition, and structures of
proteins, as well as their cellular activities (48). Compared to genomics, it provides a better
understanding of the structure and function of the organism, although it is much more
complex than genomics because protein expression varies over time and under different

environmental conditions (49). Current proteomics research is primarily concentrated in three



areas: functional proteomics, structural proteomics, and expression proteomics. (50).
Functional proteomics approaches are aimed at two major goals: revealing unknown proteins'
biological functions and defining cellular mechanisms at the molecular level. Many proteins
in cells exhibit their biological functions through rapid and transient association within large
protein complexes (51). Understanding protein functions and unravelling molecular
mechanisms within the cell are then dependent on identifying interacting protein partners. In
fact, the association of an unknown protein with partners from a specific protein complex
involved in a specific mechanism would be strongly suggestive of its biological function (51,
52). Expression proteomics studies, on the other hand, are concerned with the investigation of
protein expression patterns in abnormal cells (i.e., malignant, drug-stimulated, etc.) relative to
healthy cells. This comparative approach is commonly used in biomedical applications to
identify proteins that are downregulated or upregulated in a disease-specific way for use as
diagnostic markers or therapeutic targets (53-55). In structural proteomics, X-ray
crystallography and nuclear magnetic resonance spectroscopy are frequently used to
determine the three-dimensional (3D) structure and structural complexities of functional
proteins (56, 57). A protein's amino acid sequence determines its 3D arrangement, and this
correct structure is uniquely positioned to perform its intended biological function. Any
changes in the amino acid sequence caused by diseases can result in changes in proteins
dynamics, affecting their biological function (58, 59). The investigation of these changes has
led to the discovery of the mechanism of drug binding in a protein and how it may affect its
metabolism, paving the way for drug research and development (60).

Biological evaluations of drug metabolism frequently necessitate the use of high-
precision analytical methods to identify and quantify metabolites produced by a drug's
biotransformation (61). Furthermore, metabolomics which involves identification,
quantification, and documentation of metabolites in various biological systems using modern
analytical platforms has also become an important tool in pharmacogenomics (62, 63). Liquid
chromatography-mass spectrometry (LC/MS) (64, 65), non-destructive nuclear magnetic
resonance (NMR) spectroscopy (66), and gas chromatography-mass spectrometry (GC/MS)
have all helped in the profiling of metabolites in complex biological matrices (67).
Metabolomics, like transcriptomics, has been instrumental in establishing links between
genetic regulation, metabolite phenotyping, and biomarker identification (68). In clinical
practice, metabolomic analysis of human biofluids is used to distinguish between
physiological and pathological states in humans, aid in early disease biomarker discovery,

and predict individual response to drug therapy (69-71).
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The omics (genomics, proteomics, transcriptomics, and metabolomics) subclass of
biological studies (mentioned above) is gaining popularity in clinical and academic health
arenas (72). All these “omics” technologies represent promising avenues for accurately
characterizing diseases (73). Precision medicine is based on omics pathways to provide the

most effective treatment for individuals (31, 74).

1.5  Precision medicine

Precision medicine is a concept that provides personalized care by considering both
population characteristics and individual variability; this broadens biological knowledge and
investigates the vast diversity of individuals (75). Understanding the underlying
heterogeneity of numerous complex disease processes necessitates new strategies presented
in precision medicine for prediction, prevention, and individualized treatment strategies (76).
This framework must be tailored to each person’s unique omics, resulting in individualized
disease management (77). Furthermore, it empowers clinicians to predict the most
appropriate course of action for patients with complex diseases like cancer, diabetes,
cardiomyopathy, and COVID-19 (78). For instance, numerous drugs' efficacy and toxicity are
influenced by interindividual genetic variations in drug metabolizing enzymes and
transporters (9). Recently, the precision oncology paradigm has reinforced pharmacogenomic
studies. Better understanding of persons' responses to medication based on their genomic
information has enabled the evaluation of their uniqueness to pharmacodynamics and
pharmacokinetics of drugs (9). Not only does this allow for the effective and safe
administration of existing medications, but it also holds the promise of increased safety and
efficacy in drug design and development based on subpopulation genetic constitution (9, 79).
The potentials of various drug metabolizing enzymes are influenced by interethnic genetic
makeup. In addition, advances in pharmacogenomics have revealed that missense mutations
caused by altered DNA may account for some of the variability in phase I and phase II drug
metabolizing enzymes (DMEs) (9, 80).

Traditional drug metabolism is divided into three phases: modification (phase I),
conjugation (phase II), and elimination (phase IIl) (through bile or urine) (11). The
Cytochrome P450 (CYP) enzyme family is critical for drugs' phase I modifications
(hydrolysis, oxidation, and reduction) (81). Enzymes such as uridine diphosphate
glucuronosyltransferases (UDGs) and glutathione S-transferases (GSTs) carry out phase II

conjugation reactions that result in drug inactivation or activation (UGTs) (82). The enzymes
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that catalyse purine and pyrimidine analogue metabolism, thiopurine S-methyltransferase
(TPMT) and dihydropyrimidine dehydrogenase (DPD), have several known polymorphisms
in their encoding genes that cause deleterious amino acids substitution (missense mutations).

These mutations may have an impact on the stability, structure, and dynamics of such DMEs

(11).

1.6 Impact of missense mutation on phase I drug metabolizing enzymes

related to Cytochrome P450

I. Cytochrome P450

The Cytochrome P450 (CYP) has been described as a broad and diversified heme-
comprising enzyme superfamily, which takes part in the oxidative metabolism of structurally
diverse molecules such as chemicals, fatty acids, and drugs (83, 84). Approximately a dozen
enzymes from CYP1, 2 and 3 families of enzymes are responsible for 70-80% of all phase I-
dependent drug metabolism, out of 57 putatively functional human CYPs (85). Additionally,
CYPs 1A2, 2C8, 2C9, 2E1, and 3A4 are the most abundant in the liver, whereas CYPs 2A6,
2B6, 2D6, 2C19, and 3AS5 are less abundant, and CYPs 1Al, 1BI1, and 2J2 are mostly
expressed extrahepatically (86). Mutations in cytochrome P450 enzymes (CYPs) can be
classified either genetically or pharmacologically. Genetic classification primarily focuses on
the influence of underlying genetic variations on enzyme structure and function. In contrast,
pharmacological classification emphasizes the practical implications of these genetic
variations on drug metabolism and interactions (87, 88). Depending on the impact on
enzymatic function, these mutations can lead to either loss of function or gain of function,
resulting in subcategories such as ultrarapid, intermediate, normal, and poor metabolizers
(89-91). Gain-of-function in these mutations may increase medication clearance, resulting in
a decrease in concentration, whereas loss-of-function mutations decrease clearance, resulting
in an increase in concentration. For instance, mutation-induced loss of function in CYP2D6
has rendered pharmacological lack of production in active analgesic codeine (86). Although
monogenic polymorphisms account for a significant portion of the differences in only a few
enzymes (most notably CYP2D6), most enzymes are multi-factorially controlled, including
additional polymorphisms in regulatory trans-genes and nongenetic host factors such as age,

disease, sex, hormonal and diurnal influences, and other factors (Figure 1.2) (86).



Figure 1.2: The percentage representation of clinically used metabolized isoforms
(protein mutations) and the factors influencing variability. Significant variations are
highlighted, with potential influence as increased and decreased activity or both. Statistical
data obtained from Zanger and Swab (86).

1.7 Impact of missense mutation on phase II drug metabolizing enzymes
II.  Thiopurine methyltransferase (TMPT) and 6-Mercaptopurine

The cytosolic enzyme Thiopurine methyltransferase (TMPT, EC 2.1.1.67) catalyses
the 5-methylation of aromatic and heterocyclic sulthydryl compounds (92). Included among
its substrates are thiopurine drugs 6-mercaptopurine (6-MP) and the prodrug thioguanine
(93). These chemotherapeutic agents have been essential components of treatment protocol
for acute lymphoblastic leukaemia (ALL), autoimmune disease, and transplant organ
recipients (94, 95). Many modern treatment protocols for paediatric ALL employ successive
cycles of thioguanine and 6-MP beginning as early as induction consolidation treatment and
continuing up to 6 months after diagnosis (96, 97). The anti-tumour effect of 6-MP is
achieved by inhibiting the formation of nucleotides required for RNA and DNA synthesis
(98-100). As such, the catalysis of S-methylation of 6-MP by TPMT results in the formation
of inactive metabolites. Toxic thioguanine nucleotide (TGN) is incorporated into DNA
chains, resulting in replication inhibition and consecutive cellular degradation (98, 99).
Presence of missense mutation due to genetic variation in the TMPT gene hampers the

inactivation process (101-103). These factors have a significant impact on 6-MP



bioavailability and toxicity. The accumulation of TGN, which is inversely proportional to
TPMT activity, is associated with a higher risk of adverse reactions to 6-MP (104-106).
Patients with TPMT missense mutations are at increased risk of adverse haematological
toxicities when treated with 6-MP because the mutations result in a slower rate of 6-MP
metabolism (106-109).

Polymorphic TPMT activity has a well-defined molecular basis. Three TPMT alleles,
designated as TPMT*2, TMPT*3A, and TPMT*3C, were seen to account for nearly 95% of
TPMT deficiency cases (110). Each of these mutation alleles encodes mutated TPMT
proteins that degrade rapidly, resulting in enzyme deficiency (111). It has been reported that
the types and frequencies of TPMT alleles differ between ethnic groups (112, 113).
Individuals who are homozygous for variant TPMT alleles accumulate toxic metabolites 10-
to 15-fold more (114). Though, in those individuals, a 5-10% reduction in the standard dose
can result in an antineoplastic effect, with partial or total loss of myelosuppression (115).
Before commencing 6-MP therapy, TPMT testing is now used to optimize doses in children

with ALL (116).

I11. Uridine diphosphate [UDP]-glucuronosyltransferase 1A1 and
Irinotecan

UDP-glucuronosyltransferases are a superfamily of enzymes that metabolize a variety
of lipophilic molecules such as bilirubin, steroids, toxins, and drugs, including SN-38, the
active metabolite of irinotecan (117). Due to its potent anti-tumour activity against a wide
range of carcinomas, irinotecan is one of the most commonly prescribed chemotherapeutic
agents (116). After intravenous administration, this drug is converted by carboxylesterase
enzymes to the active metabolite 7-ethyl-10-hydroxycamptothecin (SN-38), which in turn
inhibits topoisomerase-I (118). The SN-38 metabolite causes cytotoxicity by forming a
ternary drug-topoisomerase-DNA complex with the cleavable complex (119). This complex
is supposed to prevent the re-ligation of single strand breaks, which would otherwise disrupt
the moving DNA replication fork. The halting of replication and the interaction of replication
enzymes and the ternary complex causes lethal double-stranded breaks in DNA, resulting in
irreversible DNA damage and cell apoptosis (120, 121). Nonetheless, because SN-38 is
lipophilic, it 1is then inactivated to SN-38 glucuronide (SN38G) by UDP-
glucuronosyltransferase during phase II metabolism (glucuronidation). The derived

conjugated SN-38 glucuronide is water-soluble and is predominantly excreted via bile, with
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approximately 30% excreted via the kidneys (122). This process is impacted by genetic
variation in the UDP-glucuronosyltransferase 1A1 (UGT1Al) enzyme, which results in
significant interpatient variability in SN38G formation (123). Polymorphisms in the UGT1A1
promoter region, which contains several repeating TA elements, are the most common cause
of variations in UGTI1A1 activity. The presence of seven TA repeats (referred to as
UGT1A1*28) rather than the normal number of six results in decreased UGT1A1 expression
and activity (124). Thus, UGT1A1*28 has been linked to decreased glucuronidation of SN-
38, increased exposure to SN-38, and increased clinical toxicity in irinotecan patients (125,
126). The frequency of UGT1A1%*28 alleles varies greatly across ethnic groups: UGT1A1*28
alleles are found in approximately 35% of African Americans and Caucasians, but much less

frequently in Asians (127, 128).

1.8 Impact of missense mutation on phase I drug metabolizing enzymes not
related to CYP-450

The genesis of missense mutations is genetic variation in genes encoding drug
metabolizing enzymes. As stated earlier, this influences the pharmacokinetic and
pharmacodynamic properties of these enzymes leading to drug toxicity and resistance (9).
This poses a challenge in the field of drug research and development. Well-designed criteria
in the early stages of drug development can lead to greater success (59). This is the primary
focus of this research which is illustrated by a case study of the Dihydropyrimidine
dehydrogenase (phase 1) 5-FU drug metabolizing enzyme. The phenomena of allostery and
missense mutations are discussed, including how these biological occurrences can be

integrated into in silico novel drug discovery or repurposing.

IV. Case Study: Dihydropyrimidine dehydrogenase and S-fluorouracil
(5-FU)

The metalloenzyme dimeric dihydropyrimidine dehydrogenase (DPD; EC 1.3.1.2) is
the initial rate-limiting phase I drug metabolizing enzyme in the triple-step pyrimidine-based
catabolic pathway (129, 130). This enzyme promotes the NADPH-dependent degradation of
(thymine and uracil) to 5,6-dihydrouracil and 5,6-dihydrothymine, respectively (130). Each
monomer contains highly specialized 4 x Fe®'4S8%4 clusters, which allow for a well-

orchestrated electron transfer cascade that initiates a redox catabolic reaction that leads to
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pyrimidine degradation (129-131). In addition to its biological nucleotide metabolism
function, the enzyme is an antineoplastic drug target (132). It is fully liable for the phase I
metabolism of 5-fluorouracil (5-FU), a pyrimidine-like antineoplastic medication that is
commonly prescribed (133). However, the presence of missense mutations in the general
population, including the subpopulation of African descent, causes toxicity due to altered 5-

FU degradation.

5-FU and its oral prodrugs capecitabine and tegafur are three of the most used antineoplastic
drugs in the adjuvant and palliative treatment of cancer patients (134, 135). These
antimetabolite chemotherapeutic agents belong to the fluoropyrimidines (FP) family first
developed by Heidelberger in 1957 (136). This medication is widely used in many neoplasms
and is a standard treatment for gastrointestinal (pancreatic, colorectal, and gastric), breast,
and head and neck cancers (137, 138). 5-FU is a prodrug that must be converted
intracellularly into cytotoxic metabolites with anti-tumour effects. Its metabolism involves
two routes (catabolic and anabolic pathway) that are in competition with each other (138).
Initially, while 5-FU is administered intravenously (parenteral) as a bolus infusion, or
continuous infusion over many days, capecitabine and tegafur are taken orally (133). After
oral administration, capecitabine and tegafur are then converted to their only active
metabolite, fluorouracil, by CYP2A6 and thymidine phosphorylase enzymes, respectively
(139, 140).

a. Catabolic pathway

Thereafter, 80 - 85% of the administered dose is degraded in the liver leading to the
formation of a-fluoro-B-ureido propionic acid (FUPA) and a-fluoro-B- alanine (FBAL) which
is excreted through the kidneys (Figure 1.3) (135). The kinetic investigation of intravenous
bolus administration 5-FU disclosed that 60 - 90% of this drug is excreted within 24 hours
either as CO; exhalation or FBAL in wurine. Oral administration of 5-FU prodrugs
(capecitabine and tegafur) results in poor bioavailability associated with variability in DPD
activity (genetic variation/circadian). Due to inter- and intra-patient variability in 5-FU
adsorption/elimination, unpredicted 5-FU levels in the plasma are stated (136). Several 5-FU
prodrugs have been modulated to overcome severe toxicities after 5-FU administration in

DPD deficient cancer patients (135, 136).
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Figure 1.3: An illustration of 5-FU multi-step activation pattern that leads to the
production of cytotoxic 5-Fluoro-2'-deoxyuridine-5’-monophosphate (FAUMP). FAUMP
inhibits thymidylate synthase (TS) enzyme, causing intracellular accumulation of deoxy-
uridine-monophospate (dUMP) and reduction of deoxy-thymidine-monophosphate (dTMP).
This halts DNA synthesis. In addition, through catabolism dihydropyrimidine dehydrogenase
(DPD) enzyme catalyses the reduction of 5-FU into 5,6-dihydrofluorouracil (DHFU). DHFU
is then degraded into fluoro-ureidopropionic acid (FUPA) and fluoro-alanine (FBAL).

b. Anabolic pathway

In this pathway, the transformation of 1 - 3% of 5-FU to active metabolites
competitively hinders the enzyme thymidylate synthase (TS) activities, hence thymine
deficiency and inhibition of deoxyribonucleic acid (DNA) synthesis as well as cytotoxicity
(141). Similarly, it inhibits ribonucleic acid (RNA) production, though to a lesser extent
(Figure 3). These effects are most noticeable in rapidly growing cells and can result in cell
death (141). Upon entry into the cells, 5-FU is converted into 5-fluorouridine monophosphate
(FUMP) either indirectly through uridine phosphorylase (UP) and uridine kinase (UK) (FUR)
or directly using orotate phosphorylase (OPRT) with phosphoribosyl transferase (PRPP) as a
cofactor. FUMP is subsequently phosphorylated to fluorouridine diphosphate (FUDP), which
is converted by ribonucleotide reductase (RNR) to the active metabolites fluorodeoxyuridine
diphosphate (FAUDP) or fluorodeoxyuridine triphosphate (FUTP) (142). Ultimately, these
active metabolites are mis-integrated into RNA and DNA instead of uridine-5'-triphosphate /
2'-deoxythymidine-5'-triphosphate  (UTP/dTTP). Equally, 5-FU is converted to
fluorodeoxyuridine monophosphate (FAUMP) either directly through the reduction of FUDP
by RNR (a prevailing process) or indirectly through the sequential action of thymidine
phosphorylase (TP) and thymidine kinase (TK) (29, 103, 143).
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Thymidine synthase (TS) catalyses the methylation of deoxyuridine monophosphate (dUMP)
to dTMP in the presence of 5-10-methylene-hydro folate, which aids in the biosynthesis of
thymidylate (CH2THF). When FAUMP binds to TS, it forms a stable ternary complex that
prevents dUMP access by constraining dTMP synthesis (Figure 4). A decline in dTMP levels
causes a drop in deoxythymidine triphosphate (dTTP), which disrupts the level of other
deoxynucleotides, resulting in severe restriction of DNA synthesis and repair. Furthermore,
inhibiting TS causes an increase in dUMP, which raises the level of deoxyuridine
triphosphate (dUTP). As a result, increased dUTP/dTTP and 5-FAUTP/dTTP cause dUTP and
FAUTP misincorporation in DNA, resulting in DNA damage. The action of dUTPase (DUT),
which generates dUMP and aids in preventing mis-integration into DNA, reduces dUTP
accumulation, limiting the efficacy of 5-FU therapy (144-146). It should be noted that 12 -
19% of the administered parent drug is excreted unchanged in the urine (133, 147-149).

Herein, the human DPD protein is of particular interest. However, because we build
the 3D human model using the crystal structure of pig homolog (PDB ID: 1H7X), the
structural features will be defined based on the template structure.

The Dihydropyrimidine dehydrogenase (DYPD) gene, which is located on
chromosome 1p21 and has 23 exons and a 3078-bp open reading frame (150), encodes the
homodimeric DPD protein (130, 151). Within its five domains, each monomer of molecular
mass ~110kDa contains four cofactors and a substrate. Domain I contains residues 27-173
and two sets of Fe>"4S%4 clusters. Domain II (174-286 and 442-524) and domain III (residues
287-44) are NADPH™ and FAD-binding domains, respectively, while domain IV (residues
535-847 and active site loop residues 675-679) is the FMN and URF-containing domain. The
final domain V contains residues 1-26 and 848-1017 and the remaining two sets of Fe**4S*4
clusters (129, 130, 152, 153) (Figure 1.4).

The FMN and FAD are at opposite sides of the protein, separated by four Fe**4S%4 clusters:
the first set of Fe’"4S%4 (hetero atoms 1026 and 1027) clusters from each monomer are
situated closer to the last set of Fe**4S%4 (hetero atoms 1028 and 1029) clusters from the
opposing monomer (129, 130). Additionally, each monomer’s catalytic domain (FMN and
URF) is proximal to the C-terminal domain (set of Fe?*"48%4 clusters) (47, 130, 154). This
architecture is critical for electron transfer from the NADPH donor molecule to the catalytic
sites (129, 130, 154). The precise mechanism by which these redox cofactors participate in
the reaction, though, is largely unknown (155). Previous research has found that the Fe**4S%*4
clusters act as a bridge between the FMN and FAD cofactors, allowing electrons to be

transported to the active site (131, 152, 156).
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Figure 1.4: A detailed 3D representation of DPD pigs structure template (PDB ID:
1H7X). (A) Monomer A domains I — V cartoon representations are coloured in teal, magenta,
light grey, light and dark blue, respectively. NADPH (black), FAD (maroon), FMN (royal
blue) and red (URF) are Monomer A’s stick representation of cofactors. Monomer B, the
mirror image of Monomer A, is shown as a grey surface. (B) An illustration of Monomer A’s
Fe?"4S8%4 clusters coordinating environment. (C) The electron transport chains in which 2
electrons are lost from nicotinamide-adenine-dinucleotide phosphate (NADPH) in site 1 of
each chain via flavin adenine dinucleotide (FAD) and Fe?"4S%4 (1026 and 1027) clusters, for
the reduction of URF (5-FU) in site 2 of the opposing chain through Fe?*sS%4 (1028 and
1029) clusters and flavin mononucleotide (FMN). Adopted from our previous manuscript
Tendwa et al., (147).
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The geometry of Fe**4S%* clusters is distorted tetrahedron cubane-like (129, 130, 157).
The first (1026: Figure 4.B) cluster in each monomer has a unique coordination in which four
Fe?" atoms are interconnected by disulfide bridges, three of which are bonded to the protein
through a cysteine residue side chain and the fourth by a glutamine residue ([Fe**4S%4 (S-
Cys)3(S-GIn)]) side chain. Conversely, each of the Fe*" atoms in the subsequent three (1027,
1028, and 1029: Figure 4.B) clusters is coordinated by cysteine residues linked by disulfide
brides ([Fe**4S%4 (S-Cys)4]) (129-131, 147, 157).

1.9 Missense mutation in Dihydropyrimidine dehydrogenase (DPD)

Genetic variations in the DPYD gene can result in enzymes with low or no activity.
Cancer patients with at least one copy of a non-functional DPYD variant will be at risk of
metabolizing fluorouracil normally (158). Thus, these people are at risk of potentially fatal
fluorouracil toxicity, such as bone marrow suppression, hand-foot syndrome, cardiotoxicities,
alopecia, dermatitis, gastrointestinal toxicity, and, in rare cases, neurotoxicity (159-161). To
curb the risk of toxicity, the clinical relevance of identifying patients with pathogenic DPD
missense mutation is based on dose adjustment of fluoropyrimidine (5-FU, capecitabine, and
tegafur) chemotherapy agents-based mutation status. Dose adjustment has been proposed to
improve 5-FU tolerance and safety in patients with DPD missense mutations who are
anticipated to develop severe toxicity (162, 163). This led to the genotype-guided dose
adjustment (DPWG) recommendation by two main pharmacogenetics expert groups, namely:
the Dutch Pharmacogenetics Working Group (DPWG) and the Clinical Pharmacogenetics
Implementation Consortium (CPIC). Both consortia proposed classifying variant carriers
according to their metabolizer capability (normal metabolizer, partial/intermediate
metabolizer, and poor metabolizer) and agree that dose reductions of 25-50% ought to be
introduced for patients who carry single variants of the four predominant Caucasian variants.
For compound heterozygotes or homozygotes, extreme caution (dose reductions of 50-75%
or over) and even 5-FU exclusion are advised (164, 165). Based on the DPWG's conclusion,
four pathological clinically relevant variants, namely rs3918290 (DPYD *2A, IVS14+1G>A,
c.1905+1G>A), 155886062 (c.1679T>G), 1rs67376798 (c.2846A>T, D949V), and
rs56038477/rs75017182 (c.1236G>A/HapB3), have gathered sufficient evidence to warrant
their implementation in clinical care. The existing guideline exclusively presents
recommendations concerning these four variants, while no recommendations are provided for

other variants in DPYD as summarized in the Table 1.1 (162, 166, 167).
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Table 1.1: A summary of clinically relevant DYPD variants

rs number DPYD Activity DPYD variant Consequences Recommended dosage
possible score (AS)
Phenotype
rs3918290  Poor 0: strong DPYD*2A No activity Alternative therapy
rs55886062 metabolizer  (.5: (DPYD*13)  Minimal activity ~ 75% dose reduction
s moderate
rs67376798 Intermediat  1.0: strong D949V Reduced activity 50% dose reduction
rs56038477 e 1.5:moderate  HapB3 ( Reduced activity 25% dose reduction
or metabolizer
rs75018182 s
Normal 2: strong Wild type Normal activity Recommended  dose
metabolizer administration

S

Of these variants only D949V (rs67376798) has been identified on the African descent
population (168). The most prevalent missense mutation related to DPD deficiency is the
IVS14 + 1 G > A, also known as DPYD*2A (rs3918290). This mutation specifically affects
the splice recognition sequence located in intron 14, where a G > A alteration occurs. As a
consequence, an exon is omitted during the mRNA processing, resulting in the deletion of
165 base pairs in the DPD mRNA. Consequently, a truncated protein is produced, which
exhibits almost no enzyme activity. (169). Similarly, ¢.1679T>G (DPYD *13, rs55886062)
mutation has been associated with absent DPD activity, whereas HapB3 has exhibited
decreased protein function (170). Furthermore, cancer patients with M166V, Y186C, D342N,
1543V, R592Q and G674D DPD missense mutations, including people of African descent,
have a significantly increased risk of adverse drug reactions from 5-FU treatment (171-177).
A prospective observational study examining the relationship between DPD variants and
toxicity in advanced cancer patients receiving capecitabine (5-FU pro-drug), discovered that
the D949V mutation was significantly associated with an increased risk of developing grade
3 toxicity (178). Lower DPD activities have been observed in D949V, M166V and Y186C
variants with altered concentrations of uracil and/or its metabolite (164, 179).

Furthermore, a detailed examination of five DPD mutations found in cancer patients
suffering from 5-FU-related side effects revealed a significant reduction in DPD activity in
four missense mutations (C29R, M166V, S534N, 1543V) (180). Mutations C29R, M166V,
and 1543V, as well as others (M406T, E412E, F632G, and V732I), have been isolated in the
Tunisian population, but their proclivity to cause 5-FU-related toxicity was not determined
(181). Nonetheless, mutation Y186C, which is notably specific to Sub-Saharan Africans, has
been linked to severe toxicity cases (176). It has been shown to inhibit the activity of the

DPD enzyme (176, 182). Indeed, it is proposed that this mutation be considered for inclusion
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in clinical guidelines for the Sub-Saharan population after validation in clinical trials (182).
Offer et al. found that variant M166V had higher enzymatic activity, whereas R592Q and
D342N reported reduced DPD activity of up to 12.5% to 25% compared to the wild type.
G674D, on the other hand, was the least active (<12.5%) (174).

An in vitro investigation of 296 volunteers from various ethnic subpopulations
including Ghanaian, British-Caucasian, Kenyan, and South-West Asian displayed different
DPD activities (183). Their mean DPD activities from peripheral blood mononuclear cells
(PBMC) samples determined by HPLC analysis were compared within subgroups, and then
against reference cohorts of Korean and French-Caucasian populations (184, 185). Similar
DPD activities were observed in Kenyan, British-Caucasian, and South-West Asian
subpopulations (0.194, 0.215, and 1.92 nmol/min/mg, respectively). Ghanaian subjects, on
the other hand, showed significantly lower mean activity (0.119 nmol/min/mg). Considering
reference cohorts, the Korean population had a significantly higher mean than the French-
Caucasian population (0.227 nmol/min/mg) (185, 186). In vitro functional analysis using
E.coli expression system identified two mutations (G366A and T768K) from 150 healthy
Japanese volunteers. G366A mutation demonstrated reduced 5-FU intrinsic clearance (Clint),
lowering DPD activities by 50%, but no change was observed in T768K. On the other hand,
T768K-associated activity decreased at a faster rate than the wild type (WT) DPD, indicating
protein instability (165). Using 5-FU as a substrate, Offer et al., measured the enzymatic
activities of 80 non-synonymous variants expressed from HEK293T/c17 cells. DPDs with the
mutations P1023T, K861R, E828K, and M166V were found to be significantly more active
than wild type DPD. D949V and 31 other mutations had significantly lower activity than wild
type DPD (168).

1.9.1 General computational approaches and resources to study the effects of
missense mutations

1.9.1.1. Missense mutation identification

Single nucleotide variants that result in amino acid substitutions at the protein level,
known as missense mutations, are a major research focus because they are linked to the
majority of known genetic diseases (182, 183). Most of this information is available from the
Online Mendelian Inheritance in Man (OMIM) database, which is a freely accessible public
database that contains bibliographic data on human genes and genetic disorders (184). It links

to curated comprehensive mutation listings, such as Human Gene Mutation Database, as well
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as many locus-specific mutation databases (LSDBs) including Cystic Fibrosis Mutation
Database (CFRdb), Phenylalanine Hydroxylase Locus Knowledgebase (PAHdb) and Human
Genome Variation Society (185). The Genome-wide single-nucleotide variant array
(GWSAs) contains specific information about missense mutations, including those related to
the African descent population (186, 187). This array contains the greatest amount of linkage
data for the entire genome, comprising whole-exome sequencing (WES). By employing WES
sequencing, novel connections between coding polymorphisms with minor allele frequencies
(MAFs) greater than 0.01 and prevalent metabolic phenotypes can be unveiled (188).
Similarly, the Genome Aggregation Database (gnomAD) is a publicly available database that
provides information on genetic variants found in human populations (187). The primary
objective of gnomAD is to aggregate and curate genetic variant data from large-scale
sequencing projects, such as the Exome Aggregation Consortium (ExAC) (188) and the
Genome Aggregation Database (gnomAD) itself (187). The exome sequencing data, focuses
on the protein-coding regions of genes, and genome sequencing data, which encompasses the
entire genome (188). It includes information on millions of genetic variants, including single
nucleotide variants (SNVs), insertions, deletions, and structural variants. Each variant entry
provides details such as its genomic location, allele frequencies in different populations,
functional annotations, and predicted impact on protein function (188).

ClinVar, Pharmacogenomics Knowledge Base (PharmKGB) and DrugBank are drug-
related resources providing information on drug and/or related missense mutation (189).
PharmKGB is a knowledge resource base which captures the associations between
phenotype/diseases, genes, and drugs implicated in pharmacodynamics (PD) and
pharmacokinetics (PK) (190, 191). The clinical information is incorporated from potentially
clinically actionable gene-drug associations, clinical guidelines, genotype-phenotype
relationships, and drug labels (192, 193). Literature reviews of gene-drug-disease interactions
and genetic variant drug dosing guidelines in a pharmacogenomic approach as well as FDA
label curations are a good source of this information (194). On the other hand, ClinVar
combines information about the genomic variation and its association to human health (195).
Some of these variants may lack 3D crystal structure, which is critical in determining the
effects of mutation on protein structure and function using an in silico approach. As a result,

they need to be modelled.

1.9.1.2. Homology modeling
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Homology modeling is the most reliable computational tool for making structural
models in the absence of experimentally determined crystal structure. This approach predicts
the 3D structure of a query protein based on template protein sequence alignment. Target
identification, sequence alignment, model construction/model refinement and model
validation are the four steps involved in homology modeling as summarized in the Figure 1.5

(189, 190).

Figure 1.5: A simplified representation of the modeling process. The first step is to
retrieve homologous sequences in order to create an alignment. This alignment will serve as
the foundation for the model. The alignment is then fine-tuned using external data such as
secondary structure information, known motifs, and conserved features. This aids in the
creation of a precise alignment. The model is then built using software. This step is usually
very quick (a few minutes). After the model has been built, it must be inspected and refined.
In some cases, an iterative process is used in which the model is built, then inspected, and
then the alignment is adjusted before rebuilding the model to include nicotinamide-adenine-
dinucleotide phosphate (NADPH), flavin adenine dinucleotide (FAD) and Fe®'4S%*y
(model. 1026, 1027, 1028 and 1029) clusters and flavin mononucleotide (FMN) and 5-
fluorouracil (5-FU) Adapted from Tastan Bishop et al., (190).

Identification and selection of templates: protein databases, in addition to drug-related
resources, have evolved into an essential component of identifying correct protein sequences
and their related templates in modern biology. Large amounts of information are being
generated for protein structures, functions, and certain sequences. Database searches are
frequently the first step in the investigation of a new protein (196). Comparison of proteins or
protein families provides knowledge about the relationship between proteins within a genome

or across different species, and thus provides more information than studying an isolated
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protein (196, 197). Protein databases such as PIBASE (198), Proteins, Interfaces, Structures
and Assemblies (PDBe PISA) (199), UniProtKB/Swiss-Prot (200), Reference sequence
(RefSeq) (201), Protein Information Resource (PIR) (202), and the Protein Data Bank (PDB)
(203) provide diverse information regarding protein sequences, crystal structures, domains,
protein-protein interactions, and post-translation modification (204). Aggregate information
of the majority of protein databases can be accessed through the National Center for
Biotechnology Information (NCBI) (205). Among other things, the NCBI promotes the use of
software and databases to conduct research on advanced computer-based information
processing approaches for analysing the structure and function of biologically important
molecules such as proteins (196, 205). The sequences for proteins and how they are related to
other proteins can be obtained with blast local alignment search tool (BLAST). Furthermore,
databases such as HHPred (191) and PRotein Interactive MOdeling (PRIMO) (192) are
popular simplified tools for finding eligible templates for target sequences. In this study,
PRIMO was used; it searches for templates in a PDB (193) containing NCBI databases via
BLASTp algorithms. The HHSuite packages, which include HHSearch (194), explore
databases such as the PDB for suitable templates. It is critical to obtain a template with high
sequence similarities to the target sequence in order to generate highly accurate 3D structures.
A minimum similarity of 25% between the template and target sequences has been
determined to be suitable for homology modeling (195). Aside from high sequence similarity,
environmental factors like solvent type, pH, and the presence of bound substrates, as well as
the experimental structure resolution, all play a role in selecting an eligible template (196).
Multiple sequence alignment (MSA): following the identification of the eligible
template, the target and template sequences are aligned, a critical step in homology modeling.
MSA has become a cornerstone of in silico studies in modern molecular biology, ranging
from evolutionary research to the prediction of 2D/3D structures, intermolecular interaction,
and molecular functions (197, 198). In placing the sequence in the context of the entire
family, MSA can be used in identifying conserved features and highlighting their specificities
and differences (198). Essentially, three or more related sequences are matched as closely as
possible. MSA's goal is to arrange a set of sequences so that as many characters from each
sequence as possible are matched using the same scoring function. Aligning a set of
sequences can be challenging and time consuming. Thus, computational algorithms such as
heuristic or dynamic programming methods including: ClustalW (199), T-Coffee (Tree based
Consistency Objective Function For alignment valuation) (200, 201), MUSCLE (MUltiple
Sequence Alignment by Log-Expectation) (202), MAFFT (Multiple Alignment using Fast
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Fourier Transform) (203), and PROMALS3D (PROfile Multiple Alignment with predicted
Local Structures) as well as 3D constraints are used to generate and analyze this alignment
(204). In this study, the sequence identity of the query to the template protein was 93%,
therefore most of the aforementioned processes were not necessary.

Model creation: some of the computational programs invented for model creation
include SWISS MODEL (205), MODELLER (206), PRIMO (192), and i-TASSER (207).
Herein, MODELLER was used to set up a protein model by performing comparative
modeling on the target and template sequences provided. Besides being used for protein
optimization and loop modeling, the program calculates the nonhydrogen atoms to create a
model (206, 208). It satisfies spatial constraints by either employing distances or optimizing
techniques. In addition, this program includes the CHARMM energy terms that ensure valid
stereochemistry when combined with spatial constraints (190). Afterwards, the model's
characteristics are verified by reaching a consensus among various metric programs. The
initial evaluation of the protein structure is then conducted using the normalized Discrete
Optimized Protein Energy (zDOPE) score (190). Structures with zDOPE scores lower than -
0.5 are indicative of wild type-like structures.

Model validation: the accuracy of the built models will determine their future
applicability in various fields. As a result, further validation of the built models was done via
PROCHECK (209), ProSA (210), and ERRAT (211). The PROCHECK web server (209)
defines stereochemical properties of previously crystallized protein structures to determine
the geometric quality of protein structures. Hence, a Ramachandran plot describes: (i) most
preferred, (ii) generally allowed, (iii) additionally allowed, and (iv) disallowed regions.
Individual residues are assigned to each region depending on the torsion angles' (¢ — y)
favorability (209, 212). Another validation program, ProSA (210), generates an energy plot
of all residues in order to identify potentially problematic plots of a structure. A calculated
statistical score (z-score) comparing a range of z-scores of the same sized proteins to those
determined experimentally is also provided (210). Furthermore, ERRAT (211) is a non-
bonded atomic interaction "overall quality factor" that categorizes atoms as carbon,
hydrogen, or oxygen. It then compares the distribution of non-bonded interactions between
atoms in an individual structure to other reliable, high-resolution structures from a database
(211). Where the generally accepted range is greater than 50, higher quality models are
scored higher. The higher the value, the better the quality (213).

Structure prediction with AlphaFolds: The recently released neural network-based

model, AlphaFold (214), represents a computational method capable of consistently
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predicting protein structures with atomic precision, even in instances where there is no
existing similar structure. It integrates cutting-edge neural network architectures and training
methods that leverage evolutionary, physical, and geometric principles inherent in protein
structures. Advancements, such as a novel architecture that simultaneously incorporates
multiple sequence alignments (MSAs) (215) and pairwise features, a refined output
representation and associated loss function that ensures precise end-to-end structure
prediction, an innovative equivariant attention architecture, iterative refinement of predictions
through the utilization of intermediate losses, joint training of masked MSA loss with the
structure, and the ability to learn from unlabeled protein sequences via self-distillation and
self-estimated accuracy. Employing the primary amino acid sequence and aligned sequences
of homologues as inputs, the AlphaFold network directly forecasts the 3D coordinates of all

heavy atoms within a given protein (214).

1.9.1.3. The structural and functional effect of mutations

MUpro (216), I-Mutation (217), and PhD-SNP (218) are web-tools used in the
prediction of the structural and functional effects of mutations on proteins. I-Mutation 2.0
(68) predicts protein stability by calculating the direction of changes in protein stability as
well as the energy values associated (G). If the variations have no effect on stability, they are
classified as neutral. PhD-SNP, on the other hand, predicts the deleterious effect of SNPs in
both coding and non-coding regions of a protein structure, categorizing each SNP as either
neutral or deleterious (218). MUpro equally engages SVM and neural network approaches.
With a confidence score ranging from -1 to 1, the output of this tool describes the changes in
energy (G) caused by residues substitution. A variation with a score less than 0 reduces the
stability of the protein (216). The three approaches mentioned have been incorporated into
the web servers for Variant Analysis Porta (VAPOR) (219). This is a workflow tool for single
nucleotide polymorphism (SNP) analysis which has been integrated into the HUMA platform
(219). Other machine learning computational tools like Rhapsody (220) have also, been
utilized in predicting the pathogenicity of human missense mutations. This approach
integrates dynamics-dependent qualities such as local residue flexibility and other allosteric
and mechanical parameters derived from the protein's structural dynamics using the Elastic

Network Model (ENM) (221).

1.9.1.4. Metal ion Parametrization
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Metalloenzymes play critical roles in cellular processes, constituting nearly 30-40%
of the proteome (222). Iron, copper, zinc, and magnesium are among the most abundant metal
ions found in enzymes. Iron, for example, forms clusters within the DPD enzyme. These
clusters coordinate a redox reaction across the protein, activating 5-FU degradation in the
active site (147, 223-225). This process is hampered by DPD missense mutations, resulting in
5-FU drug toxicity (189). MD simulation studies are an integral tool in deducing the
molecular mechanism of action of proteins. To conduct this investigation, force field
parameters for the Fe?" centers coordinating environment has to be determined.
Computational studies, particularly molecular dynamics (MD) simulation, can provide
insights into metal coordinating environments. MD calculations, on the other hand, are
heavily reliant on force fields derived via quantum mechanics (QM) and molecular
mechanics (MM) approaches (226, 227). Classical-type models are used in the MM method
to predict the amount of energy in a molecule based on its conformation (228). This method
is computationally less expensive and sufficient for describing atomic interactions and
dynamics in a purely organic system relative to QM approaches (229). Furthermore, de novo
QM/MM calculations have been used to describe the precise electron structure of atoms
around a metal center to cater for the electronic effects of metals (224, 230, 231). Since
metals are needed in protein function, novel force field parameters for defining key transition
metal architectures are being developed (232). This has resulted in several modified force
fields which have been integrated into a number of force field families, including Gronigen
molecular simulation (GROMOS), optimized potentials for liquid simulations (OPLS-AA)
(233, 234), chemistry at Harvard molecular mechanics (CHARMM) (235, 236), and assisted
model building with energy refinement (AMBER) (234). The latter two have been
extensively used. They offer a large palette of atom types, permitting numerous organic

molecules to be described by assigning atom types based on chemical similarity (237).

OPLS-AA (238, 239) optimizations concentrate on the small molecule condensed
phase properties and have since been extended to include a diverse set of small molecule
model compounds. Atom type assignment, on the other hand, must be done manually. It is
interesting to note that a commercial OPLS-AA implementation with atom typing

functionality is available (240).

CHARMM, instead, has been enhanced with the CHARMM general force field
(CGenFF), that incorporates not only a wide range of chemical groups present in

biomolecules and drug-like molecules, but also many heterocyclic scaffolds (241-243). A
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web interface for automatic atom typing as well as analogy-based parameter and charge

assignment are also now available (244).

The GROMOS force field atom type palette encompasses a broad pool of options for
building small molecule models with force fields sourced from biopolymer parameters (233).
AMBER (233, 245, 246) now comprises of the general AMBER force field (GAFF) (247)
and the antechamber toolkit, which assists users to generate an AMBER (234, 248) force
field model for any input molecule. Barring the related simulation speeds and exportable
parameters, the advancement of a Python-based metal parameter builder (MCPB.py) (249)
that also supports various AMBER force fields and >80 metal ions has made it easier to
parametrize inorganic constituents in proteins. With these benefits, AMBER is the most
popular platform for developing metal parameters for use in metalloprotein simulations (250).
To characterize such proteins, various methods including the polarization model and non-
bonded (246), semi-bonded (251), and bonded models (252) have been used. Metal
coordinating environments are defined by their van de Waals interactions in the non-bonded
approach (21, 246). It is limited by the long-range nature of electrostatic forces which can
cause the metal to escape from its coordinating centers or ignore its correct connectivity (253,
254). The semi-bonded approach entails surrounding the metal with dummy atoms that are
covalently connected to it based on the metal's predefined coordination geometry (255). This
method has the same limitations as the non-bonded approach (256). Consequently, the
bonded model has been used to overcome the limitations of other approaches because it can
preserve the metal in its correct coordination geometry by considering the metal's
connections covalently (257). Parameters in the bonded approach can be obtained
experimentally or calculated quantum mechanically at a high level of theory (258). It
employs defined harmonic energy terms that have been introduced into possible energy
functions to account for the formation of bonds between atoms and metal centers (252, 259,
260), as proposed by Seminario et al., (261). The method is a popular metal parametrization
technique that has been automated in various parametrization programs such as Visual Force

Field Derivation Toolkit (VFFDT) Seminario (250).

VFFDT is a user-friendly automated software based on the Seminario method. It
permits the user to generate bond angles bending and bond stretching force field parameters
for metalloproteins. In addition, the software assists the user in customizing, viewing,
copying, and pasting the force fields in an alternative manner. MCPB.py, MCPB, and
ANTECHAMBER in AmberTools are function complements to VFFDT (250). The
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developed human model for the Fe** center in DPD protein included a new set of AMBER
force field parameters defined by equation 1. The molecular system describes the AMBER
total potential function (Vo) as a sum of non-bonded (Coulomb and Lennard-Jones) and

bonded (bond, angles, and dihedrals) terms.

Viotat = Vbona + Vangle + Viinedrai + Viennard = Jones Viotal

1
V(") = Ybonas kp(b — bo)* + Zangles ko(68 — 600)* + Xainearais anv;l[l +
\12 .\6 -
costr =1+ B Bt iy < |(22) 2 () |+ 52

Tij 4-7T60Tij

Equation 1: AMBER Force Field Potential Energy Function

Where ky and k. are the force constants used to restore their respective bond angles
and lengths to their equilibrium values. The force constant ke defines the height of the
dihedral rotation barrier; the equilibrium values bp and ©o; n defines the number of
minimums, V., defines the dihedral angle; y is the phase angle; rij defines the distance
between atoms i and j; € is the potential well depth; qi and qj are the atoms' point charges;

and €0 is the permittivity in vacuu

1.9.1.5. Molecular Dynamic Simulations

The primary goal of simulation is to examine the molecular system in terms of the
structure and interactions of the molecules involved. There are numerous simulation
techniques, but the two most basic are simulation Monte Carlo (MC) and molecular dynamics
(MD) simulation; all other techniques are hybrids of these two (262). MD simulation
technique uses classical Newton's equation of motion to analyze the trajectories, movements,
and interactions in an atomically modeled molecular system (263, 264). These atoms and
molecules are allowed to run for a set amount of time, and their potential energies and forces

within the molecules are analyzed using molecular mechanics force field interpretations (59).

1.9.1.6. Post-Molecular Dynamic Analysis
Mutations and ligand binding generate dynamics that affect global effects, or

consequences that extend far beyond the site of the perturbation. As a result, local dynamics
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(perturbations) of a protein can produce global changes that cause the protein to: 1) lose
function (disease), ii) acquire new or recovered function (adaptability), or iii) maintain its
function (robustness) (59, 265, 266). Therefore, the combination of global and local analysis

gives a better understanding of the effect of mutations on protein function.

L. Global MD analysis

Different global analysis approaches such as root mean square deviation (RMSD),
framewise RMSD, root mean square fluctuation (RMSF), radius of gyration (Rg), dynamic
cross-correlations (DCC), hydrogen bonds (H-bonds), and comparative essential dynamics
have been used to depict dynamics of a protein.

Root mean square deviation (RMSD): the RMSD between pairs of equivalent Ca atoms
computed after optimal superposition of the two structures is commonly used to assess the
similarity of two protein three-dimensional structures. This is done when two conformations
of the same protein (native, mutation, bound/unbound, monomeric/oligomeric, etc.) are
compared, or when two different proteins with different amino acid sequences are compared,
though the equivalencies between pairs of Ca atoms may be defined or discovered differently
depending on the degree of similarity between the two proteins that are compared. For
instance, the smaller the RMSD, the more similar the two structures and vice versa. The use
of the RMSD may appear unusual, given that many other similarity measures have been
proposed and used in various fields of structural and molecular biology (267-270). The
calculation is dependent on the simulation's final and original reference point, as well as all

successive frames. RMSD is defined as follows:

N
1
RMSD = ﬁZ(rﬁnal @) — Tinitial @) - (Tfinatl §) — Tinitial (i)
i1

Equation 2: RMSD Function

In which N is the total number of atoms and 7 inisiaiy and 1 finaiy are the initial and final
structures of their respective present atom coordinate .

Root mean square fluctuation (RMSF): the RMSF is a measure of the average
movement of atomic (e.g. protein residue) positions over time. It can be measured by
capturing the total positional displacement of an atom for each conformation generated and

then averaging it by the number of conformations generated (271). Frequently, RMSF
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calculates whether a structure is stable in simulation time or diverging from the initial
coordinates. Divergence from the initial coordinates is usually interpreted as a sign that the
simulation is not equilibrated. However, at equilibration the structure fluctuates around a
stable average condition. At this point the fluctuation of each subset of the structure (e.g. each
atom) relative to the simulation’s average structure is calculated (272-274).

Radius of gyration (Rg): the protein Rg is the root mean square distance between each
atom in a protein and its center of mass. The distance between the rotating point and the point
at which the energy transfer has the greatest effect gives Rg. If a protein is folded stably, it
will most likely maintain a relatively constant value of Rg, whereas if a protein unfolds, Rg

will change over time (275, 276). Rg is determined as follows:

N
1
Rg = NZ(r (l) — Tcenter)- (r (l) — Tcenter)
i=1

Equation 3: Radius of gyration Function

For which N denotes the total number of protein atom coordinates and 7 (i) is the atom

i. rcenter represents the center of mass (COM) of the whole protein structure i.

Dynamic cross-correlation (DCC): DCC is an approach for analyzing residue
motions during simulation. It evaluates backbone motions using CP (C* for Gly) atoms (277).
This technique has the drawback of ignoring side chain motions, which contribute to the
multimodal motions of the residues. However, the introduction of multimodal DCC (mDCC)
has addressed this issue (277, 278). Extraction of dynamical pairwise correlations and
identification of key residues from large molecular dynamics trajectories is critical in
explaining processes such as ligand binding, mutational effects, and long-distance
interactions (278). Despite this progress, most researchers continue to use the unimodal DCC
in trajectory analysis, with the value for each cell in the correlation matrix (Cjj) for the i and

j™ residue calculated using the formular below:

(AriArj)

Cij =
U ((Ariz)(Ariz))l/z
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Equation 4: Calculation for DCC

Residues i and j's spatial positions are represented by ri and rj, respectively, and their

displacement from their original position by vectors Arjand Arj (27s).

Essential dynamics (ED) based on PCA: ED is a process that includes principal
component analysis (PCA) to extract biologically plausible motions from atomic trajectories
of proteins (279). MD trajectories generate collective motions that are segmented into
components (principal components), which together represent the functional dynamics of the
protein structure (280). Once all the ensemble configurations are superposed, the internal
motion from overall rotation and translation is filtered during this analysis. This is
accomplished by comparing each configuration to a reference structure and determining the
configuration with the least squares fit (281). The 'fitted' trajectories are then used to build the
variance-covariance matrix, which is then diagonalized. The diagonalization of the
covariance matrix yields a collection of eigenvectors and eigenvalues, with the eigenvalues
ordered decreasingly (282). As a result, the principal mode represents the atom's collective
motion, with the corresponding eigenvalue representing its magnitude and the eigenvector its
direction (281). Amamuddy and colleagues (283, 284) have introduced a unique comparative
essential dynamics approach to evaluate the distribution of conformational sampling across
MD simulations for the WT and mutations. This approach, which employs the "compare
essential dynamics.py" tools, has been incorporated into the MDM-TASK-web (283, 284). It
involves data filtering and alignment of all MD frames to a common reference (using C-a
atoms), prior proceeding to a single decomposition. Thereafter, the regions of interest in the
WT and mutation frames are aligned to a single WT simulation frame, which is used to

compute and decompose the covariance matrix (285-287)

I Local MD analysis

In the field of protein analysis, several approaches such as dynamic residue network
(DRN), contact maps and contact heat maps have been developed to investigate local
properties and interactions within protein structures.
Dynamic residue network (DRN): DRN analysis algorithms evaluates the patterns of
change and conservation of key nodes according to network centrality (BC, CC, DC, EC, and
KC) independent criteria (283). Each residue CPB (Ca for Gly) is treated as a node in this

approach, and the inter-node proximity is used to define interactions between residues.
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NetworkX (288) internally uses a N x N adjacency matrix (where N is the number of
residues) from the resulting DRN graph to compute the following metrics at each time frame:
betweenness centrality (BC), closeness centrality (CC), degree centrality (DC), eigenvector
centrality (EC), and Katz centrality (KC). BC stipulates the importance of a residue based on
its usage for protein communication. It is proportional to the number of shortest paths which
pass through that node across all vertices to the rest.(283). Conversely, by measuring how
close a node is to all other nodes in a network, CC determines how quickly information flows
through it (287). Moreover, the total number of unique connections to a node is defined as
DC (287, 289). Hence, the more edges it has, the more central it is locally. EC calculates a
node's level of influence within a network by highlighting the significance of node neighbors
recursively (283, 287). KC, like EC, calculates a node's relative impact within a network by
successively gauging node centrality based on the centrality of neighboring nodes (287). BC,
CC, DC, EC and KC are determined as follows (Table 1.2).

Table 1.2: Dynamic residue network centrality metrics and their formulas (283, 284)

Centrality Formula Implication

metric

BC Z Z S (siti/vi) In which V defines the entire set of nodes, m
Equation 5 B C(V) M (st  ti) denotes the number of frames, and d (s, t|v)

shows the number of shortest paths among
nodes s and 7 that pass through another node v.
d(v, u) gives the shortest distance between u

and v, where n is the number of nodes in a

given graph.
ccC CcC (x) = In which d(v,u) defines the total distance
Zyd(vtu)
Equation 6 between all other residues u and residue v
DC DC(K) = 2’“ n 4 Where n signifies the number of residues, m
- ijk
Equation 7 D) Liz1bjm denotes the number of frames, and A;j,
represents adjacency in time frame i, with 1
specifying adjacency if residues having
indices j and k& are adjacent, and O
alternatively.
EC ECy = €' Xt =1 Ajji -ECyy, (a) (a) The i factor (residue) of the eigenvector
Equation 8 EC. = ~ Y™ ECy (b) (defined by power iteration) comparable to the
L m = L

k™ frame is denoted by ECik. is the eigenvalue
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of the k™ frame's eigenvector. (b) Divide the

number of frames by the average EC for i

residue.

KC KC = az Ay X+ B For the k'™ frame, Aj is the adjacency between
Equation 9 J nodes i and j. The parameters o and [
correspond to the attenuation factor and
weighting parameter for

the centrality, whereas x;

represents to the jth component of the

eigencentrality vector at frame k.

m = Frame numbers

Weighted residues contact map and contact heatmaps: These are a representation
residues inter-relationship in proteins. In their 3D structure, residue contact maps are
described as a pair of spatially proximal residues. A PDB file represents these residue
coordinates in the form of x, y, and z (3D structure) and thus contacts can be defined using a
distance threshold (290). A pair of residues are in contact if the distance between their
specific atoms (usually carbon-alpha (Ca) or carbon-beta (CP)) is less than a distance
threshold (typically 7 A) (291). Contact maps can be used to visualize the interaction
frequency between the residue of interest and other proximal residues throughout the MD

simulation. This information can then be aggregated using a contact heatmap (284).

1.10 Problem statement

The International Agency for Research on Cancer predicts that the number of new
cancer cases in Africa will double over the next decade (20, 21). However, Africa lacks
adequate infrastructure to support research in the unprecedented cancer landscape that will
allow for a better understanding of the disease and the development of informed treatment
plans (20, 21). According to the GLOBOCAN 2021 (21), an estimate of 110,000 new cases
of cancer was diagnosed in South Africa in 2020, with more than 56,000 cancer-related
deaths, accounting for one-quarter of all premature noncommunicable disease-related
mortality (292). Patients undergoing chemotherapy have varying treatment outcomes in terms
of tumour response, as well as incidence and severity of adverse effects. Fundamentally, the
causes of these differences are multifactorial, but genetic factors play an important role (293).

Currently, most cancer medications are manufactured in developed countries and are used in
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Sub-Saharan African populations without further testing. As a result, these drugs may be
ineffective or cause negative side effects (186). Even though variability in the toxicity and
efficacy of these drugs has been observed in the African ancestry population, the cause of this

population variation is only partially understood (186, 294).

1.11 Research Aim and Objectives
Aim

The primary aim of this study was to investigate the pharmacogenomic impact of DPD
missense mutations in African descent subpopulations that contribute to dysfunctional 5-FU
metabolism. The study is arranged into two major sections focusing on:

1. Generating force field parameters for the Fe** center environment of DPD proteins,
since existing force field parameters could not accurately describe the Fe?" center
coordination displayed by this enzyme. This would have posed a challenge for the
subsequent in silico studies.

2. Deciphering the mechanism of action within DPD missense mutations and wild type.
We used a variety of in silico approaches and tools developed recently by our research
group along with existing computational tools.

The missense mutations were divided into two categories: (a) clinically significant
mutations; and (b) non-clinical mutations (mutations that are not clinically validated yet).
Based on the non-clinical mutations, the effect of (i) allosteric (remote) and (ii) catalytic
domain mutations in dysfunctional metabolism of DPD was determined. The obtained
information will be explored further for the purpose of improving treatment outcomes by
identifying novel hits for personalised tailored precision cancer drugs. Furthermore, these
studies may help to elucidate the molecular mechanism of action of missense mutations in
other drug metabolizing enzymes in relation to the WT. Hence, guidelines for implementing
precision medicine based on drug resistance mutations can be developed. The aims were

divided into the following objectives:

Objectives
1. To obtain DYPD variation data on African descent population genetics from various
databases or literature, and to identify mutations related to the DPD protein.
2. To retrieve DPD sequences for each mutation and filter them through various

predicting tools before identifying mutations based on predicting tool consensus.
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3. To model human WT through homology modeling using pig’s crystal structure as a
template and DPD Fe?" centers parametrization, as well as parameters validation to
maintain the metals within their coordinating environment. This was done for both
drug (5-FU)-free and drug bound models.

4. To model the missense mutations based on the calculated WT template and transfer
the previously generated force field parameters (WT) to each of them. This was done
for both drug free and drug bound models.

5. To conduct molecular dynamic simulations to assess the behaviour of the WT in
relation to the mutations.

6. To separate the mutations based on clinical and non-clinical data, as well as further
sub-divide non-clinical data to allosteric and catalytic-domain mutations.

7. To perform global analysis of the simulation (RMSD, RMSF, Rg, DCC, comparative
essential dynamics, and hydrogen-bonds) to highlight the global conformational
changes of both the drug free and drug bound systems of the mutations in respect to
the WT.

8. To perform local analysis of the simulation (DRN multi-metric analysis: BC, CC, DC,
EC, and KC) to pinpoint the behaviour of the mutations in their drug free and drug

bound states at residual level.

Contribution: 3D structures of DPD WT and 19 missense mutations were generated by
Maureen Bilinga Tendwa. Generation of AMBER Fe?* Force Fields Parameters for the WT
using original Seminario method was done by Maureen Bilinga Tendwa, Lorna Chebon-
Bore and Thommas Mutemi Musyoka. On the other hand, the generation of AMBER Fe?*
Force Fields Parameters using collation features Visual Force Field Derivation Toolkit was
performed by Maureen Bilinga Tendwa and Kevin Lobb. Inference of the generated force
field parameters and MD simulations for the WT and the 19 mutations of drug free and drug
bound ensembles were done by Maureen Bilinga Tendwa. All global analyses were done by
Maureen Bilinga Tendwa, as well as local analyses. However, Victor Barozi performed the
DRN calculation for the identification of BC, CC, DC, EC, and CC hubs via global top 4%
calculations using the script written by Olivier Sheik Amamuddy. Finally, all the paper drafts

were written by Maureen Bilinga Tendwa.

32



CHAPTER 2
DETERMINATION OF AMBER FORCE FIELD PARAMETERS FOR
THE IRON CENTER PARAMETRIZATION OF
DIHYDROPYRIMIDINE DEHYROGENASE

The primary focus of this chapter is on modeling DPD WT and generating AMBER force
field parameters for the protein's Fe*" ion centers. The obtained parameters are integral part
of the subsequent studies using MD in order to unravel the molecular mechanism of DPD

protein, which metabolizes the anti-cancer drug 5-FU.

After obtaining proper authorization, Chapter 2 was founded on the published information

listed below.

Tendwa MB, Chebon-Bore L, Lobb K, Musyoka TM, Tastan Bishop O. Force Field
Parameters for Fe’*4S%4 Clusters of Dihydropyrimidine Dehydrogenase, the 5-Fluorouracil
Cancer Drug Deactivation Protein: A Step towards In Silico Pharmacogenomics Studies.

Molecules. 2021 May 14,;26(10):2929. https://doi.org/10.3390/molecules26102929

Authorship contribution: The conceptualization, study design and experimental procedure
were supervised by Ozlem Tastan Bishop and Thommas Mutemi Musyoka. Data retrieval
was performed by Maureen Bilinga Tendwa, AMBER Force Field Parameter calculation
and analysis of results by original Seminario method was performed by Maureen Bilinga
Tendwa under the mentorship of Lorna Chebon-Bore, AMBER Force Field Parameter
calculations and analysis by collation features Visual Force Field Derivation Toolkit was
done by Maureen Bilinga Tendwa under the supervision of Kevin Lobb. Maureen Bilinga

Tendwa wrote the final draft.
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2.1 Introduction

The dimeric dihyropyrimidine dehydrogenase (DPD) metalloenzyme that metabolizes
5-fluorouracil (5-FU) has highly specialized 4 x Fe?*4S*4 clusters per monomer (129, 130).
These clusters catalyze the rate-limiting step in the pyrimidine degradation pathway via a
harmonized electron transfer cascade that initiates a redox metabolic reaction (131). The
therapeutic potential of 5-FU is largely dependent on the catabolism of a small percentage (1-
3%) of the administered dose to active fluorodeoxyuridine monophosphate (FAUMP) and
fluorouridine triphosphate (FUTP) metabolites in the liver. Both RNA and DNA synthesis are
inhibited by the process (262, 295). Conversely, the DPD enzymes deactivate 80-85% of the
dose to dihydroflourouracil (DHFU) via anabolism, with the remaining 12-19% excreted in
the urine unmetabolized (295, 296). The presence of DPD mutations in the general
population, including the African descent subpopulation, has toxic consequences (21, 144).
Deciphering the effect of these mutations on the catalytic mechanism via in silico studies
such as molecular dynamic simulation can thus greatly improve oncology treatment protocols
(297). 1t is challenging to conduct such computational studies due to the presence of Fe**4S%*4
clusters.

The homodimeric DPD is a 222kDA protein with 1015 residues per monomer. Each
monomer has five distinct domains: domain I (residues 27-172 and Fe?*4S8%4 clusters), domain
IT (residues 173-286, 442-524, FAD binding), domain III (residues 287-441, NADPH
binding), domain IV (residues 525-847 and pyrimidine binding), and domain V (residues 1-
26, 848-1025 and Fe?*4S%4 clusters) (168). Pyrimidine binding domain IV functions as the 5-
FU drug recognition and catalytic core domain. The remaining domains are implicated in
redox reduction, with Fe**sS%4 cluster domains acting as a bridge between FMN and FAD
cofactors for electron transport to the active site (131, 152, 153, 156). This is due to the
proximity of the domain IV 2 x Fe?*4S%, (hetero atoms 1028 and 1029) clusters of Monomer
A to the domain V 2 x Fe?*4S%4 (hetero atoms 1026 and 1027) clusters of Monomer B (152,
156). Clusters 1027, 1028, and 1029 share a coordination of cysteine residues linked by
disulfide bridges ([Fe**4S*4 (S-Cys)s]). A unique coordination, however, is observed in
cluster 1026, where the Fe?" atoms are linked by disulfide bridges, three of which are bonded
to the protein backbone via a cysteine residue side chain and the fourth through a glutamine
residue ([Fe>"4S%74 (S-Cys)3(S-Gln)]) side chain (129, 131).

To accurately predict the behavior of a protein over time using MD simulation,

potential energy functions known as force fields are required (226). The majority of available
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force fields can be applied in the structural and mechanistic features of proteins in the
absence of non-protein components such as ligands or cofactors. However, since they do not
account for polarization and ligand metal charge transfer effects, these pairwise-additive
force fields cannot be used for metalloproteins (130, 224, 298). To factor in the metals'
electronic effects, de novo QM/MM calculations were used to define the precise electron
structure of atoms surrounding a metal center (224, 230, 231). New force field parameters are
being developed to describe various transition metal architectures for metalloproteins (258).
This has resulted in a slew of modified force fields being incorporated into various force field
families, such as assisted model building with energy refinement (AMBER) (234). AMBER
is widely used because it offers a diverse set of atom types. This enables the representation of
a number of organic molecules by assigning atom types based on chemical similarity (237,
299). It includes the antechamber toolkit and the general AMBER force fields (GAFF) (247).
Hence, a user is able to generate an AMBER force field for any input molecule (234, 248).
Apart from the corresponding simulation speeds and exportable parameters, the emergence of
a Python-based metal parameter builder (MCPB.py) (249), which supports multiple AMBER
force fields and more than 80 metal ions, has simplified the parametrization of inorganic
constituents in proteins. These precedents make AMBER the most popular platform for
developing metal parameters for use in metalloprotein simulations (245). Studies have widely
applied this approach in characterizing Fe?" centers in a number of different metalloproteins
(252, 259, 300, 301). For instance, Carvalho and colleagues (259) successfully generated
AMBER force field parameters for Fe?*4S%4 clusters coordinated by cysteine residues. There
were no parameters associated with the coordination of glutamine residues to the Fe?* center,
nor did they generate parameters for the structures of composite multiple clusters in any of
these studies.

In this study, force field parameters for Fe* centers in DPD protein were computed
via the bonded method of QM and Seminario techniques (258). The density functional theory
(DFT) of the QM technique, in particular, was used to generate Fe’" center AMBER
parameters for two models utilizing different Seminario methods. The first method (viz.
Model 1) used the original Seminario (260) method (249), whereas the second method (viz.
Model 2) used collation features Seminario (250) Visual Force Field Derivation Toolkit
(VFFDT). The parameters from the two approaches were compared, and their reliability was

assessed using all atom MD simulations.
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2.2  Materials and Methods

Figure 2.1 depicts a visual summary of the procedures employed in this study.

Figure 2.1. Shows a flow diagram that summarizes the methods and tools used to

generate and validate Fe?*4S”4 force field parameters for a human DPD protein model.

2.2.1 Software

AMBER and AmberTools17, University of California, San Francisco, CA, USA;
Discovery Studio v4.5, Dassault Systems BIOVIA, San Diego, CA, USA; GROMACS
v2018.2, University of Groningen, Uppsala Sweden; R v3.6.1, RStudio v1.1.456, R Core
Team, Boston, MA, USA, GaussView 5.0.9, Carnegie Mellon University Gaussian,
Wallingford, Connecticut, USA; PyMOL Molecular Graphics System, v1.8.2.3 Schrodinger,
New York, NY, USA; MODELLER, University of California, San Francisco, CA 94143,
USA; MD-TASK v1.0.1, Research Unit in Bioinformatics (RUBi), Rhodes University,
Makhanda, South Africa; and Maestro v12.5, Schrédinger, New York, USA.

2.2.2 Human DPD protein homology modeling

The pig crystal structure of Dihyropyrimidine dehydrogenase (PDB 1H7X) was used
to obtain the complete geometry of the initial structure (129, 130). However, due to the lack
of human DPD X-ray crystallographic data, a homolog 3D structure was built. The human
DPD enzyme residue sequence was first obtained from UniProt (UniProt accession: Q12882)
(302) database. Subsequently, PRIMO (192) and HHpred (191) were both used to find a good
template for modeling the human DPD protein. The selected template guided the homology

modeling of 100 human DPD holo models at the "very-slow" refinement level using
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MODELLERV9.15 (303). The resulting models were ranked based on their lowest
normalized discrete optimized protein energy (z-DOPE) score, with the top three models
being chosen for further modeling. To incorporate the non-protein structural information,
each of the chosen models was superimposed on the template separately in Discovery Studio
4.5 (304), and all non-protein information was copied. The drug and cofactor coordinates
were then directly transferred to the modeled structures. VERIFY3D (305), PROCHECK
(306), QMEAN (307), and ProSA (210) were used to evaluate the quality of the resulting

complexes further.

2.2.3 DPD models titratable residues protonation

To represent the system's correct protonation states, all DPD titratable residues were
protonated in the H++ web server at pH 7.5 (308), 0.5 M system salinity, and internal and
external default dielectric constants of 80 and 10, respectively. Pronated protein structure
files were created using system topology (fop) and coordinates (crd) files. A visual inspection
of all titratable residues was performed, and incorrect protonation was corrected using

Schrédinger Maestro version 11.8 (309).

2.2.4 DPD parametrization

Two distinct coordination subset arrangements, 1026A (4 x Fe?" 4 x 8%, 3 x Cys, and
1x Gln) and 1027B (4 x Fe**, 4 x S* and 4 x Cys) were identified prior to the parameter
generation procedure. Following that, two approaches were used to determine the force field
parameters describing the coordinating interactions in these unique centers. Initially, the
original Seminario method (Model 1) was executed in AmberTools16 (250) incorporated
with the Python-based metal center parameter builder (MCPB) (249) using the bonded model
approach. The protonated protein's Gaussian 09 (310, 311) input files (com) integrating the
subset structures (1026A and 1027B) were prepared. Their geometries were then optimized
using the hybrid DFT method at the B3LYP correlation function level of theory. This method
made use of double split-valence and a polarization [6-32G(d)] basis set (311, 312) (Table
S1). The metal geometry force field parameters were calculated using sub-matrices of the
Cartesian Hessian matrix (260). Harmonic potential fitting yielded bond and angles and force
constants. AMBER force field parameter determined the potential energy of the relative

position of each atom in the system (Equation 1). We then visualized the
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minimized/optimized structures in GaussView 5.0.9 (313) to ensure that the bonds in the
centers were still intact. The electrostatic potential was then used to calculate the atomic
charges of the optimized subset structures (ESP). However, ESP gives the buried atoms
unreasonably charged values, impairing their conformational transferability. To resolve these
concerns, the restrained electrostatic potential (RESP) fitting technique, which uses the
Coulomb potential to calculate electrostatic interaction, was used. This method has been
revered and extensively used for ascribing partial charges to various molecules utilizing
B3LYP/6-31G(d) gas phase (314). Penalty functions are used to constrain the buried atoms,
resulting in multiple possible charged values. As a result, the quality of fit to the QM ESP is
unaffected (315). The metal centers were given a default Merz-Kollman restrained
electrostatic potential (RESP) radius of 2.8. An additional approach (hereafter referred to as
Model 2) was used, which made use of the collation features of the Seminario: VFFDT
program (250). Following optimization of subset Fe?’-S*, Fe?’'-Cys, and Fe*'-Gln
coordination, analysis data were obtained; calculations were performed using density
functional theory (DFT) with the LSDA/LANL2DZ (Table S2) (316). This considered the
internal covalent bonds; however, the calculation failed at the B3LYP level of theory (317).
Therefore, GFN1-xTB (318, 319) was used to calculate the external non-covalent bonds. The
force field parameters for the entire molecule were retrieved using the Protocol menu item
"FF" for the entire "General Small Molecule." Due to the symmetry of the system in this
study, the atom types remained Fe or S. The AMBER force field parameters for the Fe?*
metal center bond and angles were then automatically generated. Individual detailed statistics
were computed, but only the final values were used in subsequent calculations. Using the
LEaP (314) program, the obtained parameters were then inferred to the other clusters in the
modeled structures as well as the template crystal structure (PDB ID: 1H7X). This was based
on the clusters' coordinating geometry being similar. Consequently, cluster 1026A was
inferred to be 1029B, and cluster 1027A was inferred to be 1027B, 1028A, 1028B, 1029A,
and 1029B because they have the same coordination geometry. For each model, two
([Fe**4S%4(S-Cys)3(S-GIn)]) and six ([Fe**4S%4(S-Cys)s]) cluster parameters were calculated.
In the PDB, there was no other 3D structure with metal centers, such as the human DPD
coordinating environment. As such, the pig crystal structure was used to validate the

dependability and accuracy of the force field parameters that were generated.
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2.2.5 Validity and analysis of force field parameters

Duplicate all-atom MD simulations were performed using the GROMACS 5.14 MD
package (320) to assess the reliability of the generated parameters derived from the original
and automated Seminario approaches. For simulation studies, the holo (protein with only
cofactors) and holo-drug (5-FU) complexes were considered for each model system (Model
1, Model 2, 1H7X crystal structure). Initially, AMBER topologies were generated for each
system using Leap modeling with the AMBER ff14SB force field to incorporate all of the
generated parameters (189). Using the AnteChamber Python Parser interface (ACPYPE) tool,
the resulting system topologies were converted to GROMACS-compatible input files for the
structure (gro) and topology (top), with the correct atom types and charges (321). The infinite
systems were then solvated in an octahedron box system with a padding distance of 10 set
between the protein surface and the box face using the simple point charge (SPCE216) water
model (322). After that, the net charge for all systems was neutralized by adding 0.15 M
NaCl counter-ions (323). The neutralized systems were then subjected to an energy
minimization phase (without constraints) with the steepest descent integrator 0.01 nm,
resulting in a maximum force tolerance of 1000 kJmolTnmm. This was required to eliminate
any steric clashes that may have occurred during the incorporation of the parameters and
water molecules. Following that, the systems were equilibrated to ensure they reached the
proper temperature and pressure using a two-step conical ensemble (each 100 ps). Using a
modified Berendsen thermostat, the temperature was first set at 300 K (NVT-number of
particles, volume, and temperature). The Parrinello-Rahman barostat algorithm (324) was
used to equilibrate pressure at 1 atm (NPT-number of particles, volume, and temperature).
The particle mesh Ewald (PME) (325) method was used to describe long-range electrostatic
interactions with a gap cut of 8.0, and the LINCS algorithm was used to constrain bonds
between all atoms (326). Finally, at the Centre for High Performance Computing (CHPC) in
Cape Town, South Africa, production MD simulations of 150 ns were performed for all
systems using 72 Linux CPU cores and a time integration step of 2 fs. Every 10 ps,
coordinates were written to file. All periodic boundary conditions (PBC) were removed from

the obtained MD trajectories, which were then fitted to the reference starting structure.
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2.2.6 The Root Mean Square, the Root Mean Square fluctuation, and the

Radius of Gyration analysis

Various GROMACS modules were used to determine the global and local
conformational behaviors of the replicate ensembles. RStudio (327) was used to calculate
gmx rms, gmx rmsf, gmx gyrate, and gmx distance. These packages were used to calculate
the root mean square deviation (RMSD), root mean square fluctuation (RMSF), radius of
gyration (Rg), and inter-center of mass (ICM) between groups of interest. To ensure that the
derived parameters correctly maintained the geometry of the various Fe**4sS*4 clusters, the
overall conformational changes per system were observed using visual molecular dynamics
(VMD) (328). MD simulations and post-MD analysis such as RMSD, RMSF, Rg, essential
dynamics (PCA), VMD visualization, and center of mass (COM) distances calculations
allowed for the validation and evaluations of force field parameters. The procedures of these
investigations are discussed in detail under their corresponding titles in the section that

follows.

2.2.7 Principal Component Analysis

Principal component analysis (PCA) was used in MDM-TASK-web to investigate the
time evolution of the protein's conformational changes in MD trajectories (284, 329). PCA is
a linear transformation technique that extracts the most important element from a data set by
using a covariance matrix constructed from atomic coordinates defining the protein's
accessible degree of freedom. After applying RMS best-fit to an average structure, the
coordinate covariance matrix for the C and C atoms was calculated (284, 329). A
diagonalized matrix was then used to obtain the corresponding eigenvectors and eigenvalues.
The protein coordinates were projected using eigenvectors, after which normalized primary

and secondary projections were used to generate PC1 versus PC2 plots.

2.2.8 Additional Analytical Methods

PyMOL v1.8 (330), Anaconda 4.3.1 Jupyter Notebooks (331), and various open-
source Python libraries, including matplotlib (332), Seaborn, Pandas (333), NumPy (334),
and NGLview (335), were used to create the molecular graphics. The average bond lengths
and force constants from the derived parameters were compared to those of the X-ray

structure to determine how accurate the generated force field parameters were. All statistical
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calculations were carried out in RStudio v1.1 using the Welch t-test 456 (327), where p-

values less than 0.05 were considered significant.

2.3 Results and discussion

2.3.1 Homology modeling approaches determined human DPD 3D wild type

(WT) complete structure

MD simulation experiments rely on the availability of a suitable protein crystal
structure to gain a better understanding of the protein’s atomic-level molecular function
(224). As such, since the human DPD X-ray structure was lacking in protein data bank (PDB)
(151), MODELLER v9.15 (303) and DiscoveryStudio 4.5 (304) were used to derive an
accurate human 3D model. The pig’s X-ray structure (PDB ID: 1H7X, 2.01 A) was used as a
template. The high sequence identity (93%) to the target human DPD enzyme influenced the
template selection. It was also in complex with the drug of concern (5-FU) and had an entire
query coverage of 100%. MODELLER v9.15 was used to generate 100 apo (without cofactor
and 5-FU drug) proteins at a very slow refinement level. The three models with the lowest z-
DOPE score values (1.36, 1.36, and 0.88) were then selected for further validation. It is
noteworthy that the z-DOPE score is rooted in atomic distance-displacement statistical
potential (336). This value considers a model's closeness to the native structure, with a score
of <—1.0 indicating a near-native structure. Thus, holo (apo and cofactors) and holo-drug (5-
FU) complex structures were generated in Discovery Studio 4.5 by incorporating the
template's non-protein coordinates. VERIFY3D (337), protein structure analysis (ProSA)
(210), qualitative model energy analysis (QMEAN) (307), and program to check the
stereochemical quality of protein structures (PROCHECK) (306) web servers were used for
model quality assessment (Table S1).

VERIFY3D estimates the local quality of a model using pairwise interaction derived
energy potentials based on each residue structure environment (337). More than 80% of
residues in high-quality structures are predicted to have a 3D-1D score of 0.2 or higher (116).
In 85.01% of the modeled structures, the 3D-ID scores were 0.2 or higher (Table S1).

ProSA appraises the input model's quality by calculating its potential energy and
comparing the resulting score to that of the experimental structures in PDB (210). Each
monomer of the holo and holo-drug complexes had a z-score between -13.41 and -13.56,

which is comparable to NMR structures of the same size.
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QMEAN calculates a value corresponding to the overall quality of the structure and
compares it to the determined QMEAN scores of 9766 high-resolution experimental
structures (307). The QMEAN scores of the modeled DPD holo and holo-drug complexes
were 0.90 and 0.89, respectively, which are comparable to high-resolution experimental
structures.

PROCHECK evaluates the stereochemical reliability of the input protein models
based on their phi/psi angle arrangement and then generates Ramachandran plots that
demonstrate the positions of protein residues on the most favored, allowed, and disallowed
regions (209). More than 83.8%, 16.0%, and 0.2% of the residues in each generated model
were in the most favored, allowed, and disallowed regions, suggesting a good distribution of
torsion angles (Table S2.1). Overall, holo and holo-drug complexes were constructed with
consistently high-quality scores.

Notably, the steric clashes in the generated models (holo and holo-drug) were
eliminated through 100 minimization steps with the steepest descent algorithm conducted
using GROMACS 5.14 MD simulation package, and the models were found to be appropriate

for successive calculations (320).

2.3.2 Subset determination and generation of AMBER force field parameters
derived via bonded approaches
Metal coordination geometries in proteins are strongly influenced by the protonation

states of the implicated residues. Therefore, the protonation states of all titratable residues

were ascertained at 7.5 pH using the H++ web server (http:/biophysics.cs.vt.edu/H++,
accessed on 12 December 2019) (Table S2.2) (308). This ensured that the desired geometry
arrangement in the human DPD protein was attained as verified by visual inspection of all
titratable residue with Schrodinger Maestro version 11.8 (309). Nevertheless, the protonation
states of the residues forming bonds with the metal ions in the Fe*"4S%4 clusters are shown in
Table 2.1. Cys was protonated to form CYM, which interacted with the Fe?" center via a
sulfur (SG) bond. In contrast, Gln was protonated as GLH and formed a bond with the Fe?*

ion via the oxygen (OE) atom.
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Table 2.1 Metal coordinating residues' protonation states and pKa values in human DPD
protein model. Table adapted from Tendwa et al., (2021).

Residue name AMBER protonated Residue = pKa value
residue name number

Cysteine (Cys) 'ICYM 79 8.37
82 >12.00
87 >12.00
91 8.92
130 >12.00
136 >12.00
140 >5.55
953 >12.00
956 1.93
959 <0.00
963 11.69
986 >12.00
989 8.92
992 <0.00
996 10.50

Glutamine (GIn) ’GLH 156 0.00

' CYM denotes protonation state of cysteine (Cys) as specified by AMBER.
2 GLH denotes protonation state of glutamine (Gln) as specified by AMBER.

The original Seminario (Model 1) and the collation features Seminario approach in
Visual Force Field Derivation Tool (VFFDT) (Model 2), were used to calculate AMBER
force field parameters of the human DPD protein’s Fe**4S%4 clusters. Two unique residue
coordinating environments were observed in each monomer (chain). Clusters 1027, 1028,
and1029 (4 x Fe?', 4 x S%° and 4 x Cys) coordination differed from cluster 1026 (4 x Fe*", 4
x 8%, 3 x Cys, and 1 x Gln). Internal coordinates were formed by the four Fe** (Fel, Fe2,
Fe3, Fe4) ions bonding to the four S* (S1, S2, S3, S4) ions. Four cysteine, in contrast, bound
the four Fe?* (Fel, Fe2, Fe3, Fe4) via a sulfide link (Cys [SG]) to form the external
coordinates of clusters 1027, 1028, and 1029. Additionally, cluster 1026 coordinates
externally to the four Fe?* (Fel, Fe2, Fe3, Fe4) via three Cys [SG] and the oxygen atom of
Glutamine (GIn [OE]). Given the spitting image nature of the two chains, the Fe?*4S%*4
clusters of the same geometry orientation were assigned a similar number, with each
corresponding monomer represented by a different letter: Monomer A (1026-A, 1027-A,
1028-A, and 1029-A) and Monomer B (1029-A) (1026-B, 1027-B, 1028-B, and 1029-B). For
QM calculations, the subset structures describing all possible coordination environments for

Fe?" centers in DPD protein were considered. When compared to including all the clusters,
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this approach significantly reduced computational time and resource utilization. Therefore,
QM calculations for Fe?**sS%4 subset clusters (1026-A and 1027-A) (Figure 2.2.A) were
derived for Model 1 using Becke three-parameter hybrid exchange and Lee Yang Parr
(B3LYP) correlation function level of theory (312, 317, 338). However, Model 2 calculations
failed at the B3LYP level of theory, so the parameters for single internal coordinates (S3 and
Fe3) were achieved using a Los Alamos double-zeta basis (LSDA/LANL2DZ) approach
(312). Those for the external coordinates ((Gln and Fe*") and (Cys and Fe?*)) on the other
hand, were calculated utilizing a geometry, frequency, noncovalent, extended TB (GFN1-

xTB) method (Figure S2.1) (318, 319).

2.3.3. Geometry optimization of subset structures

At step number 238, the subset structures for Model 1 reached the local minima,
kicking off the optimization process (Figure 2.2.C, D). A significant energy variation was
observed between steps 120 and 230 of the optimization process. The formation of a
repulsive bond between Fe?" and Fe?" ions rather than Fe?" and S* ions in cluster 1026 was
the primary cause of the energy variation. Nonetheless, as shown in Figure 2.2.B, the subset
structures achieved correct optimization while retaining their geometry.

Individual point value parameters for the subsets in Model 1 were calculated using the
original Seminario method (Table S2.3). The VFFDT (Model 2) approach/method, on the
other hand, derived average related parameters for internal bond angles and length, while the
external parameters were manually averaged (Table S2.4). The equilibrium bond angles and
length calculated values from QM (Models 1 and 2) indicated that the crystal structure was
slightly distorted (Table 2.2, Table 2.3, and Table 2.4). These discrepancies could be
attributed to a lack of phase information on the X-ray structure, as it provides a static
snapshot of the dynamic structure, which could lead to spurious values (223). Besides, the
disparity could well be based on the lack of solvent effects and intermolecular interactions
during the QM gas-phase optimization step (223, 339). The average bond length and angle
for Model 2 were, as expected, within the range of those obtained for Model 1. Moreover, in
both models, the bond distances between GIn(OE)-Fe?" appeared to be lower (Model 1: 1.92
and Model 2: 1.93 ) (Table 3.1) than the bond distances between Cys(S)-Fe?*, with force
constants of 60.40 and 24.97 kcal-mol A", respectively. The shorter bond length is possibly

due to the smaller atom radius of oxygen in Gln compared to sulfur in Cys (129, 130).
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Figure 2.2: Parametrization of human DPD Fe?*4S?74 clusters utilizing original
Seminario approach. A) 3D illustration of Fe?*4S? 4 clusters coordinating geometry, B) The
optimized geometry of Model 1 subset structures (1026A and 1027A) at B3LYP/6-31G*
level of theory. C, D) A GaussView visualization of the energy potential depicting the
starting point of optimization at the lowest energy level (step 238). Figure adapted from
Tendwa et al., (2021).

These values agreed with those obtained in previous studies on Fe*" and Cys (259, 340, 341).
Even so, there is a scarcity of literature on Fe*" and GIn force field interactions, which this
study adequately addresses. Although there were minor differences, the values of the force
constant from both systems (Models 1 and 2) were in the same range and agree with earlier
studies (259, 341). Frequently, the force field parameter values of a model derived under
different systems are not exact, but fall within an accepted range (250, 260, 342).
Additionally, the state of the structural geometry optimization is thought to be a contributing
factor to the various observations when generating new parameters (343). Previous findings
(344) attributed the disparities to the various methods used to obtain the force constant and
the reversed ways in which the connectivity’s were defined. Most relevantly, the generated
values demonstrated that both models sustained the structural geometry of the subsets after

the optimization step.
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Table 2.2: A summary comparison of average bond length (A) values obtained using X-ray, 2DFT, [ B3LYP), and >(LSDA) methods for the
molecular cluster models ([Fe?*4S%4 (S-Cys)3(S-Gln)]) and ([Fe**4S*4 (S-Cys)4]) of native DPD protein. Table adapted from Tendwa et al.,

(2021).

Geometry

Bond Length (&)

Model System

Fe?*4S* 4(S-Cys)3(0-Gln) and ([Fe?*4S* 4(S-Cys)a]) Clusters

Fe?",S?4 Cluster Bond X-ray 1 QM ¢ DFT) AFTER 3 MD
Number
Des]::il:iion 1H7X 4 B3LYP (Model 1) SLSDA (Model 2) Model 1 Model 2
Average Bond Average Equilibrium Force Constant [K:] Average Equilibrium Force Constant [Kr]| Bond Length (3) Bond Length ()
Length (A) Bond Length [req] (A) (kcal-mol '-A7%) Bond Length [req] (A) (kcal-mol '-A72) Mean and® SD Mean and ¢ SD
FE-S 2.54 2.24 58.63 2.22 89.23 2.24+0.21 2.23+0.22
Cluster 1026A FE-SG (Cys) 2.35 237 48.72 233 39.77 2.37+0.01 2.33+0.01
FE-OE (Gln) 1.89 1.92 60.40 1.93 54.97 1.91+£0.01 1.93 +£0.04
FE-S 2.46 2.24 57.11 222 89.23 2.25+0.15 2.23+0.16
Cluster 1027A FE-SG(Cys) 231 2.38 40.85 233 39.77 2.38 +£0.05 2.33+0.01
FE-S 2.58 2.24 57.11 222 89.23 2.25+0.23 2.23+0.25
FE-SG (Cys) 2.36 2.38 40.85 233 39.77 2.38+0.01 2.33+0.02
Cluster 1028B FE-S 2.48 2.24 57.11 222 89.23 2.23+0.18 2.23+0.18
FE-SG (Cys) 232 2.38 40.85 233 39.77 2.38 £0.04 2.33+0.00
FE-S 2.54 2.24 58.63 222 89.23 2.24+0.21 223+0.22
Cluster 1029B FE-SG (Cys) 2.35 2.37 48.72 233 39.77 2.37+0.01 2.33+0.01
FE-OE (GlIn) 1.89 1.92 60.40 1.93 54.97 1.91 +0.01 1.93 +£0.04

I QM: quantum mechanics, 2 DFT: density functional theory, * MD: molecular dynamics, + B3LYP: Becke, three-parameter, Lee Yang Parr, s LSDA: local spin density
approximation, ¢ SD: standard deviation.

46



Table 2.3: A summary comparison of average internal angle (°) values obtained from X-ray, > DFT # (B3LYP), and > (LSDA) methods for the
molecular cluster model ([Fe?"4S? 4(S-Cys)3(S-Gln)]) and ([Fe?"sS? 4(S-Cys)4]) of native DPD protein. Table adapted from Tendwa et al.,

(2021).
Geometry Angle (°)
é\i gt(l flll Fe**4S?* 4(S-Cys)3:(0-Gln) and ([Fe*'4S?4(S-Cys)4]) Clusters
Angle X-ray QM (> DFT) AFTER * MD
Fe?,S*; Cluster
Number Angle
o 1H7X 4B3LYP (Model 1) S LSDA (Model 2) Model 1 Model 2
Description
Average Force Constant Angle (°)
Average Equilibrium Angle [Ko] Average Equilibrium Force Constant [Ko] Angle (°) Mgean
o © o . -1, -2 6
Angle (°) [%e)q] (keal-mol-'-rad™?) Angle[0.](°) (kcal-mol™-rad™) Mean and ¢ SD and 6 SD
FE-S-FE 67.98 67.32 52.64 66.28 26.86 62.91 £3.59 68.10 £0.08
Cluster 1026A
S-FE-S 106.03 108.50 39.12 109.21 39.52 109.25+2.28 106.99 + 0.68
FE-S-FE 68.39 67.61 49.30 66.28 26.86 64.55+2.72 68.24 £0.11
Cluster 1027A
S-FE-S 107.21 108.14 40.39 109.21 39.52 110.0£1.98 108.07 +£0.61
FE-S-FE 68.22 67.61 49.30 66.28 26.86 66.13 £1.48 68.30 £ 0.06
Cluster 1028B
S-FE-S 106.51 108.14 40.39 109.21 39.52 107.02 +0.36 106.97 +£0.33
FE-S-FE 67.97 67.61 49.30 66.28 26.86 65.15+1.99 67.48 £0.35
Cluster 1029B
S-FE-S 107.62 108.14 40.39 109.21 39.52 106.74 £ 0.62 107.30 £ 0.23

I QM: quantum mechanics, 2 DFT: density functional theory, * MD: molecular dynamics, + B3LYP: Becke, three-parameter, Lee Yang Parr, s LSDA: local spin density

approximation, ¢ SD: standard deviation.
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Table 2.4: A summary comparison of average external angle (°) values obtained from X-ray, 2 DFT * (B3LYP), and °> (GFN1-xTB) methods for
the molecular cluster model ([Fe?"4S* 4(S-Cys)3(S-GIn)]) and ([Fe*"4S?> 4(S-Cys)s]) of native DPD protein. Table adapted from Tendwa et al.,
(2021).

Geometry

Angle (°)

Model System

Fe?*4S¥4(S-Cys)3(0-Gln) and ([Fe?"4S> 4(S-Cys)4]) Clusters

Fe?'4S$*"4 Cluster Number Bond X-ray ' QM ( DFT) AFTER * MD
Bond Description 1H7X 4 B3LYP (Model 1) 5 GFN1-xTB (Model 2) Model 1 Model 2
Average Angle (°) Average Equi:ibrium Force ct)j:stanfz Average Equi:ibrium Force C(}:lstal{tz Angle (? Angle (°6)
Angle (°) (kcal'mol " -rad™) Angle (°) (kcal'mol " -rad™) Mean and ° SD Mean and ° SD
C-GIn(OE)-FE 117.29 130.30 75.86 115.32 41.23 11529+ 1.41 114.42 +2.02
Cluster 1026A C-GIn(OE)-H 104.50 122.90 80.00 118.02 44.55 113.34 £ 6.25 116.93 + 8.78
GIn(OE)-FE-S 107.18 109.53 48.56 113.08 40.55 111.10 +2.77 112.09 + 3.47
CT-Cys(SG)-FE 106.87 106.27 102.22 107.39 100.90 107.56 + 0.49 109.52 + 1.87
Cluster 1027A Cys(SG)-CT-H 108.92 109.50 50.80 104.33 23.56 101.39+5.32 106.06 +2.02
Cys(SG)-FE-S 110.17 110.68 53.74 113.28 36.14 108.84 £ 0.94 112.60 +1.72
CT-Cys(SG)-FE 106.72 106.27 102.22 107.39 100.90 111.35+3.27 115.99 + 6.55
Cluster 1028B Cys(SG)-CT-H 107.42 109.50 50.80 104.33 23.56 106.53 +0.63 104.94 +1.75
Cys(SG)-FE-S 110.37 110.68 53.74 113.28 36.14 110.89 +0.37 112.35+1.40
CT-Cys(SG)-FE 110.70 106.27 102.22 107.39 100.90 105.99 +3.33 116.21 +3.90
Cluster 1029B Cys(SG)-CT-H 110.45 109.50 50.80 104.33 36.14 105.07 £ 3.80 103.38 +5.00
Cys(SG)-FE-S 110.02 110.68 53.74 113.28 36.14 110.58 £ 0.40 111.20 +0.83

1

QM: quantum mechanics, > DFT: density functional theory, > MD: molecular dynamics, * B3LYP: Becke, three-parameter, Lee Yang Parr, > LSDA: local spin density approximation, ® SD: standard deviation.

48



2.3.4 RESP charges

The restrained electrostatic potential (RESP) has been used previously to derive
accurate atomic charges for organic molecule (223, 345). This approach involves fitting the
electrostatic potential (ESP) generated by a molecule to a set of restrained parameters, such
as bond lengths and angles (315, 346). The ESP is computed at various points around the
molecule, and these data are used to generate a set of target values for the charges. The fitting
process involves minimizing the difference between the computed ESP and the target values
by adjusting the charges under specific restraints. By applying these restraints, the RESP
approach calculates the atomic charges that best reproduce the experimental or theoretical
electrostatic potential (346). These derived charges can then be used in molecular simulations
and other computational studies to accurately represent the electrostatic interactions between
atoms in the system (223). For the optimized subset structures, partial atomic charge
computations were done for each atom interacting with the Fe?" center. Figure S2.2 and Table
S2.5 reveal variation in the WT DPD atomic charge distribution in the oxidized subsets.
Based on the atom-centered point charge model, the RESP approach calculated these charges
by fitting the molecular electrostatic potential derived from the QM calculation. Moreover,
due to the large electrostatic environment surrounding the protein's metal sphere, atoms
around the DPD Fe?" center (S*, Gln, and Cys) had varying atomic charges in their oxidized
state. Such differences are found to affect charge transfer at the redox center, resulting in
metalloprotein stability around the coordinating sphere (342). Consequently, they are critical

components in achieving accurate inter- and intramolecular potential electrostatic interaction.

2.3.5 Mirroring the derived QM force field parameters to the identical clusters
The newly derived AMBER Fe?" force field parameters for subsets 1026-A and 1027-
A (Tables S2.6 and S2.7) were transferred to the remaining Model 1 DPD clusters relating to
the previously mentioned geometries. Additionally, the generated external and internal
parameters (Table S4) for Model 2 were assigned to the appropriate clusters. Ultimately, for
the DPD (Fe?*48%4) clusters, each model included a holo (drug free) and a holo-drug (drug
bound) (5-FU cancer drug) protein complex, totaling 32 external (30 Cys-Fe; 2 GIn-Fe) and
64 internal (Fe-S) parameter calculations. There were no significant differences in the energy
profiles and range of force constants for Models 1 and 2 in terms of DPD Fe®' ion

coordination to Cys and Gln residues, and S2 ions. Tables 2, 3, and 4 provided a summary of

49



equilibrium bond lengths, angles, and related force constants, with more information
available in the supporting material (Tables S2.6 and S2.7). Dihedral-related force constants
for the corresponding structures were also manually calculated from the structures (Table

S8).

2.3.6 Validating of generated force field parameters through MD simulation

Accurate parameters are needed to hold the coordinating geometry of a metal center
in metalloproteins (301). As a result, all atom MD simulations (150 ns) for the holo system
and holo-drug complexes were performed to assess the accuracy and reliability of the
generated parameters (Models 1 and 2). The derived parameters were validated using the root
mean square deviation (RMSD) (Figure 2.3.A), radius of gyration (Rg) (Figure 2.3.B), and
root mean square fluctuation (RMSF) (Figure 2.3.C). Simulations of both models for holo
(drug free) and holo-ligand (drug bound) complexes revealed very little deviation from their
original structures, which remained constant throughout the simulation process (Figure 7A).
Model 1 systems (holo and holo-drug) violin plots showed a multimodal RMSD distribution,
indicating that they sampled multiple local minima, whereas Model 2 proteins only attained a
single local minimum (unimodal distribution). The Rg (Figure 2.3.B) demonstrated that the
compactness of the different protein models remained constant during dynamics. There were,
however, differences between the drug free and drug bound proteins. In both model systems,
the drug-free protein had a higher Rg than the drug free protein. This could be due to the
presence of the drug. Proteins from both models had comparable RMSF profiles (Figure
2.3.C). The drug bound proteins, on the other hand, appeared to be slightly more flexible than
the drug free proteins. As expected, the loop regions, which account for 43% of the total
protein structure, including the active site loop (residues 675-679), were the most flexible,
while metal site residues fluctuated the least (Figure S2.3). Visual molecular dynamics
(VMD) projection of the different trajectories (328) confirmed a high conformational change
of the loop areas, while the protein central core containing Fe?" clusters had vibration-like
movements.

The violin representation of the RMSDs (Figure 2.3.A) showed greater variation in
conformational changes within all systems. These differences were more visible in the
proteins of the Model 1 system than in the proteins of the Model 2 system. Given the
similarity of protein behavior to drug binding, it is clear that both models demonstrated

similar atomic tendencies in drug free and drug bound systems. The disparities caused by
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conformational changes were due to minor differences in the approaches used to prepare the
models. Fixed bond parameters were assigned between Fe-S, Fe-Fe, and the connecting
residues (Fe-Cys or Fe-Gln) of Model 2 based on crystallographic structure averages (Table
S2.8), whereas Model 1 parameters were obtained from crystallographic structure single
point atom calculations. In all models, the RMSF values of both the drug free and drug bound

complexes demonstrated a region of greater flexibility between residues (Figure 2.3.C).

Figure 2.3: A representation of 150 ns MD simulation showing DPD protein stability,
compatibility, and flexibility through root mean square of deviation (RMSD), radius of
gyration (Rg), and root mean square of fluctuation (RMSF). Model 1 is displayed by
yellow (drug) and blue (drug free) systems. Model 2: grey (drug) and green (drug bound)
systems A) Backbone RMSDs with boxplot overlays on kernel density estimation graphs.
Box plots depict the median, upper and lower quartiles. The median and interquartile ranges
are used to represent non-parametric kernel density plots (IQR). B) Rg line graphs
demonstrating the compactness of all systems. C) RMSF depicting residue fluctuation, with
the purple line separating chains A and B. Figure adapted from Tendwa et al., (2021).

Proteins are dynamic entities that experience conformational changes as part of their
feature and function. Understanding how their functionality is maintained requires a
deciphering of these changes (347). Thus, we assessed the conformational difference sampled
by each system during simulation by plotting the free energy of each system snapshot as a
function of RMSD and Rg using the Boltzmann constant (Figure 2.4). Free energy

investigations in both models revealed similar tendencies to the violin plots in all systems. In
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Model 1, both drug free and drug bound proteins occupied three major conformations. The
holo (drug free) protein had three energy minima at 0.18, 0.20, and 0.25 nm, whereas the
drug bound protein energy minima were achieved later, at 0.22, 0.25, and 0.35 nm. Model 2,
however, equilibrated at single energy minima for both the drug bound (0.28 nm) and holo
(drug free) (0.22 nm) complexes. Model 1 proteins tried repeatedly to find a high probability

region that guaranteed greater thermodynamic stability for their conformational states than

Model 2. Nevertheless, when the drug was bound, the conformation entropy increased in both
models, destabilizing the transition state and slowing protein equilibration. The trajectories
were visualized in VMD to determine the cause of the trimodal ensemble, which revealed
alternating movements in the loop regions, which included the C-terminal, N-terminal, and
active site loop areas. More importantly, the geometry of the Fe**4S* 4 cluster was preserved
during simulation (Figure S2.4).

Figure 2.4: A depiction of the free energy landscape of the four system snapshots as
RMSD and Rg values derived from the Boltzmann constant in relation to the violin
plots. A) Drug bound system (Model 1) displaying three (I, 11, and IIT) major conformational

changes sustained by the protein during MD simulation. B) A holo (drug free) system (Model
1) with three major conformational changes (I, II, and III). C) Drug bound system (Model 2)
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with one (I) major conformational change. D) Holo bound system (Model 1) protein
exhibiting one major conformational change during 150 ns simulation. Model 1: 5-FU drug
bound protein (yellow); holo bound protein (blue). Model 2: drug bound protein (grey) and
holo bound protein (green). Landscape of free energy (maroon). Figure adapted from Tendwa
etal., (2021).

2.3.7 Fe**48* ;4 clusters demonstrated stability during MD simulation

The evaluation of inter- or intramolecular distances between groups of interest can be
used to investigate changes in stability during MD simulations (348). Distances between the
centers of mass (COM) of: 1) the entire DPD protein and each of the eight Fe**4S%4 clusters
(Figure 2.5.A); 2) each monomer and its four Fe?'4S%4 clusters (Figure 2.5.B); and 3) the
active site of each monomer and its Fe*"4S%4 clusters (Figure 2.5.C) were measured for each
model (Models 1 and 2: holo and holo-drug). These calculations were used to assess the
overall stability of the key components involved in the electron transfer process. In both
models, the inter-COM distances between the various groups were nearly identical (Figure

2.5.A-C).

Figure 2.5: The distribution of COM distances across different Fe?*4S*4 clusters and the
protein, the monomers (Monomer A and Monomer B), and the active sites are depicted
by violin plots. Grey represents cluster 1 (1026A), yellow represents cluster 2 (1027A),
green represents cluster 3 (1028A), cyan represents cluster 4 (1029A), red represents cluster 5
(1026B), salmon represents cluster 6 (1027B), orange represents cluster 7 (1028B), and light
blue represents cluster 8 (1027B). The interquartile range and median are displayed within
the violin plots. A) COM distances distribution between clusters and proteins, B) Monomer A
(clusters 1, 2, 3, and 4), Monomer B (clusters 5, 6, 7, and 8), and C) active site. In both
models, a unimodal distribution was observed across all clusters. The distance between the
Fe?" cluster and the protein's backbone remained constant. During dynamics, the distance
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between the Fe?* cluster and the protein backbone remained constant. Cluster compactness is
an indicator of system stability. The corresponding clusters are colored accordingly. Figure
adapted from Tendwa et al., (2021).

Furthermore, as seen in most violin plots, data were distributed with a lower standard
deviation (unimodal distribution), indicating that distances within metal clusters remained in
the same range throughout the 150 ns simulation and maintained stability within the metal
clusters. As a result, the two methods can be used to obtain accurate parameters for other
metalloproteins. The distances between the Fe?* centers and the coordinating residues for the
holo-drug complexes were calculated in additament to the group inter-COM distances in both
models (Figure 2.6). Using this approach, the integrity of the coordinating geometry could be
assessed during simulations. A highly consistent bond length was observed across all Fe**4S*
4 centers, indicating that the derived parameters accurately described the cluster geometries.
Moreover, the obtained bond lengths agreed with those previously reported (259, 301). The
preservation of bond distances indicated that the desired functionality and stability were not

jeopardized, as this is dependent on the protein environment (259).

Figure 2.6: Subset structures representing residues coordinating to the Fe?* centers of
the drug bound systems during 150 ns MD simulations for Model 1 and Model 2. A)
Model 1 holo-ligand clusters 1026A and 1027A, and B) clusters 1026A and 1027A of Model
2, the drug bound system. Both models show that the coordinating distances between the Fe**
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and the connecting residues are maintained throughout the simulation. Adapted from Tendwa
et al., (2021).

Remarkably, Zheng et al., (250) protocol for evaluating metal-binding structure confirmed
that the coordinating tetrahedral geometry of Fe?*4S%4 clusters was preserved throughout the
simulation run. While our calculations agreed with previous findings (259, 260, 340, 341), it
is important to note that, to the best of the authors' knowledge, none of the studies included
the force field parameters for glutamine interaction with a single or multiple Fe?*4S*4 clusters

in a single protein.

2.3.8 1H7X crystal structure was used to validate generated parameters

For additional validation, the derived Fe**4S*4 parameters which coordinated
uniquely to Cys and Glu residues were inferred to the template structure (PDB ID: 1H7X).
The four Fe?*sS*4 clusters in each monomer of the template, like the modeled human

structures, maintained the correct geometry, as shown in Figure 2.6.

2.3.9 Comparative essential dynamics revealed similar motion of protein in

phase space

Proteins are dynamic entities for which molecular motions are linked to a variety of
biological activities, including redox reactions. Collective coordinates obtained from atomic
fluctuation principal component analysis (PCA) are applied to predict a low-dimensional
subspace wherein essential protein motion is bound to occur (284). These molecular motions
are essential for biological processes. As a result, PCA was calculated to probe the 2D
conformational investigation and internal dynamics of the holo and holo-drug complexes of
both models (Model 1 and Model 2). The first (PC1) and second (PC2) principal components
identified the dominant protein motions of all atoms in the 150 ns MD simulation (Figure
2.7). During this period, both holo structures (Model 1 and Model 2) demonstrated a U-
shaped time evolution from an unfolded state (yellow) emerging from simple Brownian
motion to a native state (dark blue). Interestingly, the projection of holo-drug complexes from
both models (1 and 2) followed a V-shaped time evolution space, beginning in an unfolded

state (yellow) and concluding in a native state (dark blue). Model 1 and Model 2 holo
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structures constituted 44.95% of total global structural variances. Model 1 and Model 2 holo-
drug complexes accounted for 48.95% and 36.5% of global total variance, respectively. In
comparison to their respective holo structure, the holo-drug complexes (Model 1 and Model
2) exhibited altered conformational evolution over time. This indicated that, while drug
binding alters conformation stability, newly derived force field parameters in both models

had no effect on protein function.

Figure 2.7: A representation of the first and second principal component analyses (PC1
and PC2) of human DPD wild type model obtained from essential dynamics. The time
progression of the DPD protein's unfolded state (yellow) arising from simple Brownian
motion and ending in the native state (dark blue) is over 150 ns. A) The first two PCs of
Model 1, constituting 44.95% and 48.95% of the total structural variance of the holo and
holo-drug complexes, respectively. B) The first two PCs of Model 2 account for 44.9% and
47.52% of the total structural variance of the holo (drug free) and holo-drug (drug-bound)
complexes, respectively. Figure adapted from Tendwa et al., (2021).

2.4  Conclusion

The DPD metalloenzyme serves as an important anti-cancer drug target, particularly
with respect to its nucleotide metabolizing function in humans (148, 149, 295). However, the
presence of mutations causes DPD enzyme deficiency or dysfunction, resulting in increased
exposure to active fluoropyrimidine metabolites and severe toxicity (149). Computational

approaches, such as MD simulations, have become essential for understanding protein
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function and the implications of mutations (295). Such simulations can reveal the
conformational transformation of protein systems over time during a reaction (231, 234, 236).
They require the use of proper mathematical functions as well as a set of parameters known
as force fields, which define the protein energy as a function of its atomic coordinates.
Further descriptors are required when adequate parameters, particularly those describing non-
protein components in a system, are lacking. We reported new validated AMBER parameters
that can be used to accurately describe the complex Fe?*4S%4 clusters in the DPD protein and
related systems in this work, which serves as a foundation for future research into anti-cancer
personalized medicine. This was motivated by the lack of ready-to-use force field parameters
that would allow for in silico studies on the DPD system. The evolution of combined
QM/MM methods has resulted in the most effective, accurate, and theoretical description of
the molecular system (311). They allow for a thorough examination of the structural,
functional, and coordinating environments in metal-binding sites (231). As a result, we
highlighted the capabilities of two similar methods, but with different approaches and aspects
of the algorithms for determining authentic force field parameters for Fe?* centers in DPD
protein.

To begin, we reported on the generation of force field parameters using the original
Seminario method (260). We went one step further and used the VFFDT Seminario method's
collation features to obtain the force field parameters of the same Fe?" ions as a supportive
measure (250). This was accomplished by bearing in mind the human DPD protein's dimeric
functionality, which is based on well-organized inter-chain electron transfer across an eight
Fe?*4S%4 cluster complex. A double displacement reaction between the two chains results in
the activation and deactivation of the world's third most commonly prescribed anti-cancer
drug (5-FU) (349). We were able to obtain the favored force constants and bond distances for
the Fe’" centers using both Seminario approaches, which was remarkable. Other studies'
parameters (259) did not address the clusters' coordinating geometry. Furthermore, none of
the studies focused on force field parameters for multiple protein clusters. As a result,
obtaining averages of such force fields from the range of force field parameters generated by
both approaches would be preferable for future use in other similar systems. These averaged
values will have some transferability.

Overall, the derived parameters are easily transferable to consolidated MM packages.
Furthermore, we discovered that the original Seminario approach is not inferior to the
modified Seminario (collation features VFFDT) approach, regardless of the DFT (B3LYP
HF/6-31G* and LSDA/LANL2DZ and GFNI1-xTB) logarithm application. Despite the
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importance of DFT calculations (such as B3LYP) in understanding the reactivity mechanisms
of DPD systems, the method has a major limitation in that it ignores dispersion interactions
(350). As a result, the calculations include additional correction methods such as DFT-D3
(351), DFT-D (352), and BJ-damping [115]. The DFT-D3 correction, which is part of
Grimme's GFN1-xTB, was used in calculations where the dispersion interactions were most
critical in Model 2. Although, for Model 1, future calculations will consider the most
appropriate DFT correction method. Due to the possibility of paramagnetism effects
attributed to the prevalence of unpaired electrons in the non-trivial DPD system Fe?'4S%4
clusters, an attempt to implement unrestricted calculations in Model 2 resulted in a higher
energy than under restricted conditions. The MD simulations used to validate the Fe** force
field parameters obtained from this study produced satisfactory results. This will provide
more information on the impact of site-specific interactions on the reaction path in the DPD
protein and the deleterious mutants (230, 234, 236).

Most relevantly, the authors acknowledge no other compatible parameters for this
unique system when it comes to the generation of AMBER force field parameters. Through
higher-level MD simulation methods, the generated novel force field parameters laid the
groundwork for further simulations and improved the mechanistic understanding of metal
cluster function in the human DPD protein. Moreover, the derived parameters have been used
in subsequent chapters to investigate the structural and stability effects of existing mutations
in the human DPD protein. The findings of these studies have provided atomistic details of
mutation effects on the DPD protein. This will provide a foundation for the implementation
of in silico cancer pharmacogenomics and drug discovery research on the efficacy and

toxicity effects of 5-FU drugs.

2.4.1. Final considerations

The use of the term "validation" in the context of simulations conducted with force
field models field may differ from its general understanding. Typically, validation refers to
the process of comparing the results of a model or simulation to a known, reliable reference
or ground truth. It implies a rigorous evaluation against an established benchmark to
determine the accuracy and reliability of the model's outputs. However, in the context being
discussed, the concept of validation seems to deviate from this traditional understanding. The
simulations being described do not have a specific ground truth or reference against which
they are being validated. Instead, the simulations are seen as a demonstration that the outputs

of different models appear reasonable and show a high degree of similarity to each other.
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Therefore, this term is being used more to indicate a general agreement or consistency among

the model outputs, rather than a strict comparison to an external reference.
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CHAPTER 3

EXPLICATING THE ROLE OF CLINICALLY SIGNIFICANT
DIHYDROPYRIMIDINE DEHYDROGENASE MISSENSE
MUTATIONS WITHIN AFRICAN ANCESTRY POPULATIONS, IN
THE PHARMACOGENOMICS OF 5-FLUOROPYRIMIDINE
DYSFUNCTIONAL METABOLISM: A PENTA-METRIC DIRECT
RESIDUE NETWORK APPROACH

This chapter presents the identification of DPYD specific missense mutations present in
people of African ancestry through available clinical studies and analysis of their effect on
the protein via computational approaches. The impact of these mutations on the protein

communication pattern has been highlighted.

Contribution: Study design and in silico studies were conducted under the supervision of
Ozlem Tastan Bishop and Thommas Mutemi Musyoka. All the global and local calculations
and their analyses were done by Maureen Bilinga Tendwa. However, the script for the
identification of global top 4% high significant multi-metric (BC, CC, DC, EC and KC) DRN
residues was generated by Olivier Sheikh Amamuddy (for another study); and DRN hub
calculations were performed by Victor Barozi in this study. The paper draft was written by

Maureen Bilinga Tendwa.
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3.1 Introduction

Genetic variations in drug metabolizing enzymes have been revealed to impact drug
dosage, pharmacokinetics, pharmacodynamics, and other factors that impact therapeutic
outcomes (353). Missense mutations that result in amino acid changes, in particular, interrupt
functional sites liable for protein activity such as catalysis and substrate/ligand binding, or
disulfide bond sites (354). They can also change the structure, stability, and protein folding,
inducing an altered response to medications (355). This can account for clinical
manifestations of individuals’ susceptibility to disease and drug response, as well as an
increased risk of adverse drug reactions (ADRs) (356). Thus, pharmacogenetic studies have
revealed the clinical significance of missense mutations in drug metabolizing enzymes such
as human DPD. Similarly, this information might be a factor in determining disparities in
kinetics and response to a drug, which is critical for drug trials (357).

The functional consequences of missense mutations in clinical settings have been
investigated. Some of these variants demonstrated partial deficiency of enzyme activity,
while others exhibited diminished or enhanced activity when compared to the native (168,
176). Presence of mutation in the initial and rate-limiting DPD enzyme in the hepatic
metabolism of the anti-cancer drug 5-FU results in pharmacokinetics efficacy and toxicity
(357, 358). 5-FU application is constrained by a narrow therapeutic index and may be
complicated by severe toxicity of WHO grade III-IV symptoms such as granulocytopenia and
mucositis (359). Even so, severe adverse occurrences have been reported with capecitabine,
an orally bioavailable prodrug of 5-FU (360). The first 5-FU toxicity was reported in 1985 in
a patient with familial pyrimidinemia who experienced severe toxicity following 5-FU
treatment, indicating that a genetic deficiency in pyrimidine catabolism could be linked to
fluoropyrimidine-associated toxicity (361, 362). Subsequent studies by Diasio and colleagues
demonstrated that 5-FU metabolism after a 25 mg/m? test dose was practically absent in a
second patient with familial pyrimidinemia, and that DPD enzyme activity was abnormally
low (363). Moreover, the first mutation to be documented as functionally relevant was
DPYD*2A, which was discovered in patients with complete DPD deficiency who were
homozygous for DPYD*2A (359, 364). This variant is catalytically inactive (176). DPD
activity is reduced by 50% in heterozygous patients, resulting in a significant increase in 5-

FU exposure (141, 365, 366).
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The ability of DYPD genotype-guided dosing to prevent severe toxicity was
investigated by Deenen et al., (366). In their study, 2038 patients were prospectively screened
for DPYD*2A. 1631 of these patients received fluoropyrimidine-based chemotherapy, with
DPYD*2A heterozygous variant allele carriers (n = 18) receiving a 50% reduced
fluoropyrimidine starting dose. As a randomized trial was deemed unethical, the primary
endpoint - the incidence of severe toxicity - was compared to historical controls (n = 48)
receiving full dose therapy. The incidence of severe toxicity was reduced from 73% (35/48)
in historical controls to 28% after DPYD*2A genotype-guided dosing (5/18; p 0.001). The
rate of severe toxicity after genotype-guided dosing was comparable to that observed in
standard-dosed DPYD*2A wild type patients (n = 1613; 28% vs. 23%, respectively; p =
0.64). The occurrence of fatal treatment-related toxicity decreased from 10% to 0% (p =
0.19). The pharmacokinetic analysis revealed that a 50% lower dose in DPYD*2A variant
allele carriers resulted in comparable systemic drug exposure as the standard dose in wild
type patients. This study demonstrated that upfront DPYD screening was feasible and cost-
effective in routine clinical practice (366). Specific starting doses can be recommended
depending on the intensity of the variant's effect on DPD activity (Table 3.1) (163). The four
tabulated variants [c.1905G >A (1rs3918290, also IVS14 +1G >A), ¢.1679T >G (1s55886062),
c.2846A>T (rs67376798), and ¢.1129-5923C>G. (rs75017182, HapB3)] are thought to be
clinically significant due to their known effects on the protein, observed toxic effects, and
population frequency (164, 294). In Europeans (164), this last variant is in linkage
disequilibrium with the synonymous variant ¢.1236G> A (1rs56038477) and is frequently used
in mutational screening analyses. As indicated, most of the clinical studies on genetic variants
that contribute to DPD deficiency are well discussed in the Caucasian population. However,
there is limited data on the effect of clinically significant missense mutations in non-

Caucasian populations (186).
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Table 3.1: An illustration of clinically relevant DPYD variants and dosing recommendations

Allele dbSNP DPYD Consequences Dosing Clinical
characteristics Identifier variants guidance for score (165) vulnerability to
homozygous severe toxicity
patients (%)
(162)
No function rs3918290 c.1905 + 1G > Exon 14 is spliced out, skipping a 50 5.2%
A portion of the pyrimidine binding site [95% CI: (3.0 - 8.9)]
(DPYD*2A) ((367) (368)
No function rs55886062 c.1679T>G Amino acid substitution that results 50 0.3%
(DPYD  *13; to missense mutation. Thus, protein [95%CL: (0.0 -
1560S) structure destabilization. (129, 171, 0.6%)] (166)
369-371)
Decrease rs67376798 c.2846A>T Amino acid substitution that results 25 5.4%
function (D949V) to missense mutation. Thus, inhibits [95% CI. (1.7 -
electron transport or cofactor binding 16.1)] (368)
(120, 171)
Decrease rs75017182 c.1129-5923C  This results in slightly abnormal pre- 25 6.4%
function >Q mRNA splicing. (372). [95%CI: (4.2—

(haplotype B3,

in linkage with

¢.1236G > A)

8.6%)] (373)
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This chapter focused on identifying clinically significant missense mutations
associated with the African descent population and uncovering the mutation induced
dysfunctional drug metabolism mechanisms. The computational approaches recently
developed by our research group were applied (59, 283, 284, 287, 374). The purpose of this
study was to determine the structural and functional effects of six clinically proven mutations
(C29R, M166V, Y186C, S534N, 1543V, and D949V) found in the African population. This
will serve as a guide in the development of DPD enzyme gene therapy approach as well as
novel drug modulators that will restore the enzyme's proper function in specific carrier
patients. Hence, curbing the toxicity associated with these mutations. The interrelationship
between function, structure, and mutation has previously been demonstrated experimentally
in other proteins. For example, in the study of tumour suppressor p53 missense mutations, it
was discovered that mutations in the DNA-binding structural domain resulted in functional
loss more frequently. Previous in silico research has demonstrated the interdependence of
function, structure, and mutation (375). The study of KatG missense mutations, for example,
revealed significant loop flexibility around the heme-binding pocket, which influenced
asymmetric protomer behaviour in comparison to the native protein (374).

Herein, we generated 3D structures of mutations using our earlier modeled human
native DPD protein with recently derived Fe?" center AMBER force field parameters.
Thereafter, their conformational dynamics over time were investigated via molecular
dynamics (MD) trajectory analysis. Post-MD analysis revealed a wide range of mutational
effects on the DPD protein structure, characterized by changes in protein flexibility and
compactness of the mutant systems relative to the wild type (WT). One of our novel
approaches, comparative essential dynamics (ED) analysis, revealed destabilization and
increased conformational changes in the 5-FU (cancer drug) binding environment (active
site) of the mutated proteins (284). For the first time in DPD, key residues in the
communication network of WT and mutation proteins were discovered using combined
dynamic residue network (DRN) multi-metric analysis (betweenness centrality (BC),
closeness centrality (CC), degree of centrality (DC), eigencentrality (EC) and katz centrality
(KC)), as previously done in other studies within our research group (283, 287, 374). Overall,
this study employs several computational approaches to shed light on the structural and
residue communication changes caused by clinically significant missense mutations found in
people of African descent. As a result, dysfunctional degradation of 5-FU occurs, resulting in

drug toxicity.
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3.2 Materials and Methods

The flow chart below (Figure 3.1) illustrates the schematic flow of investigative

approaches used in this chapter.

Figure 3.1: The comprehensive computational approaches and tools used in this chapter

3.2.1 Software

MODELLER, University of California, San Francisco, CA 94143, USA; AMBER and
AmberTools17, University of California, San Francisco, USA; RStudio v1.1.456, R Core
Team, Boston, MA, USA; GROMACS v2018.2, University of Groningen, Uppsala Sweden;
R v3.6.1, R Core Team, Vienna, Austria; Discovery Studio 2019, Dassault Systems BIOVIA,
San Diego, CA, USA; MD-TASK v1.0.1, Research Unit in Bioinformatics (RUBi), Rhodes
University, Makhanda, South Africa; Maestro v12.5, Schrodinger, New York, USA; and
PyMOL Molecular Graphics System, v1.8.2.3 Schrodinger, New York, NY, USA.

3.2.2 Dataset collection

Non-synonymous genetic variant information was obtained from the online
Mendelian Inheritance in Man (OMIM) (376) and Human Mutation Analysis - Variant
Analysis PORtal web servers (219), whereas ClinVar (377), Pharmacogenomics Knowledge
Base (PharmKGB) (378), and DrugBank (379) databases were used to collect information on
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these mutations and their relationship to human health. Data from the Exome Sequencing
Project featuring variants with minor allele frequency (ESP MAF) (380) and ensemble (381)
databases were used to obtain additional information about the identification of missense
mutations associated with the African population. The minor allele frequency (MAF) of
0.001 of allele frequency related to African population was used to classify the variants.
Following that, the clinically significant missense mutations (C29R, M166V, Y186C, S534N,
1543V, and D949V) linked to 5-FU adverse drug reactions in people of African descent were
chosen for further investigation. The human DPD protein sequence (UniProt accession:
Q12882) and its associated mutations were obtained from Universal Protein Resources
(UniProt) (382). However, because the 3D crystal structure of the same protein was
unavailable, the pig (PDB: 1H7X) (129) structure with a resolution of 2.01 and a sequence
identity of 93% to the human DPD protein was obtained from the RCSB Protein Data Bank
(PDB) (383, 384).

3.2.3 Structure preparation: 3D structure generation and protonation in DPD

wild type and mutations

The PDB did not contain the crystal structures of the human DPD wild type (WT) or
the six identified mutations (C29R, M166V, Y186C, S534N, 1543V, and D949V). As a
result, as stated in our previous work, the human 3D WT model was created using
MODELLER version 9.15 (385). The protein models for the mutation were created using the
WT as a template. This was accomplished by using Discovery Studio 2019 (304), mutating
the MET166, TYR186, ASP342, ARG592, GLY672, and ASP949 to the desired mutation,
followed by structure energy minimization. The subsequent step was used to account for any
steric clashes that could occur because of replacing a small residue with a larger one. There
were seven drug free and seven drug bound models in total. The model quality of each
mutation was then evaluated and validated in comparison to the WT protein using ProSA
(210), ERRAT (386), and PROCHECK (209). Then, using the H++ web server (308, 387,
388), all titratable residue groups in the DPD WT and mutation protein models were
protonated to the correct state (389, 390) at a pH of 7.5 (130), a system salinity of 0.15 M,
and internal and external default dielectric constants of 80 and 10, respectively. To generate
protonated protein coordinate (crd) and topology (top) files, the AmberTools19 software,
which is integrated into H++, was used. All titratable residues were inspected visually, and

incorrect protonation was corrected using Schrodinger Maestro version 12.5 (391).
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3.2.4 Insilico prediction of functional effects and stability of DPD mutations

The amino acid sequence of a protein defines its structure and, as a result, its function.
A single amino acid substitution can cause changes in protein structure, stability, and
function, potentially leading to disease (392). Predicting the effects of amino acid
substitutions on protein stability is therefore essential for protein design and understanding
the role of missense mutations in disease. The structural and functional effects of the six
identified missense mutations of DPD protein were predicted using Variant Analysis Porta
(VAPOR) (219) web servers. VAPOR is a single nucleotide polymorphism (SNP) analysis
workflow tool integrated into the HUMA (219) platform that combines three SVM-based
tools to predict the effect of mutation on protein stability and function (MUpro (216), I-
Mutation (217) and PhD-SNP (218)). To make these predictions, MUpro employs both SVM
and neural network approaches. With a confidence score ranging from -1 to 1, the output of
this tool describes the changes in energy (G) caused by amino acid substitution. A variation
with a score less than 0 reduces the stability of the protein. [-Mutation 2.0 computes the
direction of protein stability changes as well as the energy values associated (G) with
predicting stability. If the variations have no effect on stability, they are classified as neutral.
PhD-SNP predicts the deleterious effect of SNPs in both coding and non-coding regions of a

protein structure, categorizing each SNP as either a neutral or deleterious polymorphism.

3.2.5 Molecular dynamics simulation establishing global conformation variation

in DPD WT and mutations

GROMACS version 5.1.5 (393) was used to run 600 ns MD simulations of the human
DPD WT and the missense mutations to investigate the effect of mutations on structure and
dynamics. To determine the point of system convergence for the WT, duplicate MD
simulations were run. The topology files were created using the AMBER ff14SB (394)
forcefield and a cubic box with a cut-off distance of 10 (the protein is placed 10 A from the
box's edge). As a solvent, water molecules conforming to the TIP3P (395) water model were
introduced into the box, and the system was neutralized with 0.15 M NaCl. Prior to energy
minimization, the derived AMBER topology files were translated to GROMACS (393)
topology using ACPYPE (321), resulting in gro and top files. Converting topologies from
AMBER to GROMACS with ACYPE keeps all previously set Leap parameters, such as
cubic box cut-off distance, consistent across programs, allowing the generated topologies to

be directly minimized. The energy of the solvated system was minimized for 5000 steps
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using the steepest descent algorithm with an initial step of 0.01 nm and no constraints until a
maximum force of 1000.0 kJ mol-1 nm-1 was achieved. After the system had converged, a
bi-phase equilibration step (every 100 ps) was performed to ensure that the solvated system's
temperature and pressure were correct. The Berendsen thermostat was initially set to 300 K
(NVT - constant number of particles, volume, and temperature). Following that, a pressure
equilibration at 1 atm was performed using the Parrinello-Rahman Barostat (NPT - constant
number of particles, pressure, and temperature) (396). The equilibrated systems were then
subjected to MD production for 600 ns with a 2 fs (femtoseconds) integration step. This was
accomplished at the Center for High-Performance Computing (CHPC) in Cape Town, South
Africa, with 148 cores and an average CPU time of 2,880 hours. All bonds were constrained
by the LINCS algorithm during the equilibration and production phases (397). Long-range
electrostatics were calculated using the particle-mesh Ewald (324) algorithm with 0.16 nm
Fourier grid spacing. For the Coulomb and van der Waals interactions, a cut-off distance of
1.4 nm was used. Following the production phase, each system's trajectory was stripped of
periodic boundary conditions and centered within the simulation box using gmx trjconv. gmx
rms, gmx rmsf, and gmx gyrate were used to determine the global and local conformational
changes for the entire protein, each monomer, and the active site. Furthermore, during the
simulation, g H-bond was used to calculate the number of distinct hydrogen bonds formed by
specific residues to other amino acids within the protein (NH bond). The distance between
the donor and acceptor was less than 0.35 nm, and the donor-hydrogen-acceptor angle was
greater than 150. Further research was carried out with the aid of visual molecular dynamics
(VMD) (328), LigPlot+ (398), RStudio (327), and Python libraries such as Numpy (334),
Pandas (333), NGLview (335), Seaborn (399), and Matplotlib (332).

3.2.6 Dynamic cross correlation

Dynamic cross correlation (DCC) analysis for the Ca (backbone) atoms in each
protein were performed for the three groups of mutations (group 1: clinical, group 2:
remote/allosteric non-clinical and group 3: orthosteric/catalytic-domain non-clinical) featured
herein. MD-TASK (284) software generated matrices over the entire 600 ns trajectories using
the calc correlation.py script. A Python script was used to generate correlation matrix

heatmaps for each trajectory.
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3.2.7 Analysis of essential dynamics

The comparative essential dynamics tool from the MDM-TASK web featuring
compare essential dynamics.py was used to investigate the most prevalent and collective
motions of the protein systems (284). Additionally, comparative essential dynamics, by
which the native trajectories were paired with each mutation trajectory, were aligned to those
of the reference structure (native) through the Ca atoms prior to the decomposition and
calculations of the covariance matrix. Consequently, conformation sampling of the mutations
was obtained in the same Eigen subspace as the native. Due to increased flexibility, the last
10 and 13 residues from the C and N terminals were excluded respectively. This method was
used in several groups of investigations in this study: (group 1) the dynamics of the DPD
dimers of Model 1 (built using the original Seminario approach) and Model 2 (built using the
automated VFFDT Seminario approach); (group 2) the dynamics of the WT relative to six
clinically significant missense mutations; (group 3) the dynamics of the WT relative to seven
remote/allosteric non-clinically significant mutations; and (group 4) the dynamics of the WT
relative to six orthosteric/catalytic-domain non-clinically significant missense mutations.
Similarly, this approach was used to investigate the dynamics of the active site binding
environment by specifying the residue of interest in each of the systems in groups 2, 3, and 4.
PC1 and PC2 protein motions were plotted as scatter plots for each system, with the
percentage variance explained by each PC shown on the axes. On the PC1 and PC2 scatter
plots, the time stamps in picoseconds for the lowest energy conformations calculated from 2D

kernel density estimates were indicated.

3.2.8 Hydrogen bond interactions and center of mass distances (COM)

Hydrogen bonds (H-bonds) are interactions formed between an electronegative atom
(N, O, or F) and another electronegative atom. These interactions contribute significantly to
protein structure and are critical to its function and stability (400, 401). Therefore, the
frequency of H-bond interactions between the drug and the protein ensembles for the entire
simulation period (600 ns) was analyzed using GROMACS gmx hbond (393) tool per system
and presented as line graphs. On the other hand, CPPTRAJ (402) was used to identify the
frequency of prominent hydrogen interactions within the active site. The maximum distance
between a donor and an acceptor was set to 3.5 by using the hbond command in

AmberTools17's CPPTRAJ (402).
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COM distances: to fully understand the 5-FU drug positional stability in mutations
ensembles, the 5-FU center of mass (COM) relative to the COM Ca of each monomer was

calculated using the gmx distance tool (393).

3.2.9 Interface investigation

The human DPD modelled structure was subjected into interface analysis by
submitting the structures individually to the PDBePISA (403), PPCheck (404), PyMOL
InterfaceResidues (405)and Robetta (406)web servers. As validation of the interface residues,
a consensus of at least three programs was required in both cases. A representative
multimeric structure was used to depict the location of these residues on the CAs from each

class. NGLview (335)was used for visualization.

3.2.10 Multi-metric dynamic residue network analysis and the identification of

centrality hubs

For the DRN analysis, Cp atoms (Ca for glycine) of each residue were treated as
nodes in the equilibrated 30 ns part of the simulations, and any connection between the nodes
within a cutoff distance of < 6.7 A was treated as an edge. Using the MDM-TASK-web
server scripts, five DRN metrics, that is averaged BC, averaged CC, averaged DC, averaged
EC, and averaged KC were calculated for each snapshot extracted from the same time frame
of an equilibrated 30 ns section of each monomer’s trajectories (Table S3.1 and S3.2).
Utilizing a recently developed DRN analysis algorithm (283, 287, 374), metric-specific
results per monomer for all ensembles were unified into a vector before being sorted in
descending order while keeping track of the residue numbers (indices). Following that, a
threshold for DRN values within the top 4% of the entire set was determined by multiplying
the total number of monomer residues (1017) by the number of ensembles (six: clinical
mutations; seven: remote non-clinical mutations; and six: catalytic-site mutations) and the
percentage cutoff (0.04). The 4% cutoff was chosen to include all hub residues while
regulating noise in the data due to the protein's size. Finally, the threshold was applied to
generate a binary matrix with dimensions similar to the original set. Thereafter, the highly

significant residues (hubs) were demonstrated as a heatmap for each metric.
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3.2.11 Analysis of residue contact maps

For each system trajectory, residue contact maps were generated to show the degree
of interaction at point of mutation, as well as the identified persistent hubs through multi-
metric DRN analysis. This analysis was carried out to detect the differences in residue-
residue interactions caused by mutations, in the equilibrated 30 ns of the corresponding time
frame section of each monomer’s system trajectories in the simulation (Table S3.1 and S3.2).
The weighted contact map tool incorporated in the MDM-TASK (284) web was then used to
identify the target residue's immediate contact at a cutoff Euclidian distance of 6.7 A.
Subsequently, the contact heatmap.py tool from MDM-TASK-web was then used to generate
contact heatmaps (32). It should be noted that in all calculations pertaining to DRN, both the
drug free (open-conformation/inactivated systems) and drug bound (closed-

conformation/activated systems) ensembles were considered.

33 Results and discussion

3.3.1 African descent related clinically significant DPD missense mutations

retrieved

To obtain information on African descent related DPYD genetic variants known to
encode mutated proteins, the SNPdb (407), Ensembl (381), ESP MAF (380), and 1000
Genomes project (408) databases were used. Some of these missense mutations have been
linked to increased susceptibility and predisposition to disease (409). ClinVar (377) was used
to map their sequence variants and human phenotype. Furthermore, the DrugBank (379) and
pharmacogenetics knowledge base (PharmGKB) (410) were utilized to identify 5-FU and
how missense mutations affect its pharmacokinetics and pharmacodynamics. The sequences
and protein structures, on the other hand, were obtained using UniProt (411) and Protein Data
Bank (412). As a result, 128 missense mutations were identified, 19 of which were linked to
the African population. Using available literature, six of these mutations were identified as
clinically significant (C29R, M166V, Y186C, S534N, 1543V, and D949V) (Table S3.3.1 and
S3.3.2), while thirteen of the remaining mutations (S201R, K259E, D342N, D432N, S492L,
R592Q, A664S, G674D, A721T, V732G, T768K, R886C and L993R) were non-clinically
related; meaning not yet clinically validated. Therefore, as stated earlier, clinically significant
mutations are discussed in this chapter, while non-clinically significant mutations are

discussed in subsequent chapters.
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These mutations were located in five distinct structural domains of the DPD
monomer, and their geographic distribution in the African population was determined (Figure
3.2). A subset of cofactors (FAD, FMN, and NADPH), prostatic groups (Fe?*4S*4 clusters)
and/or ligand (5-FU) which are responsible for proper enzyme function were located within
these domains. The active site domain (domain IV) contained two mutations (S534N and
1543V), whereas C29R and M166V were identified in the Fe**4S%4 clusters domain (domain
I). In addition, domain II (FAD-binding domain) and domain IV (second Fe?"4S*4 clusters
binding domain) contained Y186C and D949V, respectively (129-131). To further evaluate
our model structures, we calculated the center of mass distances (COM) of each mutation to

the nearest co-factor or 5-FU.

Figure 3.2: A detailed structural representation of the DPD homodimer. A) Monomer A
is featured as a surface, whereas Monomer B is displayed as a ribbon, with domains I - V
represented in (royal blue, cyan, blue, cream, and sea-green, respectively). The clusters of
Fe?*4S%4 are represented by light orange, NDP in blue, FAD in green, FMN in indigo, and 5-
FU in pink. B) A pie chart of the geographic distribution of mutations in the African
population.

Experiments involving site-directed mutagenesis show that mutations at catalytic
residues, expectedly, disable enzyme function. Thus, mutations at or near enzyme active sites
are frequently detrimental. Furthermore, sometimes mutations far from the catalytic site have

been discovered to interfere with function (413-415). S534N was found to be closer to the 5-
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FU binding site (COM distances: Monomer A 16.1 A and Monomer B 13.6 A) than 1543V
(COM distances: Monomer A 23.0 A and Monomer B 23.4 A). While domain I's C29R
(COM distances: Monomer A 46.9 A and Monomer B 44.6 A) and M166V (COM distances:
Monomer A 23.6 A and Monomer B 23.9 A) were located closer to their respective Fe?*4S%
clusters in Monomer A and B, C29R (COM distances: Monomer A 65.7 A and Monomer B
64.3 A) was closer to the active site than M166V (COM distances: Monomer A 73.2 A and
Monomer B 72.8 A). Y186C, on the other hand, was closer to the FAD binding domain
(COM distances of 29.0 and 28.9) of its corresponding monomers but the furthest from the 5-
FU binding environment (COM distances: Monomer A 79.3 and Monomer B 78.9). In
comparison to the non-active site mutations, the COM distances of domain IV’s D949V were
closer to the third Fe?*"4S%4 clusters (COM distances: Monomer A 12.3 and Monomer B
13.6), but not far from the 5-FU binding environment (COM distances: Monomer A 44.2 and
Monomer B 46.3). Mutagenesis to hydrophobic, polar, charged, or aromatic residues
demonstrated over- or destabilization ramifications on proteins (416-418), and this study
exemplifies this. Provean, Polyphen-2, MU, and PhD-SNP programs included in Variant
Analysis PORtal (VAPOR) (219), a protein structure and function prediction program,
predicted mutations in this study as damaging and/or deleterious (Table S3.3.1). Similarly,
both Ensembl Variant Effect Predictor (EVE) and Variant Annotation Integrator (VARITY)
sequence-based variant effect prediction programs, consistently identified D949V, S534N,
and M166V as highly pathogenic mutations, while Y186C, 1543V, and C29R were
determined to have a lower likelihood of pathogenicity (Figure S3.1.1 - S3.1.3). The pLDDT
per-residue confidence score from AlphaFold2 predictions depicted higher dynamic region
around residues Cys32, Ser326, Pro337, Cys671, Pro672, HIS673, Gly674, Met675, Gly676,
Glu677, Arg678, Lys898, Asn901, Val902, Ala903, Phe904, Ser905, Pro906, Leu 907 and
Lys 908.

Herein, human 3D WT structure were modeled utilizing pig’s protein as a template
(PDB ID: 1H7X) (147). The z-DOPE scores of the modeled structures were all below -1.1
(419). Afterwards, the mutant proteins were modeled by introducing mutations in each
monomer using Discovery Studio version 2019. (304). Nonetheless, these modeled structures
(drug free and drug bound WT and mutants) included a significant number of titratable
residues for which classical MD was unable to simulate their protonation state. Thus, they
were protonated at pH 7.5 in the DPD active or inactive dimeric state prior to MD simulation
(59) through the H++ webserver (308). (Table S2). shows the protonation state of the human

DPD WT. Protonation states of substrates and vital catalytically active residues, and
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conformational variations of protein side chains and substrates, all play critical roles in
chemical reactions (287). The possible impact of missense mutations on protein structure and
function was then investigated in two stages: global analysis to distinguish structural changes
in the entire enzyme, and local analysis to ascertain mutation-related variations at the residue

level.

PHASE I: GLOBAL ANALYSIS

3.3.2 Global structural changes caused by mutations revealed

The global conformational, structural and dynamic aspects of the effect of mutations
on 5-FU metabolism by the DPD enzyme were revealed through root mean square deviation
(RMSD), root mean square fluctuation (RMSF), radius of gyration (Rg), number of
intermolecular hydrogen bonds (H-bonds), dynamic cross-correlation (DCC), and essential
dynamics. To begin with, typical RMSD versus timeline plots were deduced to assess
the structure's positional divergence from the initial conformation over the simulation (Figure
3.3.A). In light of limited high-performance resources, we performed 600 ns MD simulation
for duplicate WT and single mutation runs for both drug free and drug bound ensembles
(Figure S3.1). The WT duplicate run results revealed that proteins attained similar
conformational changes during the simulation. In both runs, equilibrium was attained at an
RMSD of about 3.0. A (Figure S3.1.A & B). The consistency of the two WT duplicate runs
justified the use of single runs for further investigation. Additional RMSD calculations
pertaining trajectories obtained from the proteins core (without the loop regions) for the drug
free and drug bound structures were moderately lower (0.2 - 3.0 A) than those of the full
protein (0.5 - 5.0 A) (Figure S3.1.B & C). This demonstrated that the loops were more
flexible, as expected. Besides, a similar pattern to that of the full protein was seen for each
monomer of the drug free and drug bound proteins. A closer look at each of these monomers
using violin plots revealed a range of variation from 0.5 to 5.0 throughout all the systems
(Figure 3.3.B). Apart from the drug free WT and M166V of Monomer A, which equilibrated
at a single conformation (unimodal distribution), most systems equilibrated at multiple
conformations (multimodal distribution). In addition, the equilibration states of the
corresponding monomers (drug free: Monomer A & B; drug bound Monomer A & B) of the
same system varied. In Monomer A, the drug free WT equilibrated at one conformation

equilibrium and in Monomer B, it equilibrated at three conformations (trimodal distribution).
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Monomer A and Monomer B were observed to equilibrate at two energy minima during
catalysis (drug-binding) (bimodal distribution). Each of the other mutations had distinct
variation not only per monomer but also before and after activation. D949V, S543N, 1543V,
and M166V displayed the most eminent differences from the native protein. We then
determined the equilibrated areas of the trajectories in both monomers of the drug free and
drug bound ensembles (Figure S3.2 and Table S3.2.1 and Table S3.2). When the RMSD of
each frame in the trajectory was compared to the RMSD of all other trajectories, similar
trends were seen (Figure 3.3.B). In each system, asymmetric behaviour of Monomer A and
Monomer B was observed. Moreover, the FAD, NDP, (Figure 3.3.B). 5-FU, and FMN
(Figure S3.2.3) RMSDs were highly variable in both monomers . All in all, the presence of a
mutation altered the conformational stability of each inactivated (drug free) protein, which
was further altered during protein activation. The conformation stability of both monomers
was influenced differently in each case. We previously ascribed the dynamic changes in the
RMSD to significant fluctuations in the loop regions, whilst relative stability was maintained
within the protein's core (147). Additionally, the results of the successive RMSF calculation

and VMD visualization stated in this study backed our previous findings.
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Figure 3.3: An illustration of DPD WT and mutations RMSD and all versus all RMSD. A) WT run 1 (black) and WT run 2 (green), C29R
(red), M166V (indigo), Y186C (teal), S534N (yellow), 1543V (blue), and D949V (orange). A) Line plots showing RMSD progression in
reference to the initial structure across the simulation period. The x-axis shows the time (ns) and y-axis the RMSD (A). B) Split violin plots of
the RMSD distribution in both monomers [Monomer A: drug free (cyan), drug bound (blue-green), and Monomer B drug free (grey), drug bound
(crimson)] of all systems. The x-axis is for the protein systems, and the y-axis is for the RMSD. C) All versus all RMSD data shown as a
heatmap for each monomer of the drug free and drug bound systems. The x- and y-axes represent the frames at various time stamps (ns). The
color gradient from white to dark red indicates the degree of variation. D) Split violin plots of the RMSD distribution of co-factors and the ligand
in each monomer (NDP and FAD) of all systems [Monomer A: drug free (cyan), drug bound (blue-green), and Monomer B drug free (grey),
drug bound (crimson)].

76



3.3.2.1 Mutation-induced asymmetric monomer changes heightened by loop
fluctuation were demonstrated whereas the protein core remained stable

Further RMSF and DCC analyses were carried out to evaluate protein flexibility and
the asymmetric behavior of the monomers in each system that were noticeable in the RMSD
framewise results. Figure 3.4 describes fluctuation relative to the mean position of each atom
(RMSF). Each drug free and drug bound protein exhibited seven major elevated fluctuating
regions per monomer. The beta-sheet and adjacent loop areas between residues 40 - 52, 316 -
334, 670 - 683 (active-loop region), 901 - 922, 964 - 971, 2 - 13 (the N-terminal) and 996 -
1025 (C-terminal) fluctuated the most (Figure 3.4). Visible fluctuation was seen in S534N
and D949V around residues 964 - 971 of both monomers (Figure 3.4.B). The residues
surrounding the Fe?'4S*4 clusters were seen to be more stable over the simulation period.
Although the fluctuating regions reacted similarly in both drug free and drug bound systems,
the degree of fluctuation in Monomers A and B differed
remarkably. Further visualization with VMD revealed the increased fluctuation at the loop
region. Next, we used DCC to determine the correlated conformational motions of residues in
order to demonstrate the overall effect of mutation on each monomer of the drug free and
drug bound proteins (Figure 3.4). In this instance, highly positive areas (colored yellow to
red) have strong correlated motions (residue pairs move in the same direction), whilst
negative regions (colored blue to green) have strong anti-cross-correlation motions (residue
pairs move in the opposite direction).

The correlation between drug-free wild-type (WT) residues from both monomers
exhibited a relatively stronger relationship, which diminished upon drug binding. Residues in
Monomer B displayed a higher degree of anticorrelation compared to those in Monomer A.
Similar patterns were observed in the case of the 1543V mutation. Additionally, all mutations
displayed increased residual anti-cross-correlation after activation compared to their inactive
states, as expected. Notably, C29R, M166V, 1543V, S534N, and D949V exhibited the most
pronounced variations. Likewise, higher levels of residue anticorrelation were observed in the

vicinity of the mutation site compared to the WT configuration.
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Figure 3.4: RMSF and DCC values of the WT and six mutations presented as heatmaps after 600 ns simulation. The top figure represents
RMSF with x-axis indicating residues and y-axis indicating systems. The bottom figure represents DCC with x- and y-axis indicating residue
numbers. A) The drug free systems. B) The drug bound systems. In RMSF graphs, high fluctuation residue areas are highlighted in box frames,

and cofactor locations are indicated, whereas strongly correlated residues in DCCM are colored from yellow to red with anti-correlated residues
colored from blue to green.

78



There was notably stronger cross-correlation motion between residues in the inactivated WT
(270, 287, 301, 374, 420, 421). Osuna and colleagues (421) have shown that mutations alter
the structure and organization of enzyme active sites. Moreso, it has been discovered that
mutations far from the active site can disrupt function through allosteric mechanism (283,
287, 422). We proposed that DPD mutations would cause structural changes in the 5-FU
binding region of the protein. Previous research demonstrated that identifying local versus
global similarity represents two orthogonal directions in protein structure comparison,
suggesting that structures which are the most comparable on a global scale may not be the
same locally (423). Furthermore, long termini and loops, for example, are flexible and
disordered fragments that may have an influence on global analysis since they are often
poorly predicted and have a high possibility of jeopardizing otherwise good structural
similarity (287, 423). We suppose that since loop areas account for approximately 45% of the
DPD protein, they may play a role in the differences observed not only at the monomeric

level, but also during DPD activation.

3.3.2.2 Essential dynamics (ED) revealed mutation influences asymmetric

collective movement, resulting in distinct conformational changes per

monomer

First, in a homodimer, protomer dynamics were observed to switch between identical
copies of protomers; mutations affect this shift in protomers differently (283, 374).
Furthermore, mutations have impacted various protomer changes during ligand binding
(424). Therefore, our subsequent studies sought to investigate mutation-influenced
conformational changes at the point of monomers before and after drug binding using
comparative ED, one of our newly invented tools from MDM-TASK-web (36). The
trajectories were aligned with one another in this method, and a single covariance matrix was
calculated to prevent the production of a trajectory-specific covariance matrix that would not
be accurately comparable. Regardless of the total variance from the first two PCs remaining
lower than in typical PCA calculations, the single covariance matrix reflects the entire
variability shared across the trajectories, so we suggest it adequately describes the differences
between the systems (35). The comparison of Monomers A and B in mutated proteins to
those of their respective WT showed diverse conformational changes along PC1 and PC2, in
which the total variances approximately ranged between 50 to 75% and 50 to 60% in the

inactive and activated systems respectively (Figure 3.5). Except for Monomer A of drug
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bound D949V, which unfolded in the opposite direction, the WT-mutation comparison
projection of both the drug free and drug bound systems followed the same direction of
longitudinal evolution space, from unfolded state (yellow) to native state (dark-blue). While
the WT and mutated proteins unfolded in the same direction, their conformational
orientations were opposite in all systems.

In WT-C29R, Monomer B drug free ensembles accounted for the most global total
variances (62.76%), followed by drug free Monomer A (59.93%), then drug bound,
Monomer A (53.20%) and Monomer B (52.57%). In WT-M166V, on the other hand,
Monomer B drug bound ensemble attributed for the least total variances (52.57%), followed
by Monomer B (53.30%), then drug free, Monomer B (60.38%) and Monomer A (67.83%).
The same trend was observed in WT-S534N; the Monomer B drug bound ensemble reported
the lowest total variances (53.97%), followed by Monomer B (54.28%), then drug free,
Monomer B (62.0%) and Monomer A (72.47%). Nonetheless, total global variances were
higher in drug free Monomer B (60.32%) than in Monomer A (59.04%) and drug bound
systems (Monomer A: 51.95% and Monomer B: 54.50%) of WT-I543V pair. The lowest total
variances in WT-Y 186C were observed in drug free Monomer B (54.29%), followed by drug
bound, Monomer B (55.19%) and Monomer A (55.20%), and drug free Monomer A
(57.86%). In WT-D949V, Monomer B of the drug free system accounted for the most total
variances (61.64%), then Monomer A (57.31%) and the drug bound ensembles (Monomer A:
57.23% and Monomer B: 55.14%). The presence of five domains in each monomer could
explain the total low global covariances. According to research, collective domain movement
in multi-domain proteins is associated with low global similarity scores (58,59).

Similar studies have indicated that high confident mutation affected conformation
evolution of KATG structure with more structural variability (285). In addition, significant
structural disorders were observed within the heme binding pocket and the loop surrounding
the binding pocket of both the WT and mutations in cryo-EM studies of W107R and T275P
mutated proteins (287). Approximately 45% of DPD proteins is made of loop regions, with
the most prominent being the active-loop (active-loop: residue 670 — 682) (147). The RMSF
observation (Figure 16) has reported high fluctuation within these regions that influences

diverse conformational changes, of which similar trends have been observed in ED results.
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Figure 3.5: Comparative essential dynamic analysis of DPD WT and mutated proteins based on monomers. In each sub-plot, Monomer A
is at the top and Monomer B is at the bottom. The WT is on the left while the mutation is to the right. The x- and y-axes represent the percentage
variance explained by PC1 and PC2, respectively. The plot color code, which ranges from dark blue to yellow, represents the simulation
progression in nanoseconds.
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3.3.2.3Multifaceted conformational changes in 5-FU binding environment of each

monomer revealed through comparative essential dynamics

We investigated the 5-FU binding environment as a follow-up action in analyzing the
observed heightened asymmetric behavior of the monomers in the presence of mutations, as
well as increased active loop fluctuations around the active site. The drug free and drug
bound DPD catalytic site binding environment is comprised of residues: 583, 609, 612, 613,
642, 668, 669, active-loop (670 — 682), 709, 736 and 737 (129-131). During the 600 ns
simulation period (Figure 3.6), the catalytic binding environment of both drug free and drug
bound structures of Monomer A reported 48.04% of the entire global structural variances
(PC1: 31.16% and PC2: 16.88%). However, different global variances were observed in
Monomer B (total 49.67%; PCI1: 30.71%, PC2: 18.96%). The inactivated native protein
occupied a conformation space around the 6 o’clock position covering a larger region of
phase space along PC2 than PC1 in Monomer A. On the contrary, a more restricted lateral
conformation was seen with more phase space occupied along PC1. In Monomer B, the
activated native protein revealed a diagonal conformation area ranging from the 6 o’clock
position towards the 3 o’clock position, and more phase space was occupied along PC1 than
PC2. However, a more perpendicular conformation area was observed with more PC2 phase
space than PC1. Direct comparison of either Monomer A or Monomer B drug bound (active
state) and drug free (inactive state) structures revealed that a larger region of phase spaces
was covered across all mutation upon activation. The most diverse conformational changes
were observed in M166V, S534N, 1543V, and D949V mutant proteins. The conformation
variability exhibited by mutation systems could be attributed to the flexibility of the active
loop region (670 — 682) (Figure 3.6.C). System S534N showed the greatest residual
flexibility within the active-loop, which could be attributed to its position within the active
site. As much as 1543V was located within the active site, less active-loop residual flexibility
was observed. M166V and D949V also demonstrated increased active-loop residue
flexibility. This agreed with a previous study which showed that greatest flexibility around
the loop regions of resistance mutations was associated with not only asymmetric behavior of
protomers, but influenced the dynamics of the active site binding pocket in KATG protein
(374).

For further analysis, we presented Rg distribution representing kernel density
estimation (KDE) conformational sampling of the DPD catalytic environment during MD

(Figure 3.6.D). The KDE is a non-parametric statistical technique for calculating a variable's
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probability density function (PDF). KDEs are related to histograms and have the advantage of
not losing information due to binning, as seen in histograms. KDEs smooth the data, making
it easier to interpret and determining the distribution shape (270). All mutations showed more
conformational variability in the 5-FU binding environment relative to the WT, in both
inactivated and activated states, suggesting variant associated instability. Major conformation
clusters were seen at 33.80 A (Monomer A) and 33.90 A (Monomer B) in drug free
structures, whereas drug bound structures’ major conformational peaks were seen at 33.95 A
(Monomer A) and 33.70 A (Monomer B).

On the other hand, D949V conformational peaks were observed at 33.75 A and 34.88
A (Monomer A), as well as 34.54 A (Monomer B) in the inactivated protein. Upon activation,
major conformation clusters were seen at 33.7 A (Monomer A) and 33.9 A and 33.6 A
(Monomer B). Furthermore, previous studies by Offer et al., in 2014 (174) regarding the
potential clinical relevance to DPD activity indicated enzymatic activity was reduced by 41%
(P=0.0031) in the clinically significant D949V. Also, other clinical studies have reliably
linked D949V to severe toxicity following 5-FU administered chemotherapy (172, 173). The
M166V mutation was discovered to be significantly associated with grade III and IV toxicity
in a cohort of patients with gastroesophageal, breast, or colorectal cancer who were treated
with 5-FU (425). This could account for the greatest conformation differences observed in
M166V versus WT in this study. Multiple conformational samples were observed before and
after protein activation in all cases (activated and inactivated) (Figure 3.6.D). Additionally,
Y 186C exhibited conformation peaks at 33.7 A (Monomer A) and 34.6 A (Monomer B) in
the drug free protein. When activated, the protein visited one conformation cluster at 33.8 A
and 33.75 A in Monomer A and B, respectively. Previously, the DPD activity in peripheral
blood mononuclear cells (PBMCs) in a group of Y186C African-American carriers was
observed to be lower than that in non-carriers (P=2.9104), suggesting mutations impaired the
catalytic activity of the protein (176). Hence, the diverse conformational structural changes
exhibited by this mutation. Similarly, S534N demonstrated diverse conformational variability
with three peaks at 33.70 A, 33.80 A, and 34.55 A of Monomer A, as well as 33.80 A and
34.60 A of Monomer B before activation. Upon catalysis, major conformation clusters were
observed at 33.70 A in Monomer A and 33.80 A in Monomer B. When compared to the WT,
S534N studies revealed a 36% increase in enzymatic activity (P=3.4x10"7) (176). Treatment
with fluoropyrimidine (5-FU) reduced DPD activity significantly in Caucasian S534N and
D949V mutation carriers (426).
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Figure 3.6: Comparative essential dynamic analysis of DPD active site. A) Scatter plots representing essential dynamics of Monomer A’s 5-
FU binding environment in WT and mutation drug free and drug bound proteins. B) Scatter plots representing essential dynamics of Monomer
B’s 5-FU binding environment in WT and mutation drug free and drug bound proteins. The x- and y-axes depict the percentage variance
explained by PC1 and PC2, respectively. C) The active site RMSF heatmap represents Monomer A and Monomer B for the drug free and drug
bound systems. Most fluctuation depicted around the active site loop region (residues 670 — 683). D) Rg distribution of the WT and mutation
proteins as portrayed by different colors of kernel density estimation. The median of each kernel plot is represented by dashed lines of the same
color. The x-axis depicts the sampled conformation Rgs and the y-axis peaks depict the Rgs of the most sampled conformation.
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Consistent with previous studies, 71% of patients with S534N variant developed grade 3 - 4
toxicity (427). Similarly, Indian carriers showed more than grade 2 toxicity (428). The 1543V
mutation, which is also found in the active site as S534N, has been linked to lower DPD
activity in African-Americans (176). Although the active-loop residual fluctuation was not as
high as in S534N, it was higher than the WT. Conformation peaks in deactivated S534N were
found at 33.70 A and 33.90 A in Monomer A, and 34.60 A in Monomer B. Upon activation,
the conformation peaks were at 34.70 A in Monomer A, and 33.90 A and 34.60 A in
Monomer B.

In addition, deactivated C29R conformation peaks were discovered at 33.70 A and
33.90 A in Monomer A and 34.70 A in Monomer B. Similarly, when activated, the
conformation peaks in Monomer A and B were 33.60 A and 33.80 A, respectively. These
conformational changes were distinct from those observed in WT, suggesting that they are
related to structural instability, which leads to 5-FU metabolic dysfunction toxicity. Increased
grade 2 and higher toxicity was observed in Indian carriers treated with 5-FU (428). Other
studies have found grade 3-4 toxicity in 46% of C29R carriers (429), and 5-FU chemotherapy

has been linked to increased thrombocytopenia in Indian carriers (430).

3.3.2.4 Some monomers showed a diminished hydrogen bond pattern with loss of

hydrogen occupancy of critical active site residues

The stronger cross-correlation within residues in the WT relative to the mutations,
according to DCC findings, might be credited to the maintained hydrogen bonds during MD
simulation. Hydrogen bonds play a crucial function in protein-ligand recognition, protein
folding, and enzyme catalysis, in addition to being an important indicator of nonbonding
interactions (63). Consequently, the hydrogen bonds within 5-FU binding residues in the
mutations and WT during the 600 ns simulation were calculated as illustrated in Figure 3.7.
An intricate network of hydrogen bonds was maintained around the active sites of each
monomer in the dug-bound WT across the simulation. Unstable hydrogen bond interaction
patterns were observed in most mutation systems. A time-reliant increasing tendency for
instability in hydrogen bond interactions was seen in Monomer A of M166V, S534N and
D949V from 50 ns, 1 ns and 400 ns, respectively. Direct comparison to the WT revealed
increased hydrogen bond instability from 45 ns and 410 ns in Monomer B of M166V and
Y 186C, respectively. Similarly, a marked increase in hydrogen bond instability was observed

in S534N and [543V Monomer B from 480 ns and 10 ns, respectively. C29R, on the other
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hand, demonstrated minimal hydrogen bond instability during the simulation in both
Monomer A and B.

We then assessed the 5-FU orientation stability by measuring the center of mass
(COM) distance of: 1) Monomer A and 5-FU in Monomer B; and 2) Monomer A with
Monomer B and 5-FU (Figure 3.7.B). These calculations were driven by the fact that the
ping-pong electron exchange from Monomer A to Monomer B active site resulted in the
activation of 5-FU in Monomer B and vice versa (129-131). Interestingly, the different
monomers of each mutation demonstrated the same tendencies as seen in hydrogen bond
interaction in relation to the WT. Hydrogen bond instability corresponded to the change in
COM distances; for example, C29R demonstrated minimal changes in hydrogen bond
stability, as well as the COM distances between the 5-FU and their respective monomers, as
previously observed. Increased hydrogen bond instability could have caused the bond
between the three asparagine side chains (N609, N668, and N736), as well as S670 and T737,
and 5-FU to dissociate or become destabilized from the protein.

Increased hydrogen bond instability observed in Monomer A's system S534N, and
Monomer B's systems M166V and 1543V (Figure 3.7.A), was linked to drug exit from the
active sites of the corresponding monomers. 5-FU vibrated in a constant motion in the WT
when observed with VMD (328); however, it dissociated from mutations that formed highly
unstable hydrogen bonds after exhibiting various translation and rotation motions. The 5-FU
drug exited Monomer A of S534N at 148 ns and Monomer B of M166V and 1543V at 420 ns
and 350 ns, respectively. In D949V the drug also demonstrated rotational movement
beginning at 325 ns but did not exit the binding. Similarly, the significance of hydrogen bond
formation within the key catalytic residues surrounding the active loop region cannot be
overstated. Catalytic residue C671 is supported by hydrogen-forming residues H673 and
E677. Hydrogen-forming residues H673 and E677 pivot on catalytic residue C671. Other side
chain residues that form hydrogen bonds near the active site include M642, 1613, and T575.
C671 comes into contact with other 5-FU binding residues during catalysis, resulting in a
catalytic reaction (165). Thus, using AmberTools20’s cpptraj (402) we compared the
hydrogen bond occupancy of these residues in the mutations and WT. In Monomer A of
C29R, M166V, Y186C, and 1543V, and Monomer B of M166V, Y186C, S534N, 1543V and
D949V, reduced hydrogen bond occupancy was shown in catalytic residue C670, as well as

its hinge forming residues H673 and E677 (Figure 3.7.C).
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Figure 3.7: A representation of hydrogen bond interaction, center of mass distances (COM) and hydrogen bond occupancy in respect to the active
site during the 600 ns simulation. A) Line graphs showing hydrogen bond interaction within the 5-FU binding residues of each monomer, x-axis represents
time in ns while y-axis represents hydrogen bond distance in A B). Line graphs representing COM distances between each monomer and its respective 5-FU
binding environment, x-axis depicts time (ns) while y-axis shows COM distances (A). C) Heatmaps representing 5-FU hydrogen bond interacting residues
(ASN609, ASN668, and ASN736) and side chains of SER670 and THR737, loop pivot point hydrogen interacting residues HIS673 and GLU677. Additional
side chain residues MET642, ILE613, and THR575 of Monomer A and Monomer B.
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The reduced hydrogen bond network in these residues may have destabilized the 5-FU
catalytic mechanism, resulting in dysfunctional drug degradation and toxicity.

It has been well documented that mutations in a protein can change the structure that
the WT sequence naturally confers (431). Evidently, each mutation in this study influenced
the function of each monomer in a distinctive manner, similar to results obtained by Sheik
Amamuddy and colleagues (266). Missense mutations were revealed to affect the dynamics
of each SARS-CoV-2 Mpro protomer/monomer differently in their studies. Other research
has found that mutations influence either the loss or change of enzyme function, regardless of
whether they are distal or proximal to the active site (432). Except for S534N and 1543V
mutations, which are found in the active site, all other mutations in this study were remotely
located. Changes in their mutation topologies were evidenced at locations other than the site
of mutation, including the active site. The phenomenon of structural change at distant sites
from the site of perturbation is well known as allostery (433). Allosteric mechanisms permit
the transmission of local structural perturbations through a network of motions or collisional
contacts, which can be recognized as allosteric communication pathways in protein structure
from one site to another (422).

In general, the M166V, S534N, and D949V mutations demonstrated consistent and
diverse changes across multiple parameters, including RMSD, RMSD framewise analysis,
RMSF, DCC, ED, and H-bond (global studies). These findings align with the investigative
research conducted by Offer et al., (168, 176) focusing on the functional analysis of DPYD
variants associated with the catabolism of 5-FU. The study revealed significant results,
specifically, the M166V mutation demonstrating heightened enzymatic activity compared to
the wild type (120%, P = 0.025). Notably, the S534N mutation displayed a significantly
increased enzymatic activity (hyperactivity) relative to the wild type (36%, P = 3.4x10-7).
Conversely, the D949V substitution led to a notable decline in enzyme activity by 41% (P =
0.0031), corroborating observations from clinical studies on 5-FU toxicity. This particular
mutation (D949V)and C29R, M166V, S534N and 1543V have been observed in both African
and Caucasian populations (434). The impact on functional loss of D949V is believed to stem
from its potential interference, either directly or indirectly, with cofactor binding or electron
transport processes. The substitution of valine for aspartate at position 949 leads to the
elimination of a hydrogen bond involving the carboxyl group, which normally interacts with
the main-chain nitrogen of Glu951. This hydrogen bond plays a crucial structural role as it
stabilizes a helical turn following a B-strand in the C-terminal FeS-cluster domain of DPD.

Consequently, it positions the loop that carries the cluster ligands Cys953 and Cys956 in
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close proximity to the cluster cFeS1. The loss of this hydrogen bond is likely to have adverse
effects on cluster formation (171). Based on our structural analysis, the amino acid
substitutions M166V and S534N have the potential to affect the functionality of the enzyme.
These substitutions are situated within a conserved three-dimensional environment in the
DPD protein. Consequently, the respective mutations can cause a rearrangement of this
specific three-dimensional network, resulting in a decrease in enzymatic activity (180).
Mutations such as C29R have been demonstrated to cause a slight decrease in DPD activity
compared to the wild-type enzyme (179). Certain cancer patients, who were homozygous for
the C29R mutation, experienced severe toxicity after undergoing SFU treatment (435). The
crystal structure analysis of pig DPD does not offer clear explanations for the lack of
functionality in the recombinant mutant protein. Notably, Cys29 is not evolutionary
conserved. n DPD, the histidine residue is situated in a region of the dimer interface that is
accessible to solvent. Its side-chain interacts solely through a water-mediated hydrogen bond
with the imidazol-ring of His94 from the other subunit in the dimer. In the human enzyme,
this histidine is replaced by an asparagine, which maintains all the hydrogen-bond
interactions observed for His94 in pig DPD, including a water-mediated hydrogen bond with
the cysteine at position 29. As residue 29 is positioned on the protein surface, introducing a
considerably larger arginine at this site does not result in unfavorable close contacts with
neighboring residues, as its side-chain can be directed towards the solvent without
complications (171). Despite ongoing research, the conflicting data concerning the impact of
the C29R mutation on DPD function remain unresolved (435). Similarly, the amino acid
position 543 is not evolutionary conserved (436). Despite the structural analysis not finding
any evidence of impaired enzymatic function resulting from the specific amino acid
substitutions (171), it is important to consider the potential cumulative impact of the 1543V,
C29R, M166V, and S534N missense mutations on destabilizing the dimeric protein complex.
The presence of these mutations has led to diverse conformational changes in the DPD
structure, as revealed by global analysis, suggesting that their influence on destabilization

cannot be disregarded.

PHASE II: LOCAL ANALYSIS
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3.3.3 Presence of missense mutations revealed a heightened accentuated
asymmetric change in residue interaction pathways per monomer

The next step was to understand the shift in communication within the active site of
DPD protein at the residue level by unravelling both native orthosteric and mutation allosteric
communication pathways by using local analysis (DRN) and contact map network. Missense
mutations in drug metabolizing enzymes have become potential biomarkers for precision
medicine due to their broad effects on protein function dysregulation (9). They can alter
protein active site mechanisms by introducing allosteric communication (422, 423). Recently,
in the RUBI research group, the combination of MD simulations with network analysis (DRN
approaches) has offered insight into the mechanisms of interaction between protein residues,
including allosteric communication pathways (270, 273, 314, 358). Residues are normally
referred to as nodes in a protein communication network, and non-covalent interactions
between nodes are referred to as edges (437). The name “centrality” refers to the significance
of a node in a communication network. Changes in residue side chains caused by mutations
can cause reorganization of protein network patterns and thus change node centrality (374).

As with our previous studies (284, 329), we used five different centrality metrics
[betweenness centrality (BC), closeness centrality (CC), degree centrality (DC), Eigen-
centrality (EC), and Katz centrality (KC)] to identify high centrality residues in WT versus
mutation protein systems. Each centrality metric calculation required a more stable
(equilibrated) area of the trajectory for accuracy and reproducibility. Maximum stability was
not achieved by the end of the 600 ns MD simulation due to the large size of the protein in
our case. Furthermore, the drug exited some systems before 600 ns. As a result, where
applicable, samples were extracted from the same time frame of an equilibrated 30 ns section
of trajectory each monomer on a protein system prior to drug exit (Figure S3.2; Tables S3.2
and S3.3).

The overall depiction of high BC, CC, DC, EC, and KC (Figures S3.3.1 & S3.3.2)
demonstrated a similar pattern of high centrality residue concentration in each system. In both
the drug free (inactivated) and drug bound (activated) states of each metric, there were
variations in the high centrality residues between each mutation system and the WT.
Components involved in the redox reaction cascade (NADPH, FAD, Fe**4S*; clusters, FMN,
and 5-FU) which also reflected the interface residues (Figure S3.4 and Table S3.4) had

increased residual communication in both drug free and drug bound systems of both
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monomers. As expected, these were more noticeable in the DC, followed by the CC, BC, KC,
and EC, in that order.

We then aimed to improve on the selectivity of the previous results’ predictive
accuracy by identifying the top global 2.0%, 3.0%, and 4.0% of high centrality significant
residues in the five metrics using stringent measures (Figures S3.5.1, S3.5.2 & S3.5.3,
respectively). Prior to determining the top global high centrality residue, symmetry was
corrected by aligning a single equilibrium conformation of each monomer high centrality
sample conferring to its metric. The global 4.0% high centrality significant residue was
chosen for further analysis over the 2.0% and 3.0% residues because it provided sufficient
information without increased noise. Additionally, we showed that each metric offers
exceptional viewpoint to the network, rendering collective information significant. Based on
these analyses, some new terminologies were introduced by our research group, for instance,
the terms “hubs”, “persistent hubs” and “super-persistent hubs” (266). Any node that was
part of the set of highest centrality nodes was defined as a “hub”. This was based on the top
5% centrality nodes measured across all related samples for any given averaged centrality
metric. Similarly, the term “persistent hub” was defined as a hub that existed across all
systems compared. "Super-persistent hubs" were persistent hubs found across all penta-
metrics (266). Herein, our approaches were used to identify metric-specific hubs in DPD
protein and to investigate the impact of missense mutations on its communication profile in
both the inactive (drug free) and active (drug bound) states. As previously indicated, the
heatmap (287, 374) displayed 4% hub data for each metric. The subsequent subsections give
an account of the heatmaps analyses in detail. Moreover, to gain deeper understanding into
changes in hubs caused by mutations, we mapped the uniquely observed hubs of each
mutation protein in relation to the WT hubs (BC, CC, DC, EC, KC) as well as the rest of the

commonly shared hubs with the WT for each metric.

3.3.3.1The Betweenness Centrality (BC) identified a pair of distinct compensatory
communication pathways from NADPH to 5-FU along the interior of the
oxidoreduction catalytic channel
BC is an indicator of a residue's usage (and thus importance) in protein
communication, and it signifies the number of shortest paths across all other node pairs that
pass via a particular node of importance (329). This has been evidenced to be one of the most

insightful metrics in a variety of studies. It has been employed in identification of critical
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allosteric residues (287, 420, 422), and ligand and mutation-induced network switch (287,
374, 438, 439).
Intermonomer and intersystem differences were observed in Figure 3.8.1 of the 4 % averaged
BC calculations, in the presence of mutations. This was consistent with previous findings
regarding the asymmetric monomer behavior of a dimeric protein (266, 285). From the
heatmap (Figure 3.8.1) Leul55 and Val373 hub residues were unchanged from the reference
protein (WT) in the presence of DPD missense mutations in both drug free and drug bound
systems. Hence, they were identified as persistent hubs. Leul55 is found in domain I's a-
helix, connecting to Gln156, which forms a one-of-a-kind bond with Fe** ion. This is an
important component of electron transport chain to the active site (129-131). Val373 is found
in the a-helix of the NADPH binding domain III and participates in the NADPH cofactor
interaction (129, 130). The NADPH-nicotinamide moiety is positioned between the FAD
isoalloxazine ring, and one of Asp342's carboxyl oxygens is hydrogen bonded to the
backbone amide of Val373, hence important in NADPH stability (129, 130). Residues at
positions Ile116 and Leul42 were among the additional BC hubs found in at least five
systems. These are domain I a-helix interphase residues that are an extension of the Fe**4S%4
cluster contacts, which are critical for electron transfer during catalysis (130, 131). Therefore,
any mutations that occurs closer to the cofactor or the Fe**4S%4 clusters, may disrupt electron
transport to the active site (436). Remarkably, the residues Cys82 and Val493 were
exclusively hubs drug bound mutant systems, particularly in Monomer A (Table S4). Cys82
forms a sulfur bond with the first Fe**4S%4 clusters (147), while Val493 is a a-helix FAD
binding domain II residue in contact with FAD binding residues (131). Short-range contact
using contact maps analysis discussed later in this study (Chapter 3.3.4), showed that new
contacts were gained with residue Cys82 (Cys82: Leu80, Ala83, Ala84, Ala85, Pro86, Cys87
and Asnl41) and Val493 (Val493: Pro92, Thr93, Asp119, Asn120, Prol121, Leul22, Cys126,
Gly127, Pro197, Alal98, Val490, Glu491, Ser492 and Lys497), thus, observed increased
centrality of these hubs. Barozi and colleagues, (285) had similar finding. The observed
increase in centrality for these residues could be a compensatory mechanism for upholding
the mutants functional. Hence, the partial loss of function displayed by the protein in carrier
patients (168, 176).

The mapping of collective drug bound BC hubs to their corresponding monomers
suggested a long-distance proximal clustering communication pathway along the NADPH to
5-FU oxidoreduction catalytic channel per monomer (Figures 3.8.2 and S3.6.1). Through a

chain of Fe**4S%4 clusters, this channel transports electrons from the NADPH binding site in
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domain III to the catalytic site for pyrimidine (5-fluorouracil) reduction in domain IV (129-
131, 147). Unlike our previous studies (283, 287), which depicted a well-defined
communication path, this study and Barozi et al reported a clustering communication region
of large BC hub ensembles (285, 286). The following were some of the common hubs that
formed these ensembles from the NADPH to the active site in drug bound system of native
protein (Table S3.5.1):

e Monomer A: Ile61, Thr65, Leu80, Asn85, 11e97, 1le101, Thr102, Asnl108, Leull4,
lle116, Phell7, Leul22, Gly123, Thr125, Cys126, Cys130, Thr132, Ser133, Vall37,
Cys140, Leul42, Leul55, Leu200, Ser227, 1le231, Phe234, Leu310, Ala372, Val373,
Pro374, Glu375, Gly597, Met598, GIn604, Ser605, Thr768, Leu775, Arg776,
Asp797, Ala799, Ley803, GIn804, Cys816, Thr825, Lys958, Thr962, Cys996,
Lys997 =48

e Monomer B: Thr22, Asn44, 11e62, Glu69, Asn76, Met77, Pro92, Leu95, 11e97, 1le101,
Thr102, Alal13, Tle116, Asn120, Leul24, Thr125, Gly127, Prol31, Ser133, Leul35,
Asnl37, Gly138, Asnl41, Leul42, Thr145, Pro149, Leul55, Pro228, Ile231, Phe234,
11e370, Ala372, Val373, Pro374, Ala380, Glu383, Thr595, Phe602, Gly603, Sey605,
Leu775, Ala799, GIn822, Thr853 and Thr856 =45

These BC hubs were mostly found in the interface areas, around the Fe**4S% clusters and

FMN (Table S3.4). In both the drug free and drug bound systems, the large hub ensembles
that were detected in the WT were lost in the majority of the mutant systems, and new ones
were gained, particularly around cofactors and the substrate (Table S3.5.1). For instance,
mutant systems gained importance (form new connections not seen in reference WT) with
either of these hub residues Alal44 (Monomer A: C29R, M166V, & Y186C and Monomer B:
All except C29R & S534N); Glul46 (Monomer A: All except D949V and Monomer B:
C29R); Glul47 (Monomer A: All except C29R & S534N and Monomer B: All except
D949V). Nonetheless, these BC hubs (Alal44, Glul46, Glul47, Ile150, and Gly153) have
been introduced in domain I around the Fe’*4S*4. They have increased interaction with
residue connecting Cys140 and GIn156 in comparison to the WT. Cys140 and GIn150 form
disulfide bridges with Fe?*48%*4 clusters (147). Protein interface residues, as well as Fe?*4S%4
clusters are known to be involved in inter- and intra-protein communication as well as
providing structural stability (440). Metalloproteins also take part in electron transfer,
oxidation, oxygenation and oxygen transport (441). The presence of these hubs may indicate

the existence of a compensatory communication path to the active site as a result of mutations
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which may disrupt the redox process. Furthermore, the majority of mutations formed new
contact with the active site hub and FMN interacting residues GIln604 (Monomer A: All
except M166V and Monomer B: All except C29R); Pro772 (Monomer A: M166V and
Monomer B: S534N and D949V), but lost contact with interacting residues Thr768 and Ala
(Monomer A: All systems), as well as Ser605 (Monomer A: All except M166V & Y186C
and Monomer B: All except 1543V) with respect to the WT. Similarly, the presence of new
hubs may indicate a compensatory communication pathway that may disrupt active loop
functionality, resulting in increased fluctuation in the presence of mutation, as indicated by
RMSF results (Figure 3.6C). In turn, this may impair protein structure and functionality. For
instance, partially impaired functionality has been reported in Caucasian D949V carriers
(162). CPIC has classified this group as intermediate metabolizers (164). On the other hand,
the S534N mutation has been classified as normal metabolizers by CPIC (164). However this
variant has been reported to have lower activity in the Caucasian population, 71% of carriers
have been found to develop grade 3-4 toxicity (426, 427). In addition, increased drug toxicity
was observed in Indian carriers (442). Surprisingly, CPIC classified C29R as having no effect
on DPD activity, despite clinical findings to the contrary (164). The carrier of C29R
(ethnicity unknown) has been reported to have grade 3-4 toxicity. There was an increase in 5-
FU concentration three hours after administration (429). Similarly, South Indian carriers have
an increased risk of thrombocytopenia (430). Furthermore, African American homozygous
carriers had 127% DPD activity compared to the WT (168). Despite the fact that M166V was
not mentioned in CPIC (164), increased DPD activity (120%) (168), as well as increased
grade > 2 toxicity in Indians has been reported (443). Similarly, 5-FU administration caused
grade 2 toxicity in [543V Indian carriers (428). The partial loss of functionality seen in all of
these mutations (168, 176), could be due to a compensatory mechanism used by the protein to
maintain functionality. For instance, compensatory gain was observed with the newly
introduced hub Lys381, which had the highest BC centrality (0.047) among all drug-bound
systems. Contact map analysis, discussed later in this chapter, revealed that this hub formed
connections with Pro45, 1le62, His64, Thr132, Pro304, Phe367, Val368, Met377, Glu37s,
Leu379, Ala380, Lys381, Glu383, Lys384, Cys385 and Phe387, hence, the high hub
centrality status (Figure 3.3.4).
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Figure 3.8.1: Averaged BC metric heatmap of the A) drug free and B) drug bound ensemble showing the top 4.0 % global significant
hubs (x-axis) of the WT and six mutations (y-axis). The hubs are color-coded from low to high value (light-yellow to dark-red) and annotated
accordingly.
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Figure 3.8.2: 3D representation of averaged betweenness centrality hubs of the activated (drug bound) ensemble showing a pair of communication
pathways proximal to oxidoreduction channel (Monomer A NADPH (yellow) to FAD (yellow) to 2 x Fe*4S*4 (yellow) clusters, proceeding to Monomer
B 2 x Fe?"4S%4 (yellow) to FMN (yellow) for the reduction of 5-FU (yellow)) and vice-versa. The mutations are colored in deep-purple.
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3.3.3.2 The degree of centrality (DC) identified a pair of distinct compensatory
communication pathways from NADPH to 5-FU along the exterior of the

oxidoreduction catalytic channel.

DC is determined by the number of adjacent nodes to a given node; consequently,
these hubs are considered critical at the local level in regards to their functionality (284, 374).
The data presentation of the intermonomer and intersystem heatmaps revealed that the
monomers have moderately asymmetric behavior (Figure 3.9.1), which was also observed in
the BC data (Figure 3.8.1). Considering the average top 4.0% DC hubs in DPD, persistent
averaged DC hubs comprised of residues Asn108, Thr110, Alal13, Leul55, Ala203, Thr554,
Val625, Val778%*, Thr779, 1le781, 11e790, Ser808, Ala810, Leu813 and Thr832. According to
other studies, DC had the fewest persistent hubs. (285, 286). In comparison to other metrics
such as averaged BC, CC, EC, and KC, this metric comprised the second most persistent hubs
in this study (Figure 3.9.1). This could be attributed to the importance of the oxidoreduction
catalytic channel (NADPH, FAD, Fe?"4S8%;4 clusters, FMN, and 5-FU) components which are
distributed cross - sectionally in the protein.

3D visualization of this metric showed that the averaged DC hubs revealed distinct

communication pathway per monomer in both drug free and drug bound. Most strikingly,
these communication pathways were accentuated along the exterior of oxidoreduction
catalytic channel (NADPH, FAD, Fe*'4S*4 clusters, FMN, and 5-FU) (Figure 3.9.2 and
Figure S3.6.2), more externally unlike the BC pathway. In respect to the WT, these are some
of the hubs that formed ensembles from NADPH to the active site (5-FU) (Table S3.5.2):

e Monomer A: Ala72, Asnl08, Tyr110, Alall3, Leul55, GInl157, Asn199, 11e200,
Asn203, Leu206, Asn207, Glu218, Pro232, Val313, Ala314, Val335, Ser350, Ala351,
Asn478, Gly480, Phe542, Thr554, Ser605, Val625, Leu628, 1le641, Leu653, Asn654,
Leu665, Glu666, 11e707, Val714, Ala729, Val732, GIn740, Val778, Thr779, 1le781,
11e790, His807, Ser808, Leu813, Gly833, Leu837 and Asn928 = 45.

e Monomer B: Ala72, Asnl08, Tyr110, Alall3, Gly138, Gly139, Gly153, Leul55,
Phel59, Ala203, Ala207, Gly225, Val241, Val337, Ala356, Ala478, Trp568, Thr595,
Gly603, Se605, Val625, Leu653, Ser654, 1le694, 1le707, Ala729, Val732, Val778,
Thr779, 11e781, 11e790, 11796, His807, Ser808, Thr832, Gly833, Ala928 and Thr962
=38.
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In reference to the WT, the presence of the mutation resulted in a loss of contact with Pro232,
Val313, Val335, Ser350, Ala351, Phe542, Ile641, and Val714 of Monomer A, as well as
Val241, Gly603 and I1e796 of Monomer B. The fact that the number of hubs and
communication pattern (gain and loss of hubs) in both monomers were not completely
identical, as shown above, confirms the asymmetric behavior of monomers/protomers in

dimeric proteins. Sheik Amamuddy et al., previously reported on this concept (266).

Furthermore, compensatory gain of DC hubs was observed in the presence of mutations

relative to the WT around the following cofactors:

1) FAD in C29R (Monomer A: Alal98, Ser201 & Cys202 and Monomer B: Glu218),
M166V (Monomer A: Alal98, Ser201 & Cys202), Y186C (Monomer A: Alal9s,
Ser201 & Cys202 and Monomer B: Ser199 & Glu218), S534N (Monomer A: Alal98,
Ser201 & Cys202), 1543V (Monomer A: Alal98, Ser201 & Cys202 and Monomer B:
Pro197, Alal98, Ser201, Cys202 & Glu218) and D949V (Monomer A: Alal98,
Ser201 & Cys202 and Monomer B: Cys202).

i) FMN in C29R (Monomer A: Ala810 Monomer B: Leu813), M166V (Monomer A:
I1e770 and Monomer B: 1le770 & Leu813), Y186C (Monomer B: Leu775 & Leu813),
S534N (Monomer B: Leu775 & Leu813), 1543V (Monomer B: Leu813) and D949V
(Monomer A: Leu775 & Ala810 and Monomer B: Ala810 & Leu813).

111) NADPH in C29R (Monomer A: [1e482, Ala486, Ser492, Val493, Asp495 & Gly496
and Monomer B: [1e482), Y186C (Monomer A: 11e482, Ala486), S534N (Monomer
A: T1e482, Val493, Asp495 & Gly496 and Monomer B: 11e482 & Gly496), 1543V
(Monomer A: 11e482, Ala486 & Gly496 and Monomer B: 11e482, Ala486, Val493 &
Asp495) and D949V (Monomer A: Val493 and Monomer B: Ile482, Ala486 &
Asp495).

v) 5-FU in C29R (Monomer A: Thr595 and Monomer B: Ala618 & Leu710), M166V
(Monomer A: Thr595), Y186C (Monomer A: Thr595 & Leu710 and Monomer B:
Leu608), S534N (Monomer A: Thr595 & Val718 and Monomer B: Val691), 1543V
(Monomer A: Thr595 & 710) and D949V (Monomer A: Thr595, Pro672, Gly681 and
Monomer B: Ser606).

Asnl08, Leul55, and Val778 were identified as persistent hubs with the greatest
connectivity. Strikingly, Asn108 was discovered to connect three domains: domain I (first set
of Fe?"4S%4 clusters and residue 27-172); active site domain IV (FMN, 5-FU, and residues
525-847); and domain V (second set of Fe*"4S%4 clusters and residues 848-1025). Leul55 is a

super-persistent hub (recognized in several metrics) in domain I's a-helix, connecting to
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GIn156, which forms a one-of-a-kind bond with Fe?" ion. Met599 is also noteworthy as an
interface residue between domain I and the active site (domain IV). The evolutionarily
conserved a-helix high significant hub Val778, in contrast, plays an important role within the
active site area, forming contacts with FMN and 5-FU connecting residues. Val778 basically
acts as an intermediary within the active site area. Ala499 and Gly603 were exclusively drug
bound mutant system hubs, especially in monomer A. While domain III a-helix residue
Ala499 was newly introduced hub in the mutant systems of Monomer A, residue Gly603
located within the active site domain lost contacts with all the mutant, specifically in
Monomer B. Furthermore S534N, 1543V and D949V exhibited reduced residue connectivity
with Trp568, Gly603, SER605 and SER606, which are active site residues. It should be noted
that S534N and 1543V are active site mutations, whereas D949V is a domain V mutation, all
of which have clinically shown partial loss of function in carrier patients (428, 444, 445).
Mutations provoked change in inter- and intra-residue interaction resulting in the formation
of new communication patterns to the active site. In the process, a compensatory residue-
residue communication mechanism that ensures cellular process is maintained ensued.
Studies have reported such mechanism in the context of BC (287, 374, 446).

Overall, we demonstrated for the first time that: i) the asymmetric behavior of DPD
protein, ii) two distinct communication pathways per monomer were observed using both BC
and DC. The BC pathway was located anterior to the oxidoreduction channel, while the DC
pathway was located exterior to the oxidoreduction pathway. Furthermore, A direct cross-
correlation analysis was conducted to investigate the relationship BC and DC hub residues in
both the drug free and drug bound state of DPD enzyme. The results revealed a significant
positive correlation between these two measures. indicating their pivotal role in maintaining
functional integrity of the network (Figures S3.7.3 and Figures S3.7.4). ii1) The compensatory
gain in DC hubs along the oxidoreduction pathway to the active site may point to a

mechanism for maintaining DPD functionality.
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Figure 3.9.1: Averaged DC metric heatmap of the A) drug free and B) drug bound ensemble showing the top 4.0% global significant
hubs (x-axis) of the WT and six mutations (y-axis). The hubs are color-coded from low to high value (light-yellow to dark-red) and annotated
accordingly.
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Figure 3.9.2: 3D representation of averaged degree centrality hubs of the activated (drug bound) ensemble showing a pair of communication
pathways proximal to oxidoreduction channel (Monomer A NADPH (yellow) to FAD (yellow) to 2 x Fe*4S*4 (yellow) clusters, proceeding to Monomer
B 2 x Fe?"4S8%4 (yellow) to FMN (yellow) for the reduction of 5-FU (yellow)) and vice-versa. The mutations are colored in deep-purple.
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3.3.3.3 The Closeness centrality (CC) revealed the dynamic dimeric hub network

behavior at the proteins cores in the presence of mutations

CC defines the central nodes that are closest to the majority of the other nodes. It is
determined as the inverse of the average for the shortest distances from one node to every
other node. Our preceding studies have demonstrated that high CC values occur in and
around the protein core, specifically around the Fe?"4S%4 clusters (283, 287, 374). Figure
3.10.1 depicts a heatmap of the top 4.0% averaged CC hubs, while the 3D mapping was
illustrated in Figure 3.10.2 (drug bound) and Figure S3.6.2 (drug free). The intermonomer
and intersystem heatmap presentation of the data revealed that the monomers exhibit slightly
asymmetric behavior (Figure S6), which was also reported in the BC and DC data (Figure
3.10.1).Visualization of these residues revealed that they were at the core of the DPD protein
(Figures 3.10.2 and S3.6.3), which was in accordance with previous research on other
proteins (39). These hubs were mainly around the Fe?*4S?74 clusters and active site (Figure
3.10.2 and Figure S3.6.2). In comparison to BC, DC, KC, and EC, this metric (CC) had the
most persistent hubs (G71, Ala72, Leu73, Ala74, Glu75, Ala76, Cys79, Leu80, AlalOl,
Ile104, Leul42, Ile150, Leul55, Pro598, Met599, Pro602, and Ser605) (Table S3.5.3).
Further analysis of CC hubs revealed most of these interface residue are located in the stable
part of the dimer, a concept that has been reported before (147). Of interest is persistent hub
Leul55 which was identified as a persistent BC, DC and CC hub hence, earning it the term
"super-persistent hub" (266). This hub connects to the following residues: Leu95, Phel00,
lle116, Asnl20, Gly123, Metl28, Ile152, Glyl154, Glyl55, GInl57, Phel58, Alal59 and
Thr160, forming a domain I inter-residue communication sub-network that relays
interdomain information around the Fe?*4S*4 clusters. Thus, the portrayed stability around
the Fe?*4S*s4 clusters (147). Previous studies have shown the correlation between
intermonomer distance measure and the number of CC hubs due to presence of mutation
(285). Except for systems S534N, M166V, and D949V, where a slight (<10.0 A) increase in
COM distance in comparison to the WT was noted (Figure 3.7), no apparent increase in
COM distances was observed in the remaining systems. These three mutant systems have
exhibited fewer CC hubs compared to other systems (Figure 3.10.2: C, E and Q).
Furthermore comparative ED analysis demonstrated great conformation variation in relation

to the WT, which is in agreement with other prior studies (266, 285-287).
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Figure 3.10.1: Averaged CC metric heatmap of the A) drug free and B) drug bound ensemble showing the top 4.0% global significant
hubs (x-axis) of the WT and six mutations (y-axis). The hubs are color-coded from low to high value (light-yellow to dark-red) and annotated
accordingly.

103



Figure 3.10.2: 3D representation of averaged closeness centrality hubs of the activated (drug bound) ensemble showing a pair of communication
pathways proximal to oxidoreduction channel (Monomer A NADPH (yellow) to FAD (yellow) to 2 x Fe*"4S%4 (yellow) clusters, proceeding to Monomer
B 2 x Fe?"4S%4 (yellow) to FMN (yellow) for the reduction of 5-FU (yellow)) and vice-versa. The mutations are colored in deep-purple.
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3.3.3.4 The Eigencentrality (EC) revealed the dynamic dimeric hub network
behaviour at the active site in the presence of mutations

EC 1is used to identify high connectivity nodes which are adjacent to other high
connectivity nodes and as such are reliant on the residue neighborhood (284, 287, 374).
Similar to other metrics, the clear asymmetric behavior of each monomer was demonstrated
(Figure 3.11.1). There were no persistent hubs of averaged EC for DPD reference protein. In
the WT, EC hubs (which were identified mostly in the active site) included residues at
position:

e 103-115, 159, 605-608, 707-712, 724, 732, 734, 772, 774, 736, 776-795, 799-812,

829-837, 852, 928 of Monomer A.

e 595,707-710, 721, 732, 734, 736, 740-741, 744, 775-792 and 805-813 of Monomer B
Previously, a high concentration of high EC hubs in a domain was associated with its
stability(285), and could be used to identify ligand-binding site (447). While the WT had the
most EC hubs in Monomer A (69), mutant S534N (69) had the most hubs in monomer B
compared to WT and other mutant systems, indicating asymmetric DPD behaviour.
Asymmetric behaviour was also observed in C29R, M166V, and 1543V, which lacked EC
hubs in the active site of Monomer A (C29R) and Monomer B (M166V and 1543V),
respectively. Additionally, loss of active site £C hubs in the mutant system may be associated
in the active site domain instability, which may account for drug exit in at least one monomer
of some mutant systems (Monomer A: S534N and Monomer B: [543N and M166V). Hence,
the partial loss of function depicted by these mutants (168, 186).

The 3-dimensional depiction of the WT structure (Figures 3.11.2 and S3.6.4)
concerning the hubs that were present after DPD activation (Table S3.5.4) indicated that (1)
central placement of EC hub clusters around the active site region, indicating its importance
in DPD functionality (Figure S3.11.2), and (2) the DPD monomers demonstrated asymmetric
behavior regardless of the presence of mutations. This is in agreement of previous EC studies

on other proteins (266, 285).
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Figure 3.11.1: Averaged EC metric heatmap of the A) drug free and B) drug bound ensemble showing the top 4.0% global significant
hubs (x-axis) of the WT and six mutations (y-axis). The hubs are color-coded from low to high value (light-yellow to dark-red) and annotated
accordingly.
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Figure 3.11.2: 3D representation of averaged eigen centrality hubs of the activated (drug bound) ensemble showing a pair of communication
pathways proximal to oxidoreduction channel (Monomer A NADPH (yellow) to FAD (yellow) to 2 x Fe*"4S%4 (yellow) clusters, proceeding to Monomer
B 2 x Fe?"4S8%4 (yellow) to FMN (yellow) for the reduction of 5-FU (yellow)) and vice-versa. The mutations are colored in deep-purple.
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3.3.3.5 The Katz centrality (KC) revealed the dynamic dimeric hub network

behavior around the cofactors and active site in the presence of mutations

KC is defined by the relative influence of each node in a specified network by
considering both its immediate nodes and non-immediate nodes that are linked via immediate
neighbours. Basically, KC is an extension of EC (284, 287, 374). When comparing Katz
centrality to EC, a study by Barozi et al., (374) observed a more uniform distribution of KC
value, whereas a study by Okeke et al., (287) discovered that key hubs, particularly of the
mutant proteins, showed relatively similar results to their EC values. Likewise, in our study,
KC hubs were an extension of £C, emphasizing not only the importance of active site-like EC
values but also cofactors. Intersystem and intermonomer heatmaps illustrated the asymmetric
behaviour of the dimeric DPD (Figure 3.12.1). In drug bound system, Monomer A and
Monomer B of the WT had 40 and 24 hubs, respectively. The drug free systems had 36 and
46 hubs in Monomer A and B, respectively. Similar trends were witnessed, in the mutant
systems (Table S3.5.5). For instance, 1543V gained most newly formed hubs in Monomer A
(33) than any other mutant system. Also, S534N gained 33 and 5 newly formed hubs in
Monomer A and B respectively.
Figure 3.12.1 depicts a heatmap of the top 4.0% KC hubs, with 15 key persistent hubs
(Asn108, Thr110, Glyll1, Leul55, Leu775, Asn777, Val778, Thr779, 1le781, Asn782,
11e790, Phe805, Ser808, Ala810, and Gly833) identified (Table S3.5.5). The super-persistent
hubs Asn108, Leul55 and V778 were present in BC, CC and DC metric too.

3D visualization of key KC hubs communication network (Figures 3.12.2 and S3.6.5)
identified four important central locations of these hubs (iron clusters; FAD, FMN and the 5-
FU binding site). In the WT, some of the KC hubs included the following residues:

e Monomer A: Serl03, Ile104, Tyr109, Tyr110, Glyl11, Alall12, Alall3, Leul55,
Ser199, Ala203, Ser605, Ser640, Ile641, Leu665, Glu666, Leu667, Phe707, Leu710,
Val732, Ala734, 775, 776, Ala777, Val778, Ther779, Thr781, 11e782, 11790, Ala792,
Phe805, Ser808, Gly809, Ala810, Leu813, Thr832, Gly833, Ala836, Leu837 and
Ala928.

e Monomer B: Asnl08, Tyr110, Glyl1l1, Leul55, Serl59, Thr595, Phe707, Ala708,
Leu710, Val732, Ala734, Leu775, Ala777, Val778, Thr779, Thr781, 11e782, 11e790,
Ala792, Phe805, Ser808, Gly809, Ala810 and GLy833.
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Figure 3.12.1: Averaged KC metric heatmap of the A) drug free and B) drug bound ensemble showing the top 4.0% global significant
hubs (x-axis) of the WT and six mutations (y-axis). The hubs are color-coded from low to high value (light-yellow to dark red) and annotated
accordingly.
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Figure 3.12.2: 3D representation of averaged KC hubs of the activated (drug bound) ensemble showing a pair of communication pathways proximal
to oxidoreduction channel (Monomer A NADPH (yellow) to FAD (yellow) to 2 x Fe*4S%4 (yellow) clusters, proceeding to Monomer B 2 x Fe?'4S*4
(yellow) to FMN (yellow) for the reduction of 5-FU (yellow)) and vice-versa. The mutations are colored in deep-purple.
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Residues 108-113 and 155 are interconnecting residue to domain I Fe**4S%; clusters, residues
199, 203, 313 and 350 are interconnecting residues to FAD, residues 605, 640, 641, 665, 666,
667, 707, 710, 732 and 733 are active site residues (residues involving 5-FU), residue 775-
805, 809-813, 832 and 833 are interconnecting residues to FMN. These findings further
support the vitality of the oxidoreduction channel components (NADPH, FAD, Fe?"1S%4

clusters, FMN and 5-FU) and identify specific regions of interest in these domains.

3.3.4 Mutational impacts on residue interactions as determined by weighted
contact maps
3.34.1

In section 3.3 (averaged DRN metric hub differences due to mutations were
investigated). The impact of mutations on the DPD structure by identifying DRN hubs from
penta network metrics showed: asymmetric inter-monomer communication network, as well
as compensatory gain in hub communication network. This gave us insight into the centrality
hubs and how they differ in different mutant protein systems. During catalysis, residual
rearrangement transpires not solely at the point of mutation, but also at the specific cofactor
level. The loss of the residue-residue interaction and the formation of the new connections
triggered a change in monomeric residue interaction in the specific cofactors, which varied
from mutation to mutation (266, 448). The degree of residue interactions with closest
neighbors (within 6.7 Euclidean distance), graded from 0 to 1 (presence or absence) for (1)
the mutated residues, (2) cofactors, (3) 5-FU binding sites, and (4) persistent hubs (Figure
3.13), was defined using the MDM-TASK weighted contact map tool. This method has
previously been used to investigate the short-range mutational residue-residue change in
interactions (286, 287, 374, 438, 446, 448). Figure 3.13 (consider Figure S3.7.1, S3.7.2,
S3.7.3 & S3.7.4 for amplified version) revealed minor differences in residue contacts
between monomers, which were ascribed to local asymmetry within chain conformations,
which has been found to be common in complexes (285, 449).

NADPH binding domain III is required for reduction, hence, providing electrons for
transport to the active site in domain IV (450, 451). The amino acid sequences of these
domains are highly conserved across animal species, and the ability to form dimers is
paramount in DPD activity because it is activated by dimerization and electron transport
through the Fe?*4S8%4 clusters (130, 131). Despite the fact that none of the clinically studied
mutations (C29R, M166V, Y186C, S534N, 1543V and D949V) are found in NADPH binding
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domain, change in the inter-residue communication relative to the WT was noted. NADPH
comprises of binding residues Ala340, Thr343, Arg364, Lys365, Arg371, Gly484, and
Ala486. Based on the WT, enhanced slightly asymmetrical NADPH-protein residue
interaction was observed in both monomers (Figure 3.13, Figure S3.7.1 and Table 3.6.1). The
following WT residues showed enhanced interactions:

e Monomer A: Asn48, Arg235, Gly339, Ala340, Gly341, Asp342, Thr343, Ala344,
Asp346, Cys347, 1le361, Phe363, Arg364, Lys365, Gly366, Asn369, 11e370, Arg371,
Ala372, Phe390, Leu391, Ser292, Thr411, Trp419, Gly480, Asp481, Val483, Gly484,
Leud85, Ala486, Asnd487, Thr488, Glu491 and Serd92.

e Monomer B: Gly339, Gly341, Asp342, Ala344, Asp346, Cys347, Val362, Phe363,
Arg364, Lys365, Gly366, Asn369, 11e370, Ala372, Ser392, Thr411, Ala437, Cys480,
Asp481, Val483, Gly484, Leud85, Ala486, Asn487 and Ser492.

Of these residues, Gly366, Asn369, Ala372, Phe390, Ala486 and Glu491 are interface
residue critical for FAD co-ordination and stabilization (285, 440). While maintained
interactions of these residues were observed in Monomer A, Monomer B, lost contact with
Arg371 and Phe390 in presence of mutation. This supports the asymmetric interaction
behavior of DPD, specifically in C29R, M166V, Y186C, and D949V (non-active site domain
mutations). Furthermore, Ala344, Ile347, and Gly480 have been identified as high centrality
BC or DC hubs, and they may play an important role in the inter-monomer compensatory
allosteric communication mechanism that maintains protein function. Ala344 was identified
in Monomer A of S534N and 1543V but not in Monomer B, similarly Ile347 was identified in
Monomer A of S534N but nor in Monomer B. Gly480 was identified in the WT, C29R,
Y 186C and 1543V, but only in S534N and [543V of Monomer B.

FAD is reduced in the event of NADPH binding to DPD protein, the reduced
equivalents are then passed to FMN via Fe?*4S%4 clusters (129). Point mutations at the region
closer to functional components of a protein, are known to hinder protein structure and
function (452, 453). Y186C is a mutation located in the FMN binding domain. There were no
noticeable changes in the inter-residue contact frequencies in Y186C, with the exception of
residues Prol79, Glul84, Alal88 and Leu209 in Monomer A, which increased by more than
40%, and Glul84 and Leu209 in Monomer B, which increases by more than 40%. In respect
to the WT (Figure S3.8.1). The replacement of tyrosine, which has a bulkier side chain than

cystine, could have caused aberrant dimer crosslinking (176, 454) due to changes in inter-
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residue relationships. The WT FAD comprises of binding residues: Alal98, Vall29, Lys219,
Leu226, Leu261, Asp481 and Thr489 with the following contacting residues:

e Monomer A: Thr125, Cys130, Metl128, Vall29, Prol98, Ser199, Ser201, Glu218,
GIn220, Gly225, Ser227, Glu230, le231, Pro232, Phe233, Leu236, Ser260, Ser262,
Met266, Thr343, Asp346, Ala450, Gly479, Gly480, Val482, Gly484, Ala486,
Thr488, Val490 and Ser492

e Monomer B: Asp61, Cysl126, Glyl27, Cys130, Phel93, Gly194, Alal95, Prol97,
Ala198, 11e200, Phe217, Leu226, Thr228, Glu230, Ile231, Pro232, Arg235, Cys257,
Ser260, Ser262, Met266, Gly282, Cys284, Leu285, Serd46, Vald47, Ala450, Gly480,
Val482, Gly484, Ala486, Thr488, Val490, Ser492, Val493

Cys130 is an important residue that interacts with the iron cluster, forming a covalent bond,
while Ala486 is an interphase residue important for protein stability(131, 440). In the WT,
Cys130 portrayed no monomer differences. In contrast to [543V, S534N, M166V, and
D949V exhibited asymmetric interaction behavior with increased or retention in monomer A
in relation to monomer B, an opposite of C29R and Y186C. Seeing as C29R (domain I),
M166V (domain I), Y186C (domain II), and D949V (domain IV) are all located in the non-
active site domain, the change in FAD-protein interaction on monomer A in comparison to
monomer B could be an implication of allosteric signaling. Furthermore, Lys497 is a good
example of a residue that shows interaction differences between the two monomers. Due to
the mutations, monomer B FAD lost contacts with Lys497. Furthermore, from the heatmap,
FAD contacting residue in monomer B exhibited total loss of inter-residue interactions than
those of monomer A when compared to the WT (Figure 3.13, Figure S3.7.2 and Table 3.6.2).
There was a total loss of interaction between I1e283 and Gly479, in all systems. In contrast, a
gain in H-bonds was observed between Alal98 and [le281 in D949V, Val482 and Ala489, as
well as Thr481 with Ala486 and Ser492. Monomer A's newly formed residue-residue
interaction differed from that of Monomer B, supporting the asymmetric behavior of the
monomers observed previously in this study. Interestingly, Ala198, Val482 and Ala486 have
been identified as high centrality BC or DC hubs, and may be very vital in inter-monomer
compensatory allosteric communication mechanism that maintain protein function (Figure
3.8.1 and 3.9.1). This could explain the partial loss of functionality in DPD degradation
observed by carriers of the discussed missense mutation such as Y186C (455). Saif et al.,
discovered that African-American Y186C variant carriers experienced severe toxicity

following 5-FU chemotherapy administration, which was linked to partial 5-FU medication
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degradation (177). Further research study in a group of healthy Americans reported that DPD
enzyme activity was 46% lower in PBMCs from Y186C carriers than in non-carriers
(P=2.9104), implying that the mutation partially hampered the enzyme's catalytic activity
(456).

Prior investigation, successfully identified and characterized an inter-residue
compensatory allosteric communication mechanism in the ligand binding environment,
employing the penta-DRN metric (59, 285, 286). Additionally, our study revealed the
existence of comparable allosteric communication occurring at the NADPH and FAD levels.
Building upon these findings, we further explored the localized effects of mutations
specifically at the FMN level, aiming to elucidate their impact on the allosteric
communication network. We investigated the local impact of mutation at the FMN level. This
cofactor receives electrons from FAD via a series of Fe?*4S*4 clusters which in turn reduces
5-FU (130). The native FMN contains the following residues: Lys574, Thr575, Lys709,
Gly767, Thr793, Gly816 and Ser817, and it is found at the active-site (residues 525-847)
domain IV. Similarly, the FMN-protein interaction was asymmetric, with increased FMN
interaction on the following residues (Figure 3.13, Figure S3.7.3 and Table S3.6.3):

e Monomer A: Ala549, Ser550, Thr552, Ala554, Thr555, Lys574, Thr575, Phe576,
Ser577, Ser606, Ile613, Ser614, Ser640, Met642, Glu666, Leu667, Asn668, Leu669,
Ser670, Ala708, Leu710, Thr733, Thr735, Ser766, Gly767, Thr768, Ala769, 11e770,
Arg771, Ala774, Ala792, Thr793, Gly794, Gly795, 1le795, 11e796, Asp797, Ser801,
Leu813, GIn814, Val815, Cys816, Ser817, [1e819, GIn820 and Asn821 of the WT.

e Monomer B: Ala549, Ser550, Ala551, Thr555, Thr573, Lys574, Thr575, Phe576,
Ser577, Ser606, Phe607, 1le613, Ser614, Lys616, Ser640, Ile641, Met642, Glu666,
Leu667, Asn668, Leu669, Ser670, Cys671, Ala708, Leu710, Thr773, Asn736,
Ser766, Gly767, 1le770, Arg771, Ala774, Ala792, Thr793, Gly794, Gly795, 11e796,
Asp797, GIn814, Val815, Cys816, Ser817, Ala818 and GIn820 of the WT.

Some of the key inter-residue relationships within the active site include: catalytic residues;
Ser670 and Cys671, as well as active site Asn668 and Asn736 that are in contact with FAD
and interface residues Phe607, Val819, GIn820 and Asn821. Collectively these residues are
important in ensuring protein stability (130, 131, 440). In respect to the WT, Cys671
exhibited different monomer behavior in presence of mutations, it lost contact with all
systems in Monomer A. Based on RMSF results, this catalytic residue is located in the active

site loop region, which was characterized by high fluctuation in the presence of mutation.
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Additionally, using ED, diverse conformational variability was also noted, which was
associated with enhanced active loop area fluctuation, particularly on active-site domain
mutations (S534N and 1543V), as well as D949V, and M166V. (Figure 3.6C). The
asymmetric behaviors of monomer were observed when the WT and D949V increased
residue-residue contact while the other systems lost these connections. Similar to Y186C, the
active site domain mutations (S534N and 1543V) have also been clinically implicated in DPD
deficiency that partially impair protein function (146, 168, 445). These mutations (S534N and
1543) are located directly opposite each other at the short a-hairpin-loop which forms the
bottom of the (0/B)s- or TIM-barrel of the active site domain IV. The side chain of S534 is
stabilized with the carboxyl-group of Asp532, whereas 1543 forms Van-der-Waals interaction
with the backbone of G569, as such both residues appear to be fixed in their position in the
native structure (180, 425) S534N formed new compensatory H-bonds with Glu536 and
Asn544 (Monomer A) Phe542, pro545 and Thr920 (Monomer B), thus, the concept of
allosteric signaling (285, 286). Whereas increased residue-residue connections were found in
both monomers of S534N (Monomer A: Glu536, Asn544, and Lys541 and Monomer B:
Asn544), no other significant differences were found when compared to the WT (Figure
S3.8.2). Asn544 and Leu813 has been identified as a high DC hub, exclusive to Monomer B
of mutations, resulting in compensatory allosteric communication mechanism. Similarly,
inter-residue interaction within mutation [543V in comparison to the WT showed newly
formed H-bond with Gly567 and Ser534 (Monomer A). There was loss of interaction with
Phe570 and Asn635 (Monomer B), as well as reduced interaction of up to 2 folds in Asp634
(Monomer A) and Lys541 and Asp534 (see Figure S3.8.3). This might be due to the fact that
valine was replaced by isoleucine. Although the two residues are aliphatic-hydrophobic
amino acids with the same bulkiness, suggesting that they have the same properties, change
in inter-residue communication was noted at the point of mutation (457). Further comparison
of inter-residue interactions around Monomer A of FMN using the WT as a reference
revealed that, M166V (7 interactions) and Y186C (7 interactions) lost the most inter-residue
interactions than the other mutations [C29R (4 interactions), S534N (4 interactions), 1543V (5
interactions), and D949V (5 interactions)] (Figure 3.13 and Table S3.6.3). New inter-residue
interactions were formed: Monomer A [S534N, C29R and M166V (Asn552- Cys816);
1543V, D949V (Ser670-Lys709) and C29R, Y186C and 1543V (Arg771-Gly767)] and
Monomer B: [Y186C (Ser817-Ala549) and all mutant systems (R605-Gly767). Loss of inter-
residue interaction were seen in: Monomer A [all mutant systems except [543V(Gly767-

Cys816); in all mutant systems (Leu813-Thr793) and in all mutant systems except (Cys816-
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Thr993)] Clearly, a compensatory mechanism of inter-residue communication was depicted
to maintain protein function that was unique to each system per monomer. This concept has
been reported in other studies (59, 285, 286).

Equally important is the 5-FU chemotherapeutic drug, which binds in domain IV of
the DPD protein and is the final recipient of electrons from FMN for oxidation to active
metabolites (131). Both orthostatic (mutation within the active site) and allosteric (mutation
outside the active site) mutations are known to have an impact on substrate binding, either
directly or indirectly (59). They operate by altering or reducing the contacts required for
substrate binding to the enzyme, which can reduce catalytic efficiency or enzyme fitness (59,
285). Herein, we also investigated the inter-residue interaction of 5-FU binding environment
comprising of residues N609, N668, G764, T737 and N736, E611, L612, 1613 using contact
maps/heat maps and the WT as a reference. These residues increased inter-residue contact
was as follows: (Figure 3.13, Figure 3.6, Figure S3.7.4 and Table 3.6.4):

e Monomer A: Thr575, Val583, Asn585, Arg589, 11e590, 1le591, Asn609, Ile610,
Glu611, Leu612, Ile613, Ser640, Ile641, Met642, Leu667, Asn668, Leu669, Ser670,
Cys671, Pro672, His673, Gly674, Ala683, Cys684, Gly685, GIn686, Leu690,
Lys709, Leu710, Thr711, Pro712, Thr735, Asn736, Thr737, Val738, Gly764, Val765,
Ser766 of the WT.

e Monomer B: Thr575, Val586, Arg589, Leu608, Asn609, Ile610, Glu611, Leu612,
Ile613, Ser614, Ser640, Ile641, Met642, Glu666, Leu667, Asn668, Leu669, Ser670,
Cys671, Pro672, Ala683, Cys684, Gly685, Lys709, Leu710, Thr711, Pro712, Thr735,
Asn736, Thr737, Val738, Gly764, Val765, Ser766 and Phe935.

DPD active site residues that are crucial in protein function include, FMN binding residue
Lys709 and substrate/inhibitor binding residue Asn736 bridged by Ser670, which forms
strong hydrogen bonds to the carbonyl of Lys709 and the carboxamide nitrogen of Asn736,
respectively (123, 124). The fundamental role of H-bonds in target-drug affinities has
received considerable attention (431, 444, 445). Furthermore, H-bond formation drives
protein conformation, which optimizes hydrophobic interactions and increases complex
molecule binding affinities (444). Therefore, the different global conformation changes due
to mutations might have been influenced by the asymmetric H-bond compensatory
mechanism across all mutant system. These could have been influenced by mutant-induced
increased residual fluctuation in the loop area, which included the active loop region. While

catalytic residue Cys671 is supported by hydrogen forming residue His677 and Glu673, other
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residues such as Met642, Ile613 and T575 form hydrogen bonds near the active site. Catalytic
reaction ensues when Cys671 (located in the active loop area) come in contact with other 5-
FU binding residues (125). Major loss and compensatory gain in inter-residue connection
were observed around catalytic residue Cys671 in 1543V and D949V (Monomer A) and
M166V, S534N and D949V (Monomer B). The ED analysis of these systems also exhibited
the most diverse conformation differences. These systems also exhibited increased H-bond
instability in the ligand binding site, particularly S534N and D949V (Monomer A) and 1543V
and M166V. (Monomer B). This was characterized by observed increased COM distances
(Figure 3.7). and a loss of CC hubs when compared to the WT of their respective monomers
(Figure 3.10.2). Same tendencies have been reported by a recent study (285). Although
D949Vand Y186C showed a compensatory gain of the most EC hubs, a total loss EC hub
was observed in the catalytic site domain mutations (S534N and 1543V ), as well as
Monomer B of M166V in our study (Figure 3.11.2). Interestingly, some of the 5-FU-protein
interacting residues were identified as high DC compensatory communicating hubs, such as
Arg589, which was found in Monomer A M166V, Y186C, S534N, and 1543V but not
Monomer B. On the other hand, Lys710 was identified in Y186C and 1543V of Monomer A,
and C29R in M166V and Y186C of Monomer B. Similarly, Val765 in C29R and Y186 of
Monomer A and B, respectively (Figure 3.9.2). Despite the rarity of 1543V research, two
clinical reports have linked [543V to 5-FU toxicity, due to partial loss of DPD function (458,
459). Interestingly, the highly conserved residue S534 (436) as well as 1543 are positioned
directly opposite to each other at the hinge of a short B-hairpin-loop which forms the bottom
of the (0/B)8- or TIM-barrel of the active site domain IV. While the S534 side chain is
stabilized by the carboxyl-group of D532 (2.6 A), 1543 shows a Van-der-Waals-interaction to
the backbone of G569, so that in the WT structure both residues seem to be fixed on their
positions. The alteration of both amino acid positions would distort the structural integrity of
the B-hairpin-loop that covers the channel of the TIM-barrel from the opposite direction of
the active site (436). However, the presence of mutated [543V affected the Van-der-Waals-
interaction to the backbone of G569 (Figure S3.10).

Similarly, partial loss of function has also been detected in M166V, D949V and C29R
carriers. For instance, a clinical case-control study suggested that M166V may contribute to
5-FU-related toxicities in gastroesophageal and breast cancers, but not in colorectal cancer
(425). In M166V, methionine has been replaced by valine. Despite the two residues being
hydrophobic, the unbranched methionine side chain is stacked deeply and with great

flexibility into the inner compartment. Besides, the polarization and redox versatility of its
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sulfur atom are distinct features of methionine that cannot be replaced by valine (460).
Herein, the previously mentioned global conformation variability was observed in M166V.
Additional investigation using the activated WT as a reference revealed that 100% of local
inter-residue contacts were preserved in four (Phel63, Alql165, Ser167, and Ile168) residues
in both WT and mutation (Figure S3.8.4). Despite the reduced contact in three cases (Thr110,

Lue846, and GIn910), there were no significant differences between the WT and mutation.
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Figure 3.13: Activated DPD protein residue contact heatmap showing the interaction between Monomer A and Monomer B of NADPH,
FAD, FMN, and 5-FU cofactors. The shaded boxes in each frame represent significant differences in the frequency of interaction between the
cofactor residues and the surrounding contacting residues in the WT versus the mutation. White (0) to dark-red (1.0) represent no-contact (0) to
strong-contact (1.0).
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Conversely, the mutated residue formed compensatory gain in H-bond with Phe912. In terms
of Monomer B residue-residue interaction, four residues (F163, A165, S167, and 1168) had
100% interaction in both the mutation and the WT. Mutated residues formed new weak
interactions with Ser853 and Pro854, and contacts with Vall62 and Leul64 decreased while
they increased with Thr110 and Lys846 (Figure S3.8.4), indicating allosteric signaling.

Regarding D949V, as shown in Figure S3.8.5, the higher hydrophobicity (Val) of
activated D949V, rather than a charged group (Asp), altered the residue interaction. There
was a loss of interactions (Monomer A: R100: 21% and Monomer B: S858:7% & R867:
14%) and compensatory gain in inter-residue contacts (Monomer A: D873: 12%, A946: 1%,
& L1002: 98% and Monomer B: V865: 7.2%, T856: 6%, & 1998: 29%) was observed when
compared to the WT. The D949V mutation was discovered in pediatric patients with
complete DPD deficiency (461). It has been proposed that D949D interferes with electron
transport or cofactor directly (461, 462). Additionally, treatment with 5-FU resulted in grade
3 toxicity in Caucasian patients with D949V (463).

C29R has been identified in patients with DPD activity that was nearly normal (23).
However, a study by Gentile et al., (464) strongly associated C29R to reduced fluorouracil
degradation and severe toxicity. Moreso, when compared to the WT using contact map, C29R
caused only minor differences in inter-residue contacts. However, total loss of residue-
residue contact was observed in Gly498 (Monomer A and B) and Asn494 (Monomer A). A
compensatory gain in inter-residue interaction was exhibited in Lys497 of both monomers
(Figure. S3.8.6). This could be related to the substitution of a charged cysteine residue for a
charged arginine residue. Gly498 and Asn494 are interphase residues that have been
associated with protein stability.

The heat map showed changes inter-residue contact relationship at 5-FU binding site
in presence of mutations. To support our findings, we visualized 2D representation of
protein-5-FU (ligand) interactions in both monomers using LigPlot+ (398) (Figure S3.9). We
extracted the drug bound structures from the lowest energy wells before the drug exited and
visualized the substrate interactions. It is well acknowledged that biomolecular such as
ligands recognition is influenced by weak, noncovalent chemical interactions such as
hydrogen bonds (465-467). Apart from Monomer A of S534N and Monomer B of M166V
and S534N, the rest of the system retained 5-FU during simulation. Monomer B M166V lost
hydrogen bond interactions with Asn609, Asn668, and Ser670, whereas Monomer A lost
interaction with Ser670. Although both monomers lost H-bond interaction with Ser670 in

S534N, Monomer A and Monomer B lost H-bond interactions with Asn609 and Asn668
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respectively. Furthermore, C29R, 1543V, Y186C, and D949 lost hydrogen interactions with
Ser670 in Monomer A and Monomer B. Ser670 is responsible for protein stability within the
active site by forming strong H-bond with Asn736 (5-FU binding residue) and Lys709 (FMN
binding residue). The loss of hydrogen bonds in these key binding residues including Ser670,
particularly in S534N (Monomer A) and [543V and M166V (Monomer B) may have
hampered 5-FU stability resulting in drug exit. Hence, dysfunctional degradation observed in

mutation carrier patients (158, 160, 168, 428).

3.3.5 The importance of hub maintenance as a predictive tool for allosteric hot

spots and cold spots

Previously we pinpointed key hubs that were maintained throughout the simulation
using five different heatmaps of each metric (Figures 3.12.1, 3.12.2, 3.12.3, 3.12.4 & 3.12.5).
Subsequently, we identified mutations’ allosteric hot spot and cold spot regions. In both the
inactivated (drug free) and activated (drug bound) systems, mutation allosteric hot spots were
defined as regions that were prone to being occupied by non-conserved hubs. Persistent hub
areas, on the other hand, were least affected by all mutations and thus designated as mutation
allosteric cold spots (468). Surprisingly, point mutations influenced residues not only in their
immediate surroundings, but also at the cofactor (NADPH, FAD, FMN) and active site (5-
FU). Change in protein-NADPH, protein-FAD, protein-FMN and protein-5-FU on Monomer
A in comparison to Monomer B may be an indication of allosteric signaling (59, 285). We
proposed some allosteric hot spot regions around co-factors using synchronized information
from penta-metric and weighed contact heat maps. This included (Figure 3.8.1, 3.9.1, 3.10.1,
3.11.1,3.12.1 and 3.13):

e NADPH: Ala344, 1le347, Gly480 and Val482.
e FAD: Lys497, Alal98, Val 482, Val486

e FMN: Asn544 and Leu813

e 5-FU: Arg589, Lys710 and Val765

It should be noted that these areas were deemed least favorable for drug design because they
were most disrupted by mutations. Cold spot areas, in contrast, which were predominantly
centrally located within the protein core beginning from the first Fe?*4S%4 cluster towards the
active site (Figure 3.14), were identified as better targets for drug design. This is in line with

previous studies (468). Contact analysis for the persistent hubs discovered that the high
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centrality noted at the protein center core consisting of Fe?*48%4 cluster regions was due to
increased interaction between the Fe®'sS?4 clusters environment with the hub and
neighboring residues. Notwithstanding, we discovered four key hubs (Asnl08, Leul55,
Met599, and Val778) that were not only positioned in cold spot regions but also had the
greatest centrality values when the WT and mutation were accounted for (Figure 3.15,
S3.10.1, S3.10.2 and S3.10.3). Furthermore, the importance of each these hubs was explained
using penta-metric centrality analysis (Section 3.3.3).

In the pursuit of novel or repurposed/repositioned allosteric drug modulators,
researchers are focusing their attention on "mutation cold spots" (59, 283). These regions,
characterized by minimal mutation impact and the presence of resilient hubs, offer a
promising avenue for exploration of drug binding site (283, 286, 469). Small molecule drugs
with the potential to restore activity in hypomorphic mutants are currently garnering attention
as a promising aspect of precision medicine. Hypomorphic mutants are genetic variations that
lead to partial loss of gene function or reduced expression, impacting protein activity.
Notably, there have been successful examples of small molecules restoring the wild-type
conformation of p53, effectively rebuilding its proper function (470). Promising agents such
as PRIMA-1, MIRA-1, and various derivatives of the thiosemicarbazone family have shown
potential in this regard (470). Furthermore, A recent study conducted by Tang et al., (471)
focused on SMADA4, a key player in the TGF- pathway that is frequently mutated in various
tumors. The researchers developed a TR-FRET technology that accurately replicated the
dynamic and differential interaction between SMAD4 and SMAD4R361H with SMAD3.
Through this technology, they identified a bisindolylmaleimide derivative called Ro-31-8220,
which showed the ability to induce the interaction between SMAD4R361H and SMAD3.
Remarkably, Ro-31-8220 was found to reactivate the dormant transcriptional activity
mediated by SMAD4R361H and restore the tumor-suppressing effects induced by TGF-f in
cancer cells with SMAD4 mutations. This discovery highlights Ro-31-8220 as an example of
a SMAD4R361H/SMAD3 interaction inducer and demonstrates a general strategy to reverse
the functional loss observed in tumor suppressors carrying hypomorphic mutations.
Furthermore, this finding supports a systematic approach to developing small-molecule,
which can offer valuable insights into biological processes and contribute to the discovery of

therapeutic interventions.
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Figure 3.14: 3D representation of collective persistent hubs from Monomer A (BC, red; CC, teal; DC, blue-green; KC, Indigo) and
Monomer B (BC, maroon; CC, light-blue; DC, green; KC violet) of the DPD enzyme. Iron clusters are shown in gold, while super-persistent
hubs and hubs with very high centrality are shown in light pink.
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Figure 3.15: Contact heatmap representing contacting residue to high significance hub L108 which interlinks residues from Fe?*4S%4
clusters domain I & domain V and FMN-binding domain IV.




3.4  Conclusion

In this study, we performed a comprehensive analysis to distinguish structural changes
caused by missense mutations by combining atomistic simulations with post-MD trajectory
analysis. In addition to the standard trajectory analysis approaches (RMSD, RMSF, Rg, H-bond),
we employed a few of our recently developed methods, such as comparative ED (284) and
combined DRN metric analysis in these investigations (266, 283, 284, 287). We also backed our
findings with LigPlot+ results. Two of the clinically significant mutations in these investigations
(S534N and 1543V) are in the active site domain, while the majority (C29R, M166V, Y186C,
and D949V) are found in the other four domains. As a result, we discovered mutations mediated
local impacts at the point of residues, as well as long-range allosteric implications, which may
explain 5-FU cancer drug dysfunctional metabolism by DPD mutated protein.

The following are the specific major findings from this investigation: (1) The RMSD, all
versus all, RMSF, DCC, and comparative ED analyses indicated that the mutated proteins had
noteworthy active loop flexibility within the 5-FU binding environment and accentuated
asymmetric monomer behavior relative to the native protein. A recent cryo-EM article (12)
found similar results for two other resistance mutations. Previous investigations on KATG
resistant mutations (374) reported similar findings. Nevertheless, additional studies discovered
profound (asymmetric) changes in the 5-FU binding environment in comparison to the WT.
Consequently, we deduced that, irrespective of the location of these mutations, they affect DPD
sensitivity to 5-FU through changes in the active site binding environment. (2) RMSF results
revealed that the protein core of both monomers, mainly made of iron clusters, remained stable
in all systems while enhanced flexibility was seen at the loop regions. Metal ions within
metalloproteins have been found to play a fundamental role in many biological redox processes
and can help the protein maintain structural stability (147, 472). As a result of the absence of
structural changes caused by mutations, our findings support the concept of iron clusters
providing structural stability to the DPD active site. Moreover, the collective global top 4%
persistent hubs across all averaged metrics revealed intriguing findings. Mapping these persistent
hub residues found that the majority of these (persistent) hubs are in the protein’s core
(comprising of iron clusters), denoting their importance in DPD functionality. (3) Furthermore,

we examined the 5-FU contact residues per monomer during the MD simulations centered on
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atomic contact frequency. In the presence of mutations, there was a loss and/or gain of
interactions in one or both monomers relative to the WT. Catalytic residues Cys671 and Ser670,
which are required for catalysis within the DPD active site, showed differences in interactions,
including contact loss in some instances, in the various monomers of mutated proteins. (4)
Regarding DRN analysis, we discovered that 5-FU binding activates communication pathways
centered on the oxidoreduction electron transport chain, which includes all cofactors (NADPH,
FAD, Fe?"4S%; clusters, FMN) and 5-FU. Using the WT as a reference, clearly different changes
in inter-residue network patterns around different mutations' cofactors were observed. The BC
hubs showed mutation-induced large hub ensembles forming two distinct proximal inter- and
intra-monomer allosteric communication pathways from NADPH to the active site. Similarly, a
pair of allosteric communication pathways from NADPH to the active site were depicted as
clustered DC and BC hubs. Both the BC and DC pathways began from NADPH to FAD of
Monomer A and B to the protein core (Fe?"4S%4 clusters), then finally to the active site (FMN
and 5-FU). This was referred to as the oxidoreduction pathway. In comparison to the WT, some
of these hubs were lost while others were gained. This could indicate a compensatory allosteric
path to the active site caused by mutation, which might destabilize the active-loop and 5-FU
binding environment. It was fascinating to see how one pathway dominated the other in the
number of hubs, revealing the asymmetric behavior of the monomers. This was in contrast to our
previous findings, in which the allosteric communication network formed by BC (287) or EC
(283) to the active site was clearly defined as a single communication pathway. However, one of
these studies (374) revealed a large hub ensemble communication pattern, which was similar to
what we observed in our study. As a result, none of the six mutations resulted in total loss of
function (164, 168, 173, 176). D949V has been classified as an intermediate metabolizer by the
Clinical Pharmacogenetics Implementation Consortium (CPIC) (164). We discovered that the
D949V mutation caused significant inter-residue crosslinking around the Monomer A, FAD, and
active site regions of both monomers based on CC, EC, and KC results. Furthermore, using
newly introduced and retained residues, a novel allosteric communication pathway from NADPH
to the active site region was discovered. We proposed that this is one of the most distinguishing
features, resulting in a 50% loss of D949V function (164). However, due to the lack of clinical
evidence presented by the other variants (C29R, M166V, Y186C, S534N, and 1543V), no dose
has been established. (5) The £C hubs were profoundly located in the active site in the WT, but
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all mutated proteins appear to have lost this importance. KC, on the other hand, highlighted the
significance of co-factors as well as the active site. (6) In addition, we identified the following
noteworthy residues: L108 was found in the interface of domain I and domain V; L155 is a
super-persistent hub in domain I's a-helix that formed a unique bond between Q156 and the Fe?*
ions (147). Non-conservative hubs, in contrast, were discovered in mutation hot spots, primarily
around cofactor regions, whereas the persistent hubs were mostly found in Fe?*4S%74 clusters.

As a result, we advocate a search for new or repurposed/repositioned allosteric drug
modulators that target persistent hubs in areas least affected by mutations (dubbed "mutation
cold spots"). This will aid in the restoration of proper 5-FU metabolism and the prevention of
toxicity. Overall, we discovered that DPD missense mutations are strictly regulated by a dimeric
asymmetric intra- and inter-monomer allosteric network pathway. Despite the paucity of clinical
data for C29R, M166V, Y186C, 1543V, and S534N, our analysis revealed that these mutations
impair function. More clinical research on missense mutations in people of African ancestry
should be conducted, and an appropriate treatment protocol, including dose recommendations,
should be implemented. This is an important consideration in underserved African precision

oncology medicine.
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CHAPTER 4
THE IMPLICATION OF VARIANTS OF UNCERTAIN SIGNIFICANCE
DPD MUTATION ASSOCIATED WITH AFRICAN DESCENT
POPULATION IN DYSFUNCTION METABOLISM OF DPD

4.0  General Background

As the body of genomic and pharmacologic data on cancer grows exponentially, data
analysis is the main stumbling block in translating such information into biologically significant
and clinically relevant alterations (173, 473, 474). Although various approaches have been
implemented lately in the analysis of such datasets (475, 476), the majority of them, notably
those dealing with mutation data (476, 477), use a protein-centric perspective (emphasis on
changes at the whole-protein level), failing to account for the given position of the different
mutations within a protein (478). These methodologies have proven useful in a variety of
applications; regrettably, they are incapable of dealing with situations in which different
mutations in the same protein have different effects depending on which region of the protein is
altered (479). This notion is easily clarified by the fact that often proteins are complex,
comprising of several distinct domains and/or functional regions (478). Protein functional
regions (PFR) are defined as complex multi-domain protein areas that provide cryptic but vital
cellular signaling functions, resulting in intricate temporal and signaling molecules as well as
their signaling network (480).

For instance, the dimeric DPD protein has five domains, all of which are involved in the
electron transport chain, resulting in the degradation of 5-FU at the active site. Mutations can
affect any of these domains, including N-terminal Fe**sS%4 cluster domain I, FAD-binding
domain II, NADPH-binding domain III, FMN/pyrimidine-binding domain IV (the active site)
and C-terminal Fe—S domain V (129, 130). As previously described (147, 450), there is a two-
site ping-pong mechanism in which NADPH binds and reduces FAD, then, through the Fe-S
clusters, the reducing equivalents are transferred to the FMN at the other end of the protein, as
suggested by steady-state DPD analysis. This indicates DPD 1is active only as a dimer.
Dihydropyrimidine and oxidized FMN are formed when reduced FMN reacts with pyrimidine
(129, 130, 450). Therefore, any mutation-induced changes at these PFRs could alter DPD
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structure and function. This was well illustrated by the findings of our earlier studies of clinically
relevant missense mutations, two of which were located in the active site domain (S534N and
[543V) and the rest in the remaining non-active site domains (C29R, M166V, Y186C, and
D919V). As such, we proposed that, beyond revealing the general effect of loss of function in a
whole protein due to existence of missense mutations, analyses can be narrowed down to the
protein domain level.

Our subsequent studies aimed to predict the effects of region-drug association of
missense mutations located in either: the non-active site (Chapter 4) or active site (Chapter 5)
domains using available in vitro data (non-clinical data). This was based on atomic studies on
clinical data from DPD pathological mutations, which revealed a distinct variation in 5-FU
metabolism. In each section, missense mutations were identified in either the non-active site

(remote) or catalytic domain(s) based on their location on the DPD protein.

4.1 Introduction

Allostery is recognized as a crucial regulatory system of protein activity given the
dynamic nature of protein structures (433, 481). Its regulation can be influenced by the binding
of effective ligands, mutations, or covalent modifications (referred to as allosteric effectors),
which perturb sites distant from the signal initiation site (59, 287, 433). Hence, allostery has been
defined as a biological concept that refers to any sort of long-distance communication ("allosteric
signaling") in proteins that occurs as a result of perturbations at one site ("allosteric site")
causing structural and/or dynamic changes at another site ("active site/orthosteric site") on a
protein (59, 69, 269, 420, 422). It is now clear that mutational perturbations consistently affect
the packing and dynamics of a significant fraction of protein residues, including those located
more than 10-20 A from the mutated site (482). Through these mechanisms (allosteric
modulation of function), the protein’s stability and native conformation in its functional regions,
such as the active site, are significantly altered (59, 287). Historically, allosteric regulation was
associated with quaternary structures (for example, hemoglobin), but it is now accepted as an
intrinsic property of all proteins, including monomeric structures (483, 484). Therefore, the
following chapter describes the allosteric mechanism of DPD remote missense mutations

associated with African ancestry populations.
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Research manuscript draft:

INSIGHT INTO THE MECHANISM OF ACTION OF REMOTE MUTATION-
INDUCED ALLOSTERIC EFFECT ON DIHYDROPYRIMIDINE DEHYDROGENASE
PROTEIN STRUCTURE AND FUNCTIONALITY, WHICH CAUSES THE
DYSFUNCTIONAL METABOLISM OF 5-FLUOROURACIL ANTI-CANCER DRUG

This section discusses remote mutations obtained from non-clinically significant data (in vitro
and ex vivo studies). Included in this chapter is the concept of allosteric communication pattern
influenced by the presence of missense mutations highlighted through a hybrid of computational

approaches.

The first draft manuscript for this chapter is available and is awaiting approval from all parties

involved before being submitted for publication.

Contribution: This study was conducted under the supervision of Ozlem Tastan Bishop and
Thommas Mutemi Musyoka. Maureen Bilinga Tendwa performed all global and local
calculations, including the DRN calculations. However, the script for the identification of global
top 4% high significant multi-metric (BC, CC, DC, EC and KC) DRN residues was generated by
Olivier Sheikh Amamuddy (for another study); and DRN hub calculations were performed by

Victor Barozi in this study. The paper draft was written by Maureen Bilinga Tendwa.

4.2  Material and methods

It is worth noting that this chapter used similar investigative approaches to those applied
in clinical data (Chapter 3.2). However, the following remote mutations were found in this case:
S201R, K259E, D342N, D432N, S492L, R886C, and L993R. To recap, prior to simulation, the
previously generated metal ion parameters for DPD protein (Chapter 2) were considered. Thus,
we inferred these AMBER Fe?" force fields into our remote mutated and protonated model
structures and ran a 600 ns MD simulation. Regardless, the effects of the mutations at the global
and residue levels were investigated using post-MD analysis using the aforementioned combined

approaches.
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4.3 Result and discussion

4.3.1 DPD remote missense mutations associated with the African ancestry
population identified through in vitro and ex vivo study

Data on DPD pathological mutations associated with the African lineage
subpopulation that had never been studied clinically before was obtained from literature (149,
162, 165, 168, 176, 450, 451, 485). Missense mutations in this population were then identified
using the following web servers: the NHLBI Exome Variant Server based on Minor Allele
Frequencies (ESP MAF) (486), 1000 Genomes Project (487) (Table S4.1), high coverage
African ADME Dataset-HAAD (488), Database of Single Nucleotide Polymorphisms (dbSNP)
(489), ensemble (434) and UniProt (490). Thereafter, seven non-active site mutations (S201R,
K259E, D342N, D432N, S492L, R886C, and L993R) of interest were filtered using combined in
vitro data from PharmKGB (491) and ClinVar (492), as well as consensus from in silico
pathogenicity prediction results from Variant Analysis PORtal (VAPOR) (219) which
incorporates: Proven (493), Polyphen-2 (494), PhD-SNP (495), and I-Mutant (217). Similarly,
both Ensembl Variant Effect Predictor (EVE) and Variant Annotation Integrator (VARITY), as
sequence-based variant effect prediction programs, concurred in their predictions. They
classified the mutations S201R, K259E, D342N, D432N, S492L, R886C, and L993R) to be
likely pathogenic. (Figure S4.1.1 and S4.1.2).
To visualize their relative locations, the identified mutations were mapped onto a previously
modeled DPD human three-dimensional structure (Figure 4.1). We determined the distances
between each mutation and the nearest co-factor or active site. This was based on the fact that
each DPD domain was a critical protein functional region containing a cofactor essential in
electron transport (oxidoreduction chain) from NADPH to the active site. Three mutations
(K259E, S201R, and S492L) were identified in the FAD binding domain II, with K259E
positioned furthest from the active site (Monomer A: 76.4 A and Monomer B: 78.6 A). S492L
(Monomer A: 13.3 A and Monomer B: 14.8 A) was located closer to FAD than S201R
(Monomer A: 17.7 A and Monomer B: 15.2 A) and K259E (Monomer A: 15.5 A and Monomer
B: 14.4 A). On the other hand, D342N and D432N were located in the NADPH-binding domain
I11, although, D432N was positioned slightly closer (COM distances: Monomer A;72.7 A and
Monomer B; 63.7 A) to the active site than D342N (COM distances: Monomer A; 78.3 A and
Monomer B; 65.4 A). Equally, two mutations (R886C and L993R) were seen on the C-terminal
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Fe?*4S%4 cluster binding domain V, where R886C (Monomer A: 47.8 and Monomer B: 48.3) was
closer to the metal cluster than L993R (Monomer A: 19.5 and Monomer B: 20.0) (Table S4.2).
Despite being located away from the active site, previous research has shown that such mutations
can affect protein structure and function via the phenomenon of allosteric communication.(59,
287, 420, 422). Therefore, to elucidate the mutation-induced allosteric effects on DPD structure
and function, the subsequent analysis was conducted in two parts. The first part was centered on
global analysis which determined the overall structural changes in DPD, whereas the second part

focused on local analysis to determine the effects of mutations at residue level.

Figure 4.1: A detailed structural description of DPD protein. A) 3D Mapping of the seven
non-clinical missense mutations (S201R, K259E, D342N, D432N, S492L, R886C, and L993R)
onto modeled human DPD structure. Monomer A is denoted as a grey surface, whereas
Monomer B is illustrated as a ribbon, with domains [-V represented in sky blue, cyan, sea-green,
purple, cream and royal blue, respectively. The red spheres represent various mutations. The
clusters of Fe?**4S8%4 are shown in ivory and teal, NDP in blue, FAD in green, FMN in indigo, and
5-FU in red. B) The visual representation of oxidoreduction channel. C) The active site
surrounding and interacting residues.
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PART 1
4.3.2 Global Analysis

From the previously homology modeled human DPD structure (147), we utilized
Discovery Studio 19 (304) to create a 3D model of each inactivated (drug free) and activated
(drug bound) mutation. All ensembles were created by mutating each specified residue as
desired. Following validation with PROCHECK (209), ERRAT (496), and ProSA (210) (Table
S4.3), the protein was found to be native-like in all drug free and drug bound models. Whilst the
founded models were of high quality and suitable for subsequent MD simulation, they did
contain a significant number of titratable residues for which conventional MD could not indicate
their protonation states (266). As a result, before simulation, the modeled drug free and drug
bound ensembles were protonated at pH 7.5 of the DPD active dimeric state (130) using H++
web server (390). Deprotonation/protonation of active site atoms, bound substrate, and/or
cofactors can affect structural stability, cause conformational changes, as well as decrease or
increase enzyme activity (266). As a result, it has been acknowledged that characterizing protein
structures, notably accurately identifying proton locations, is fundamental in chemically
understanding enzyme catalytic processes (147). MD simulation can provide more information
about such protein dynamics (279). As a result, we ran 600 ns MD simulations on eight DPD
protein systems (WT and seven mutations) in their drug free and drug bound states (398). This
was based on the observation by Lohkamp and colleagues (129, 249) that DPD protein exists in
two states: drug free (protein inactive state) and drug bound (protein active state). Therefore, the
framewise RMSD analysis, root mean square of deviation (RMSD), radius of gyration (Rg),
dynamic cross-correlation (DCC), root mean square of fluctuation (RMSF), number of
intermolecular hydrogen bonds (H-bonds), and comparative essential dynamics (ED)
incorporating principal component analysis (PCA) then provided detailed structural and protein
dynamic information in global analysis. These assessments were performed on each monomer of
the drug free and drug bound systems. Line graphs, violin plots, heatmaps, as well as density

maps were used to visualize the information.

4.3.2.1 C-a RMSD demonstrated protein conformational changes caused by

mutations
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In our previous study (Chapter 3: Clinically relevant Data), the remote mutations C29R, M166V,
Y186C, and D949V revealed that the WT and most mutant proteins frequented multimodal
conformations and displayed asymmetric protein behavior. Therefore, we sought to determine
the effect of remote mutation on protein structure and function using non-clinical data.
According to offer et al., 2014 (174), among the potentially harmful missense variants, S201R
were among those mutations with little to no residual enzymatic activity (12%). A significant
decline in activity between 12.5-25% of the native protein were observed for R592Q, D342N and
S492L. K259E has been predicted to be delirious (497), and the substitution of a basic to acidic
amino acid (K259E) results in little change in the proteins secondary structures (498). Consensus
from in silico pathogenicity prediction results from Variant Analysis PORtal (VAPOR) results
classified D432N, R886C, and L993R mutations as dangerous (219).

To see how these mutations impacted on protein structure and function, we used C-a
RMSD to assess the global conformation differences between the mutated proteins and the WT
structure. The information was conveyed using various types of RMSD analysis. Initially, the
most commonly used RMSD against timeline plots were computed, showing the divergence of a
given structure with time relative to its initial conformation (Figure 4.2.A). The mutated and WT
proteins deviated from their starting structure in different patterns until 350 ns, with backbone
RMSD ranging from 1.0 A to 4.3 A in both drug free and drug bound systems. Certain mutations
exhibited extreme variability patterns when compared to the WT after 350 ns and continued to
do so until the simulation ended. In their drug bound state, R886C (4.3 A) and L993R (2.7 A) of
Monomer A differed the most from the native (3.2 A), whilst S201R (2.7 A) and L993R (3.0 A)
of Monomer B varied the most from the native (3.4 A). However, the drug bound systems,
L993R (2.8 A) and S201R (2.8 A) of Monomer A, as well as L993R (2.8 A) and S201R (2.5 A)
of Monomer B, showed noticeable divergence from their respective WT (3.4 A). The RMSD
calculations for each monomer were then represented as violin diagrams (Figure 4.2.B). Apart
from S201R in the drug free and drug bound states of both monomers, which equilibrated at a
single conformation (unimodal distribution), most ensembles in each monomer equilibrated at
multiple conformations (multimodal distribution) and displayed asymmetric behavior. This
accords with clinical RMSD data in cases of remote mutation. Moreover, the distribution
patterns of the respective monomers of the same system (Monomer A and B: drug free and

Monomer A and B: drug bound) differed from one another and also from their drug free and
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drug bound states. The drug free WT was equilibrated at two conformation equilibria in both
monomers (bimodal distribution). After activation (drug binding), however, both monomers
visited multiple conformation equilibrium states (multimodal distribution). S201R, R886C, and
LI993R had the most noticeable differences from the native. When the RMSD of each frame in
the trajectory was compared to the RMSD of all other trajectories, similar trends were observed
(Figure 4.2.B). Additionally, NDP, FAD, FMN, and 5-FU RMSDs were not exceptions (Figure
4.2.B and Figure S4.2.2). Both monomers' conformation stability was clearly influenced
differently in WT and mutations in both drug free and drug bound states. In each system,
conformation drift was observed during the transition from drug-free to drug-bound protein
states, with monomeric asymmetric protein behavior. This was attributed to increased flexibility
in the protein loop region, including the active loop area; a similar trend was observed in our
parameterization paper (147). Other studies have found that the presence of mutations causes a
changes in protein conformation variability, which has been linked to, increased protein
flexibility in the loop areas. (285, 287). Our clinical data analysis and previous research indicated

that mutations caused monomeric asymmetrical behavior (266, 285, 381).
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Figure 4.2: RMSD visualization of each monomer (WT and mutated proteins), its co-factors and substrate (5-FU) as they
transition from open to closed conformation state. A) Violin representations of Monomer A (yellow) and Monomer B (green) in
drug free (open) and drug bound (closed conformation) systems. B) Framewise (green) representation of Monomer A and Monomer B
in drug free (open conformation) and drug bound (closed) systems. C) Violin representations of NDP and FAD drug free and drug
bound state of Monomer A (yellow) and Monomer B (green).
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4.3.2.2RMSF and DCCM highlight the asymmetric behavior of DPD monomers in
the WT and mutated proteins.

Following that, we utilized RMSF and DCCM analysis to illustrate the asymmetry of
monomers in each system and how mutations affect it, as revealed by RMSD (violin plots, line
plots, and framewise) results. Figure 4.3.A and B show mobility as a fluctuation comparative to
each atom's mean position (RMSF). Each monomer per system, both drug free and drug bound,
showcased six main greater mobility regions. The most fluctuating areas were the beta-sheet and
consecutive loop areas around residues 40 - 52, 316 - 334, 736 - 771, 901 - 922, 964 - 971, and
also the N-terminal (2 - 12) and C-terminal (996 - 1025). (Figure 4.3.A & B). Certain mutations
showed more mobility areas than others; noticeable fluctuation occurred in most residues of
Monomer A's S201R, D342N, and R886C, along with Monomer B's K259E, D432N, and R886C
in their drug free state. Equally, K259E of both monomers had more fluctuating residues in its
drug bound than WT. The protein core region (Fe?*4S*4 clusters) oscillated the least, suggesting
that residues in this environment were comparatively more stable during the simulation process.
This is a trend that we have observed in our previous studies (147), as well as our clinical data
results. Despite the fact that the mobile regions behaved similarly in both drug free and drug
bound systems, the degree of fluctuation in Monomer A and B differed markedly.

DCCM was then applied to ascertain the relationship between the residue on each
monomer of the drug free and drug bound proteins (Figure 4.3.C and D). According to the
matrices, highly positive regions (colored yellow to red) have strong correlated motions (residue
pairs move in the same direction), whereas negative regions (colored blue to green) have strong
anti-cross-correlation motions (residue pairs move in opposite directions). Although WT residues
showed relatively stronger cross-correlation in the drug free state of both monomers, this
lessened in the drug bound. Moreover, across all systems, active site region residues had higher

cross-correlation than residues from other domains.
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Figure 4.3: A heatmap portrayal of the WT and seven mutants' root means square fluctuation (RMSF) and dynamic cross-
correlation matrix (DCCM) after 600 ns simulation. The RMSF is represented as a fluctuation relative to the mean position of each
atom, with a highlight of regions with high fluctuation seen in light brown box-frames. The locations of cofactors are also indicated.
DCCM colors highly correlated residues yellow to green, while anti-correlated residues are blue to green. A) denotes drug free RMSF
proteins, whereas B) denotes drug bound RMSF proteins. C) denotes drug free DCCM proteins, whereas D) denotes drug bound
DCCM proteins.
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Similarly, increased levels of residue anticorrelation were detected near the mutation site in
comparison to the WT configuration However, the correlations between active site residues were
lowest in drug free Monomer A D342N and S201R, and in drug bound Monomer B K259E and
R886C. In general, the DCCM results agreed with all versus all RMSD analysis, which also
revealed that each mutated system displayed asymmetric behavior per monomer that differed
noticeably from the WT. As mentioned earlier, this was linked heightened fluctuation at the loop

areas including active loop region (147).

4.3.2.3Comparative essential dynamics revealed asymmetric conformational

changes in the presence of mutations

As with the clinically identified mutations, we used ED to analyze mutation-caused
conformational changes at the monomer level (Figure 4.4). This was executed because protomer
dynamics in a homodimer can switch between identical copies of a protomer (266); which was
also supported by the RMSF calculations. (Figure 4.3). Therefore, comparative analysis using
MDM-TASK-web tools were made between WT and each mutated protein for each monomer
(499). Samples were extracted from the same time frame of an equilibrated 30 ns section of
trajectory each monomer on a protein system prior to drug exit. Considering the monomers, the
total variance ranged from approximately 52 to 80% and 55 to 64% for drug free and drug bound
systems, respectively. S201R, K259E, D342N, D432N, S492L, R886C, and L993R mutated
systems sampled a diverse conformational space in comparison to the WT across PC1 and PC2
axes. PC1 repeatedly represented the majority of conformational variance in drug free systems,
with the lowest percentage (53.75%) in K259E and the highest (79.26%) in R886C of Monomer
B. However, upon drug binding, Monomer A of D432N and R886C had the lowest (55.61%) and
highest percentages (63.16%), respectively. A distinctively constricted conformational space in
contrast to the WT was noted in S201R and L993R in both monomers and along both PCs in the
drug bound state. It might imply that the mutant systems with a more diverse conformation space
than the WT (S201R, K259E, D342N, D432N, S492L, R886C, and L993R) sampled more
conformations prior to equilibration, which is consistent with both the RMSD and the DCC.
More importantly, as in previous analyses, as well as, the clinical data findings asymmetric

behavior of both monomers was observed (266, 374).
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Figure 4.4: Comparative essential dynamics analysis of the mutated proteins in respect to the WT at monomer level for both drug free
and drug bound systems. In each subplot, the WT is at the top and the mutation is at the bottom, with Monomer A on the left and
Monomer B on the right. The x- and y-axes depict the percentage variance explained by PC1 and PC2, respectively. The plot color
code from dark blue to yellow represents the simulation progression in nanoseconds. Letter A) S201R, B) K259E, C) D342N, D)
D432N, E) S492L, F) R886C, and G) L993R represent mutations in both drug free and drug bound states.
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4.3.2.4Mutation-related changes in the 5-FU binding environment were revealed by
comparative ED, Rg and RMSF

We then focused on the 5-FU binding environment of each monomer per protein. These
residues include: N609, N668, G764, T737, and N736 (E611, L612, 1613). Also of importance in
this region is the active-loop containing residues: 670 — 682. We demonstrated in the preceding
sections that these loops become more flexible in the presence of missense mutations.

As seen in Figure 4.5.A and B, comparative ED analyses of Monomer A and Monomer B
active site environments in either their drug free or drug bound state showed diverse
conformation variability as expected. Monomer A accounted for 49.94% of the widely sampled
global conformational subspaces in both drug free and drug bound conformation. This was lower
than the one displayed in Monomer B (Total: 53.56%; PC1: 35.91%; PC2: 17.65%). Monomer A
of the WT depicted a more widespread longitudinal conformation subspace in its drug free
conformation state than the restricted conformation subspace displayed in its drug bound
conformation state. In drug free states, convergent conformation subspaces that vary slightly
from their drug bound ensembles were observed. Moreover, distributed conformation subspaces
were noted in S201R, K259E, D342N, S492L, R886C, and L993R of Monomer A's drug bound,
with the exception of D432N.

Though each Monomer B system had different global structural variability in both drug
free and drug bound conformation, most drug free systems had more distributed conformation
subspaces (WT, S201R, K259E, D342N, D432N, S492L, R886C, and L993R). In the drug
bound conformation state of WT, S201R, K259E, D342N, D432N, and L993R, this tendency
was maintained. Furthermore, extreme conformation drift from drug free to drug bound state was
noted in K259E. Clearly, the drug free WT protein conformation dispersion of Monomer A
deviated not only from that of the drug bound WT, but also from that of the mutations in the
same group. Monomer B showed a similar pattern. The high fluctuation in the active-loop area
most probably triggered the conformation variability in the active site environment, that could

further affect the binding of 5-FU to the catalytic site.
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Figure 4.5: Essential dynamics (ED), RMSF, and radius of gyration (Rg) for DPD WT and 7 mutations active site
environment. The visualization of comparative essential dynamics (ED) is based on principal component analysis (PCA) of enzyme
ensembles. A) drug free and drug bound states of Monomer A. A total of 46.94% (PC1: 29.65% and PC2: 20.29%) global
conformation subspaces are sampled. B) Monomer B samples a total of 53.13% (PC1: 33.50% and PC2: 119.63%) global structural
variances in both C) drug free and D) drug bound states. The protein's unfolding (yellow) to folding (dark blue) evolution state is
depicted over 600 ns. E) Violin plots representing the radius of gyration (Rg) of Monomer A (Monomer A) and Monomer B
(Monomer B) in the proteins’ drug free and drug bound states. The drug free group is represented as blue (Monomer A) and grey
(Monomer B), whereas yellow (Monomer A) and cyan (Monomer B) represent the drug bound group of proteins.
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This was evidenced by RMSF analysis of active site residues (Figure 4.5.C), which indicated that
the majority of fluctuations happened around the active site loop (residues 670 - 682) of each
mutation before and after activation in comparison to their respective WT. Similar observations
were made by Barozi and colleagues (374), where higher flexible regions noted in the KATG
mutants N-terminal domain were thought to affect the general dynamics of the protomer, as well
as the binding pocket kinetics. Further Rg analysis (Figure 4.5.D and Tables S4.4.1 — S4.4.4)
demonstrated that the mutations' diverse impact on protein compactness per monomer may be
due to varying degrees of flexibility around the active site region. With the exception of
Monomer B S492L, mutations showed a greater degree of variation across all systems, and
clinical data revealed similar results using both RMSF and Rg analysis.

These findings are consistent with previous research, which discovered that the shapes of
numerous enzyme active sites influence the subtle changes in substrate caused by mutations
located far from the active site induced mechanism (25, 32). As reported previously by Osuna et
al., (93), both catalytic and noncatalytic mutations had a significant impact on a number of
factors, including the reorganization of catalytic and other active site residues, dynamic motion,

and water penetration, via such allosteric communication.

4.3.2.5The relationship between active site environment hydrogen bond interaction
and monomer centers of mass distances was uncovered.

Hydrogen bonds not only serve as a significant aspect of nonbonding interactions, but
they play a pivotal role in protein folding, protein-ligand recognition, and enzyme catalysis
(500). As a result, they make a significant contribution to the preservation of proteins' native
conformation. In DPD, 5-FU forms covalent bonds, van der Waals interactions, and hydrogen
bonds with the protein residues (129, 130, 398). The general H-bond instability in the active site
region, which corresponded to an increase in COM between the active sites in Monomer A and
Monomer B to their respective monomers, was characterized by drug exit in the affected
monomers. This included: domain I M66V mutation, as well as active site mutations S534N and

[543V of the clinically relevant missense mutation.
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Figure 4.6: A comparison of the 5-FU binding environment in WT (in grey & black) and mutations (in green) using line plots.
Hydrogen bond analysis during the 600 ns simulation period of 5-FU binding environment of A) Monomer A and B) Monomer B.
Center of mass (COM) distance between 5-FU and C) Monomer A and D) Monomer B. The x-axis illustrates time, and the y-axis
illustrates the number of H-bonds formed and COM distances, respectively.
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Next, the ligand's (5-FU) positional stability was investigated by measuring the distance between
the COM of the 5-FU and the COM of each monomer active site per protein system (Figure 4.6C
& D). This was due to noticeable variation in the active site of different mutant proteins.
Previous research suggested that this measurement was more accurate than ligand RMSD with
respect to the reference structure's active site (285). The active site residues obtained previously
from literature in the essential dynamic section were used for active site COM calculations in
this section. An intricate network of hydrogen bonds was maintained within the active sites of
the individual monomers in the activated WT across the simulation. Although all mutation
ensembles had fewer H-bond interactions than the WT, the fewest interactions were found in
Monomer A's D432N and L993R, as well as Monomer B's K259E. On the other hand, the COM
distances between Monomer A and its corresponding active site B and vice versa revealed an
increase in systems S201R, D432N, and L993R of Monomer A, as well as S201R, K259E, and
D432N of Monomer B (Figure 4.6.C and D). These systems also showed reduced 5-FU H-bond
interactions within the active site. As demonstrated in the next section, the increased COM
distance may have resulted in a lower contact frequency between 5-FU and the active site
interacting residue, as seen in D432N and L993R (Monomer A) and K259E (Monomer B).
Unlike our clinically relevant data, where drug exit was observed due to reduced hydrogen
stability and increased COM distance for active site domain mutations (S534N and 1543V) and
domain I M166V (remote) mutation. None of the remote mutations in this section result in the
loss of the ligand. As discussed in the following section, this could be attributed to a reduction in
the contact frequency between the 5-FU and coordinating residues in the active site binding
environment. Hence, inhibiting proper binding and metabolism of 5-FU results in reduced
enzymatic activities as demonstrated by in vitro studies (174, 176).

Considering the comprehensive global analysis encompassing RMSD, RMSD framewise
analysis, RMSF, DCC, ED, and H-bond, the mutations S201R, D342N, S492L, and L993R
consistently yielded notable results in most of these analyses. In other studies, the S201R
mutation demonstrated no detectable enzymatic residual activity (< 12.5%, P = 3.0 x 107).
However, reduced enzyme activities ranging between 12.5% and 25% were observed in the
D342N (P = 1.9 x 10°%) and S492L (P = 2.3 x 10™*) mutations. Surprisingly, despite its location in
Fe-S cluster coordinating domains, the L993R mutation did not exhibit a significant lack of

enzymatic activity. Conversely, considerable reductions in enzyme activities were observed in
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other mutations associated with the Fe-S cluster coordinating domains, not featured in this study,
such as K958E, H978R, and V995F. Meanwhile, no significant differences in enzymatic activity
changes were reported in K259E, D432N and R886C (168, 176).

PART II

4.3.3 Local analysis

In this study, we focused on the atomic role of transitioning between drug free and drug
bound protein ensembles in the regulatory control of 5-FU metabolism. Weighted residue
contact-map tools, as well as multi-centrality metrics such as betweenness centrality (BC),
closeness centrality (CC), degree centrality (DC), eigenvector centrality (EC), and katz
centrality (KC) were used to achieve this (33, 95). It should be noted that DPD equilibration was
not completed in the majority of systems after 600 ns of MD simulation. This could be due to the
large protein size (1017 residues per monomer) as well as the large area occupied by the loop
regions, which account for approximately 45 percent of the total protein. Hence, the different
asymmetric conformational changes per monomer were observed from RMSD, Rg, ED and
RMSF results. Additionally, the DRN metric results from clinically relevant data, including
remote mutations C29R, M166V, Y186C, and D949V, demonstrated how the loss and gain of
hubs altered the orthosteric (displayed by WT) communication pathway via a compensatory
mechanism that the protein used to maintain its functionality. As a result, we used the same
approaches, such as contact map and heat map, as well as the DRN metric approach, to elaborate
DPD functionality at the residue level. As a result, for reliable analysis, samples were extracted
from the same time frame of an equilibrated 30 ns section of trajectory each monomer on a

protein system prior to drug exit (Figure S4.1 and Tables S4.5.1 — S4.5.2).

4.3.3.1Mutation-induced asymmetric shift in the active site inter-residual interaction
per monomer revealed using contact heatmaps

Subsequently, the ligand-protein interactions were analyzed at the atomic level in order to

identify immediate 5-FU contacts and residues at position 201, 259, 342, 432, 492, 886 and 993

in drug bound systems. These structures were extracted at the lowest energy wells using the MD-

TASK-web comparative ED automated conformation extraction feature (499). Recently, heat

146



maps and residue-residue contact maps were used to characterize atovaquone drug resistance in
the Pf cytochrome b protein (345), dimeric Mycobacterium tuberculosis KatG (285) and
falcipain 2 in mutations including those linked to artemisinin resistance (287) and mutations
associated with clinically relevant data in the DPD protein. Figure 4.7 portrays the interaction of
5-FU with the active site environments of the protein systems over an equilibrated simulated
period utilizing weighted residue contact map tools (284, 499). The atomic contact frequency
serves to score the 5-FU contact residues. Then after, the script assigns a score of 0 to 1 to each
5-FU atomic connection according to the frequency of interaction. The 5-FU-DPD interaction
frequencies were then standardized across all systems. According to Figure 4.7, both WT
proteins-maintained high contact frequency with the following residues:

e Monomer A: Thr575, Val583, Arg589, 11e590, Phe607, Leu608, 1le610, Glu611, Leu612,
lle613, Ser640, Ile641, Met642, Glu666, Leu667, Asn668, Leu669, Ser670, Cys671,
Pro672, Ala683, Cys684, Gly685, Lys709, Leu710, Thr711, Pro712, Thr735, Thr735,
Asn736, Thr737, Val712, Thr735, Asn736, Thr737, Val738, Gly764, Val765 and Ser766
(39).

e Monomer B: Thr575, Val583, Asn585, Val586, Arg589, 11e591, Phe607, 11e608, Asn609,
[le610, Glu611, Leu612, Ile613, Ser40, Ile641, Met642, Cys643, Tyr645, Glu666,
Leu667, Asn668, Leu669, Ser670, Cys671, Pro672, His673, Ala683, Cys684, Ala683,
Gly685, GIn686, Lys709, Leu710, Thr711, Pro712, Asn713, Thr735, Asn736, Val783,
Gly764, Val765 and Ser766. (42)

Similarly, a majority of the mutants showed reduced/lost interaction with residues which
predominantly coordinate 5-FU in the WT as follows:

e Monomer A: Leu612, Met642, Cys671, Ala683 and Gly685 .

e Monomer B: Cys643, Ser644, Thr645, Cys671, Lys709 and Leu710.

Generally, the main catalytic residue Cys671, situated in the loop (residues 670 - 683) area of the
drug free DPD, has been observed in open conformation (129, 130). When activated (drug
bound), the loop adopts a closed conformation, allowing Cys671 to be optimally placed for
proton transfer. Two residues anchor Cys671 at opposite ends of the catalytic loop. The original
anchor point is founded by hydrogen bonds and FMN's backbone oxygen atom binding Lys709

and side chain linking residue N736, respectively, at the location of residue Ser670. The second
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anchor point is on residue His673, which is linked to Glu611, Met675, and Glu677 via a
hydrogen bond (130, 131).

Considering catalytic residue C671, in Monomer A, the native protein had high frequency
contact with Met642, Ser670, Pro672 and Ala683. Mutant D432N, S492L and R886 lost contact
with Met642 and had reduced contact with Ser670, Pro672 and Ala683. Conversely,
compensatory gain of inter-residue interactions across all mutant systems were seen in Met642,
His673, Gly674, Met675 and Glu677. Similarly, in Monomer B, the native protein had high
frequency contact with Ser670, His673, Pro672 and Cys684.
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Figure 4.7.1: Drug bound DPD protein weighted residue contacts heatmap demonstrating the inter-residue interaction
between 5-FU and the active site environment of A) Monomer A of 5-FU. The shaded boxes in each frame represent
significant differences in the frequency of interaction between the 5-FU residues and the surrounding contacting residues in the
WT versus the mutations. White (0) to dark-red (1.0) represents no contact (0) to strong contact (1.0).
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Figure 4.7.2: Drug bound DPD protein weighted residue contacts heatmap demonstrating the inter-residue interaction
between 5-FU and the active site environment of A) Monomer B of 5-FU. The shaded boxes in each frame represent
significant differences in the frequency of interaction between the 5-FU residues and the surrounding contacting residues in the
WT versus the mutations. White (0) to dark-red (1.0) represents no contact (0) to strong contact (1.0).
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Figure 4.8.1: 5-FU interaction with residues in the active site environment of the WT and the seven mutations of Monomer A
are represented in 2D using Ligplot+. The time frame in which the structures were extracted are also highlighted with the mutation
names.

151



Figure 4.8.2: 5-FU interaction with residues in the active site environment of the WT and the seven mutations of Monomer B
are represented in 2D using Ligplot+. The time frame in which the structures were extracted are also highlighted with the mutation
names.
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On the other hand, compensatory gain in residue interaction was noted in Ser644 and Cys684.
The difference in SFU-protein interactions on monomer A versus monomer B could be an
indication of allosteric signaling. Same tendencies were seen on previous study (285) The
clinically relevant remote mutation M166V from our previous study showed retained/enhanced
5-FU interaction in monomer B. Based on these findings, the DPD mutational effect on 5-FU
coordination and binding could be one mechanism for lowering drug efficacy and thus drug
toxicity. Among the mutations that reduced enzymatic activity (176), K259E, S492L and D432N
displayed a fairly asymmetric interaction profile of drug bound monomers. K259E and D432N
exhibited increased H-bond instability which corresponded to an increase in COM distances
between the COM of active-site to the COM distances of their respective monomers.

We then used 2D schematic diagrams from LigPlot+ v.2.2 to see how allosteric signaling
affected the SFU-DPD residue interaction per monomer (Figure 4.8.1 and 4.8.2) (96). SFU was
found to bind to the protein via two H-bonds with residues N609 and N736, as well as one H-
bond with residues S668, N670, and T737 in Monomer A. Monomer B has a comparable 5-FU-
protein binding to Monomer A, with the notable exception of N670. Changes in each monomer's
SFU-DPD residue interactions were observed not only in WT, but also in mutations.

In the WT, 5-FU forms hydrogen bonds with Asn609, Asn668, Ser670, Asn736 and
THR737 in Monomer A and Asn609, Asn668, Asn736 and Thr737 in Monomer B. These major
interactions were reduced and, in certain cases, lost completely in the mutant systems; for
example, in Monomer A, S201R, K259E, and D432N lost H-bond interactions with Asn668 and
Ser670, whereas D342N, R886C, and .993R lost H-bond interactions with Ser670. In Monomer
B, K259E and S492L lost H-bonds with Asn668, while D432N lost H-bonds with Thr737.
(Figure 4.7). Although Offer et al. did not observe any change in enzymatic function during their
investigation (168), a patient carrying the K259E mutation experienced toxicity following 5-FU
administration (180). The alteration in polarity resulting from the K259E mutation is likely
responsible for either partial or complete inactivation of the enzyme. This mutation introduces an
additional negatively charged residue, leading to a slight shift in the loop backbone away from
the hydrophobic [-sheet environment. Consequently, the hydrogen bonds formed with
neighboring Leu261 and Ser262 are weakened. This weakening further affects the hydrogen
bond between Gly258-N and Lys219-O, which plays a critical role in protecting the adenine

moiety of FAD from solvent access, thus affecting cofactor binding. Additionally, the
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positioning of Glu218, which interacts with the hydroxyl group (O2*) of FAD, may also be
impacted. These changes in FAD binding and orientation within the Glu259 monomer are
expected to disrupt the subsequent hydride transfer from the electron-donating to the active site.
Moreover, in the case of the Ser492Leu mutation, it is worth noting that serine is positioned
within the cofactor FAD's binding site. The distances between the hydroxyl group of serine and
the atoms O3* and O5* of the ribityl moiety, as well as the OP2 atom of one of the phosphates
of FAD, measure 3.5 A, 3.5 A, and 3.8 A in the WT (Figure 4.1), respectively (171). Although
these distances are greater than those typically associated with strong hydrogen bonds, they
clearly indicate that the substitution of serine with the larger and hydrophobic side-chain of
leucine would hinder the proper binding of FAD. As a result, this disruption would eventually
impact the electron transport to the active site.

It is important to note that 5-FU did not leave any of the system's monomers active sites.
In a previous clinically relevant analysis, the drug was found to exit from the remote mutation
M166V, which was attributed to a loss of H-bonds. In the remote mutation in this chapter, none

of the mutant proteins showed drug exit from both monomers.

4.3.3.2 Allosteric signaling pathways were revealed in the presence of mutations

using averaged DRN multi-metric analysis

Missense mutations have been found to disrupt protein structure responses at the global
(as 1llustrated by the RMSD, RMSF, Rg DCC, and essential dynamics).and local (as
demonstrated by residue-residue interactions and the creation of communication network
revealing allosteric signaling network) levels (374, 501, 502). To review what was mentioned
previously, in a protein communication network, nodes representing residues interact non-
covalently with other nodes forming edges (285, 437). Centrality is defined as a node's
prominence in a protein communication network. Changes in the residue chain caused by
mutations may result in the reconfiguration of protein network architectures that alter node
centrality (283, 285, 287). We investigated the key residues for DPD inter- and intra-monomeric
communication in this study using five different averaged centrality metrics: betweenness
centrality (BC), closeness centrality (CC), degree centrality (DC), eigenvector centrality (EC),
and katz centrality (KC). To guarantee the accuracy of the results, prior to drug exit, samples

were extracted from the same time frame of an equilibrated 30 ns section of trajectory for each
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monomer on a protein system (Figure S4.1, Table S4.5.1, and Table 4.5.2). The top 5% of all
residues in all WT and mutation proteins were then revealed. Given the large size of the protein,
we sought to enhance the accuracy and sensitivity of the global top 5% residues. As a result, we
calculated the 2, 3, 4, and 5% high significant residues, dubbed the hubs, in all averaged
centrality metrics. We then defined the various hubs that could be identified in our studies, such
as constitutive hubs: hubs found in either drug free or drug bound monomers; persistent hubs:
hubs found in both drug free and drug bound monomers of a metric; and super-persistent hubs:
persistent hubs observed in both drug free and drug bound monomers across all averaged DRN
metrics.

This section of the study, in particular, demonstrated the significance of unique network
data provided by each centrality metric in establishing the overall DPD communication system.
As seen in our earlier clinical data mutation results, the network information pattern was mostly
concentrated along interface residues and the oxidoreduction communication channel. In this
section, the assessment of the remote mutation data focused on the 4% of hubs that were deemed
most informative. First, as previously established, it was represented in the form of a heatmap.
To better visualize the mutation-induced hub networks, the hubs of each mutation (ABC, ACC,
ADC, AEC and AKC) in relation to the WT were mapped in DPD 3D structure. The following

subsections provide further explanation:

Betweenness centrality (BC) elucidates the allosteric signaling network intrinsic to the
oxidoreduction catalytic channel in mutations versus WT. In our earlier study (Chapter 3),
we highlighted two distinct BC communications pathways that are more intrinsic to the
oxidoreduction DPD channel (Figure 3.8.1). We went on to show how the presence of mutations
(clinically studied mutations) leads to compensatory gain in hubs (residues) that form allosteric
communication pathways to help maintain protein function. BC defines the number of shortest
paths that pass through a node in a specific residue interacting network, thereby quantifying the
rate of node utilization. Previous research has shown that BC is one of the most useful metrics
for calculating not only main allosteric residues (420) but also substrate and mutation-induced
residue network modifications in a variety of proteins (283, 287, 374, 422, 439). Figure 4.9.1
shows heatmaps of the top 4% global BC variation of inter-system, inter-monomer, and intra-
monomer mutations key hubs in reference to the WT. The asymmetric monomer behavior of

dimeric proteins has previously been discussed (266, 285). Similar patterns were observed in
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clinically relevant DPD mutation data in this chapter. The asymmetric behavior of monomers (A
and B) was observed in both the drug free and drug bound states but had no implication on the
persistent hubs (L155). Prior studies have also demonstrated that monomers in a dimeric protein
behave asymmetrically (283). Persistent hub Leul55, positioned at the a-helix of domain I, was
identified as being linked to GIn156, which is implicated in ligation (11) or forms a unique bond
with Fe** (from the first Fe?"4S%4 clusters & residue 27-172) via an oxygen atom. As a result,
L155 may be critical in maintaining stability within the Fe?*4S%4 clusters environment. We found
50 hubs in Monomer A of both activated and inactivated WT, whereas Monomer B had 42 hubs
in the inactivated state and 45 in the activated state. Moreover, 20 constitutive hubs (Asp61,
Leu80, Ile101, Thr102, Asnl08, Ilel16, Phell7, Phel21, Thr132, Ser133, Leul42, Leul55,
Arg372, Val373, Gly597, Phe598, Met599, Thr768, Leu775, and Thr799) and 14 constitutive
hubs (Ile62, Ile101, Thr102, Gly127, Phel31, Ser133, Vall37, Leul42, Ser149, Leul55, 11e370,
Ala37) were identified in drug free and drug bound ensembles respectively. In relation to the
WT, these hubs were either retained, lost, or new ones were generated in each of the mutation
systems (Table S4.6.1). The following hubs were identified in at least six of the studied systems
in either monomer of drug bound: Asnl08, Glyl38, Leul42, Ala372 and Val373. Residues
Ala372 andV373, which is located on the interface of the NADPH binding domain (residues 287
- 441) (130) facilitates interactions with the FAD binding domain.
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Figure 4.9.1: Heatmap depicting global top 4% key hubs for averaged betweenness centrality (BC). Heatmap of the (A) drug
free (inactivated) and (B) drug bound (activated) ensembles. The x-axis represents protein residues, while the y-axis represents
WT and the 7 mutation (remote) proteins. Centrality values of hubs are annotated while the values of low to high centrality are colored
white to black, respectively.
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This hub was discovered in most of the systems, with the exception of R886C (drug free
Monomer A); D324N and D432N (drug bound Monomer B); and D342N, D432N, and S492L
(drug bound Monomer B). Residue 142 interacts with domain I Fe?*48% clusters binding residue
Cys140, whereas Asnl08 was discovered to connect three domains: domain I (first set of
Fe?*4S%4 clusters and residue 27-172); active site domain IV (FMN, 5-FU, and residues 525-
847); and domain V (second set of Fe?’'sS?4 clusters and residues 848-1025) forming a
dimerization structure (130). Interestingly, in drug bound system some residues (Monomer A:
Asn44) and (Monomer B: Thr65) were exclusive to the mutant systems. For instance short-range
contact analysis using contact maps showed that residue Asn44 in Monomer A gains new contact
with Asp46, Cys52, Lys54, Se90, Serl133, asp134 and Alal44, whereas, residue Thr65 in
Monomer B gained new contacts with Thr132, Vall37, Lys681 and Gly862 (Figure S4.2). The
observed increase in centrality for these residues might be a compensatory mechanism to
maintain mutant’s functionality.

Surprisingly, 3D mapping of BC hubs to DPD WT revealed two well-defined allosteric
signaling routes intrinsic to the oxidoreduction catalytic channel, from NADPH-FAD-Fe?*4S%4
clusters-FMN to S5FU (Figure 4.9.2). However, one monomer dominated the number of hubs
over the other. These nodes were mostly found near interface residues, cofactors, and substrates
(Figure S8 and Table S11). Previously, we discovered that BC network hubs are found at
interface residues (285), many of which have been linked to protein surface stability and intra-
protein communication (440). In comparison to WT hubs, the mutation systems lost the majority
of the hubs and established new hubs around the oxidoreduction catalytic channel components,
with the active site being the most impacted, especially in S201R, D342N, S492L and L993R. A
similar pattern was noticed in drug free protein systems (Figure S4.2.1). These results are in
agreement with the global analyses finding which showed S201R, D342N, S492L, and L993R
consistently yielded notable conformational changes that could have an impact on DPD structure
and function. Supporting investigations have shown total loss of function in enzymatic activities
of S201R (<12.5 %) whereas, reduced residual activities (12.5-25 %) were noted in D342N and
S492L, however, L993R did exhibit significant change in loss or gain of DPD enzymatic

activity.
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Figure 4.9.2: 3D cartoon representation of the distribution of betweenness centrality hubs of the drug bound ensembles along
the oxidoreduction catalytic channel. Monomer A WT BC hubs are denoted as light-grey, Monomer B WT BC hubs as blue.
Mutation-induced newly introduced hubs shown in dark-grey in Monomer A and sky-blue Monomer B. Oxidoreduction catalytic
channel (NADPH, FAD, Fe?’"sS*4 clusters, FMN and 5FU) is shown in yellow. The mutations are represented in indigo.
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Some of the hubs forming these ensembles from the active site to NADPH cofactor in drug
bound state are as follows:

e Monomer A: Asp6l, Thr65, Leu80, Ala85, 11e97, Ile101, Thr102, Asnl08, Lys114,
lle116, Phell7, Prol21, Leul22, Gly123, Thrl125, Cys126, Cys130, Thr132, Ser133,
Cys140, Leul42, Leul55, 11e200, Ser227, Ile231, Phe234, Leu310, Ala372, Val373,
Pro374, Glu375, Gly597, Pro598, Met599, GIn604, Ser605, Thr768, Leu775, Arg776,
Thr797, Ala799, Leu803, GIn804, Cys816, Thr825, Ser958, Gly962 and 997.

e Monomer B: Thr22, Asn44, Ile62, Gly68, Ala76, Met77, Pro92, Leu9s, 11e97, Ilel01,
Thr102, Alall3, Ile116, Asnl120, Leul24, Thrl125, Gly127, Prol131, Ser133, Leul35,
Vall37, Gly138, Asnl4l, Leuld42, Thr145, Ser149, Leul55, Ser228, Ile231, Phe234,
Arg370, Ala372, Val373, Pro374, Ala380, Glu383, Thr595, Pro602, Gly603,Ser 605,
Leu775, Ala799, GIn822, Ser853 and Thr856.

Residues 367-376 are of particular interest due to their varied interactions with FAD or NADPH
binding residues in Monomers A of D432N, K259E, D432N and R886C and B of S20IR,
D342N and S492L. Particularly, Glu376 (in Monomer A: D432N, K259E, D432N, and R886C)
and Pro374 (in Monomer B: S492L and D342N) showed increased interaction compared to the
wild type (WT), suggesting a potential allosteric compensatory mechanism that helps maintain
protein functionality. (Figure 4.9.1). This finding could explain the absence of significant loss in
enzymatic function observed in D432N, R886C, and K259E in previous studies conducted by
Offer et al. (168). However, this compensatory mechanism may also disrupt the cofactor binding
environment and the oxidoreduction mechanism, as observed in S201R, D342N, and S492L,
which could impact the efficiency of the protein. In vifro enzymatic experiments have
demonstrated a partial loss of functionality in individuals carrying these mutations(168, 445,
503). Similarly, our clinically associated mutation, which is associated with DPD deficiency,
exhibits a comparable compensatory allosteric pathway in close proximity to the oxidoreduction

channel.

Degree of centrality (DC) elucidates the allosteric signaling network extrinsic to the
oxidoreduction catalytic channel in mutations versus WT. Previously, we demonstrated using
BC and DC how clinically associated DPD missense mutations formed two pairs of allosteric

pathways to the active site, with some of these mutations found in the catalytic site domain
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(S534N and 1543V) and others in the remote/distal domains (C29R, M166V, Y186C and
D949V). We used heatmaps (Figure 4.10.1) and 3D mapping . (Figure 4.10.2), to investigate the
number of adjoining nodes around a single node (DC) using data that had not previously been
clinically studied (remote mutations) (Figure 4.10.1). Asymmetric behavior of the monomers
was demonstrated in both the drug free and drug bound systems of the top 4% DC, similar to
observations made in the BC analysis. With the exception of Leul55, more persistent hubs
(Asn108, Val778, Thr779, 1le781, 11e790, and Ser808) were noted in DC as opposed to BC. L108
is an interface residue interlinking domain I (first set of Fe**4S%4 clusters and residue 27-172)
and active site domain IV (FMN, 5-FU & residues 525-847). Active site domain interface
residues V778, T778, 1781, 1790, and S808 that are involved in maintaining the catalytic area's
stability and function (129-131). V788 in the domain a-helix had the most interactions with
residues in contact with the substrate (5-FU), indicating a critical role in the active site region.
Furthermore, the following hubs were present in at least five of the drug bound systems: Tyr110,
Alal13, Thr125, Alal98, Gly282, Val493, Val732, Leu813 and Leu837 in Monomer A, as well
as Tyr110, Alal38, Alal198, Ser199, Ser201, Cys202, 11e482, Ala499, Thr554, Leu653, Leu710,
Gly740 and Leu837 in Monomer B. They form part of dimeric structure Fe*'sS%4 clusters
domain I (residues 27-172), FAD binding domain II (residue 173-286 and 442-524), NADPH
binding domain III (residues 287-441) or FMN binding domain IV (525-847). Of interest are
residues 437-585 which showed increased, reduced, gain or loss of interaction with residues
correlating to either FAD, FMN or 5-FU binding residues in Monomer A and B.

3D mapping of the top 4% DC hubs in drug free and drug bound systems were done for
better visualization Figures 4.10.2 and S4.2.2. Due to the presence of mutation and 5-FU
binding, two distinct cross-monomer clustered ensembles of DC hubs allosteric signaling
pathways were discovered along each monomer's oxidoreduction catalytic channel. These
pathways resembled those observed in BC, but they were more extrinsic to the oxidoreduction
catalytic channel than the inner pathway observed in BC (Figure 4.9.1). The communication
network pathway of the activated WT DC was formed by 52 hubs in Monomer A and 44 hubs in
Monomer B (Table S4.6.2).
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Figure 4.10.1: Heatmap depicting global top 4% key hubs for averaged degree of centrality (DC) heatmap of the (A) drug free
(inactivated) and (B) drug bound (activated) ensembles. The x-axis represents protein residues, while the y-axis represents WT and
the 7 mutation (remote) proteins. Centrality values of hubs are annotated, with the values of low to high centrality colored white to
black, respectively.

162



Figure 4.10.2: 3D cartoon representation of the distribution of degree of centrality hubs of the drug bound ensembles along the
oxidoreduction catalytic channel. Monomer A WT DC hubs are denoted as light-grey, Monomer B WT DC hubs as blue. Mutation-
induced newly introduced hubs shown in dark-grey in Monomer A and sky-blue Monomer B. Oxidoreduction catalytic channel
(NADPH, FAD, Fe**4S%4 clusters, FMN and 5FU) is shown in yellow. The mutations are represented in indigo.
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In our previous analysis, one pathway dominated in the number of hubs, similar to current BC
finding. Due to the presence of mutations or SFU-binding, both the dominant and sub-dominant
pathways were formed from new and/or existing hubs (Figure 4.10.2 and Figure S4.2.2). In
comparison to the drug-bound WT, a new NADPH binding residue Ala486 (Monomer A:
D432N: Monomer B: R886C & L.993R) was formed. This residue forms an extension of residues
485-488 backbone conformation, which is stabilized by two H-bonds formed between the main
chain nitrogen Atoms of Asn487 and Thr488 and the carboxyl-group of Glu491 (130). This is
thought to be the most important conformational change for proper positioning of the
nicotinamide moiety of NADPH involved in Asp342. In a ligand-free system, the FAD binding
residue Asp342 forms H-bonds between the backbones of nitrogen atoms Arg371 and Ala372
and the oxygen atom Ala340 (130). New formed interactions were seen in active residue 606 and
607 (Monomer A: R886C & D432N) and (Monomer B: S201R and D432N). This is a good
example of probable compensatory allosteric communication signaling around the FAD and
NADPH region. The residue Pro493, which exhibited increased/retained FAD interactions in
Monomer A (S201R, D342N, D432N, S492L, R886C and L993R), was an example of distinct
asymmetric behavior of monomers. Equally, in vitro studies indicate weak evidence of changes
in enzyme activity as a result of these mutations; thus, these data are deemed insufficient to
support the 5-FU dose adjustment guidelines (164, 168, 176, 451, 504, 505).

In line with the clinically significant mutation, a DCC analysis was conducted to
investigate the interplay between hub residues based on BC and DC in both the drug-free and
drug-bound states of the DPD enzyme of mutations of uncertain significance. Remarkably, each
mutation displayed a positive correlation between DC and BC residue hubs. This positive
correlation underscores the crucial role played by these hub residues in maintaining the

functional integrity of the network (Figure S4.2.3 and S4.2.4).

Closeness Centrality (CC), Eigen Centrality (EC), and Katz Centrality (KC) analysis
revealed a distinct regional communication pattern within DPD. Previous research has
revealed that interface residues and protein core residues (central nodes) that are close to all
other residues in the network have high CC values (59, 266, 285-287, 427). These were
supported by our earlier finding on mutations associated with clinically relevant data (including

both catalytic site and remote mutations) as clarified in Chapter three. With this in mind, we
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sought to investigate key CC hubs first, then EC hubs, and finally KC hubs solely based on
remote mutations. Other studies such as that of Okeke and colleagues (287) found that averaged
CC was the most restrictive in assigning centrality, followed by KC and DC, which matched our
findings.

The heatmap representation of averaged CC (Figure 4.11.1 and Figure S4.2.3) revealed that
CC had most persistent hubs (Gly71, Ala72, Leu73, Ala74, Glu75, Ala76, Cys79, Leu80,
Alal01, Ile104, Leul42, 1le150, Leul55, Pro598, Met599, Pro602, and Ser605) than either BC,
DC, KC, similar to our previous clinically significant analysis report (Table S4.6.3). These are
mainly Fe?"sS%4 clusters and catalytic site interface residues. According to Jayashree etal.,
interface residues are responsible for maintaining protein stability and function (440). Residues
Cys79 is an Fe*"4S%4 clusters binding, whereas Pro602 and Ser605 are catalytic pocket binding
residues that are part of the inter-connecting FMN and 5-FU residues (130, 131). Additionally,
these hubs were less susceptible to mutations, Krishnamoorthy et al., (468), refer to such regions
as mutational cold spots. As a result, we proposed using persistent hub data to discover cold spot
residues.

Mapping the hubs to 3D protein structures revealed that all the global top 4% averaged CC
hubs are mainly located in the protein's center, specifically in the Fe**4S*4 clusters region of the
dimerization domain (Figure 37.2), hence depicting the importance of Fe**4S%4 cluster domains
in the functionality of DPD enzyme in respect to dysfunctional degradation of 5-FU. Collective
calculations from BC, CC, and DC were used to determine which interface residues influence
communication and enable DPD dimerization in the studied systems. These are new target areas
for drug development and innovation in the modulation of 5-FU efficacy and toxicity in relation
to DPD.

The correlation between intermonomer distance measurements (Figure 4.6) and the number
of CC hubs was an intriguing finding (Figure 4.11.2). The results showed that steady
intermonomer distances were observed in the WT and the majority of the mutant systems, with
the exception of S201R, D432N, and L993R of Monomer A and S201R, K259E, D432N, and
R886C of Monomer B, which had a minimal (<20 A) increase in distance compared to the WT
across all simulations. These were distinguished by the loss of CC hubs in each system's
corresponding monomers. Not only did the study by Barozi et al., revealed similar findings

(374), but our previous clinically relevant data did as well. D342N and D432N FAD binding
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domain II mutations lead to the loss of centrality/hub status of residues Cys140 and Leul42 in

Monomer B and A of these systems, respectively.
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Figure 4.11.1: Heatmap depicting global top 4% key hubs for averaged closeness centrality (CC) heatmap of the (A) drug free
(inactivated) and (B) drug bound (activated) ensembles. The x-axis represents protein residues, while the y-axis represents WT and
the 7 mutation (remote) proteins. Centrality values of hubs are annotated, with the values of low to high centrality colored white to
black, respectively.
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Figure 4.11.2: 3D cartoon representation of the distribution of closeness centrality hubs of the drug bound ensembles along the
oxidoreduction catalytic channel. Monomer A WT CC hubs are denoted as light-grey, Monomer B WT CC hubs as blue.
Mutation-induced newly introduced hubs shown in dark-grey in Monomer A and sky-blue in Monomer B. Oxidoreduction catalytic
channel (NADPH, FAD, Fe?*4S%; clusters, FMN and 5FU) is shown in yellow. The mutations are represented in indigo.
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Cys140 form iron sulfide bond with domain I Fe**4S%*4 clusters (130), whereas Leul42 is
an interconnecting residue to Cys140. With the exception of D432N, a compensatory gain in
allosteric network hubs was observed in drug-bound system residues Arg70, Met77, Arg78,
Phel58, Pro602, and Gly603. Monomer B exhibited compensatory gain in allosteric network
hubs in residues Gly68, Glul46, Glyl154, GIn156, Phel58, Tyr600, and Gly601, with the
exception of D432N (all instances), D342N, and S492L. (some instances). Surprisingly, these
hubs are found within the Fe?**4S8%4 clusters and active site region. As a result, we propose that
they participate in a compensatory allosteric communication network to help maintain protein
function. The fact that these residues participate in the allosteric communication network in
Monomer A, but not necessarily in Monomer B supports the asymmetric behavior of each
system. Collectively, the CC analysis demonstrates the importance of proteins core components,
primarily all Fe**4S%4 clusters, in maintaining protein structure. Residues with high EC values,
according to Fautch et al., form large, well-defined spatial regions. These "patch" regions are
most likely the location of vital biological functions (506). In Chapter III (clinically relevant
data), these regions were found within the active site of the WT As a compensatory mechanism,
the presence of mutations causes the loss of these £C in the active site or the gain of new EC
hubs. Importance of EC hubs in the active site was found to decrease in the presence of active
site domain mutations S534N and 1543V. On the other hand, except for M166V, the majority of
distant mutations (C29R, Y186C, S534N, 1543V and D949V) were distinguished by allosteric
compensatory gain of E£C hubs in the active site. To further understand the impact of remote
mutation on EC hubs, we identified the key top 4% (EC) hubs that are susceptible to 5-FU and,
to a lesser extent, the Fe*"4S%4 clusters binding in the WT (Figure 4.12.1 and S4.2.4). Besides,
this metric yielded no persistent hubs (Table 4.6.4).

The 3D mapping of these EC hubs in drug bound state revealed the clustering of hub
ensembles within the active site (Monomer A & B) and part of Fe?4S*4 clusters (only in
Monomer B). In the WT, the EC constituted part of the following hubs (Figure 4.12.2).:

e Monomer A: Phel00, Serl03, Ile104, Asnl06, Asnl08, Tyr109, Tyr110, Glylll,
Alall2, Alall3, Lys114, Metl15, Ilel16, Alal59, Leu665-Leu667, 1le717, Val718,
Ala721, Ala724, Ala729, Val732, Thr733, Ala734, Ala769, Ala771-Ala782 and 11e790-
Leu929
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e Monomer B: Thr595, Phe707, Ala708, Leu710, Ala721, Val732, Ala734, Gly740-

Leu744, Leu775-Thr779, lle781-11€790, Phe805 and Ser808-Leu813.

Residue 112 — 159 forms the Fe?*4S%4 clusters domain I, which is in charge of electron transport
to the active site (130). The active site domain residues 525-847 coordinate inter-residue
connections with FMN and 5-FU. Residue 849-928 forms the Fe?"4S*4 clusters domain V
residue for the stability and electron transfer to the active site. These hubs have either been
completely lost, maintained, or formed in the presence of remote mutations. Systems D432N,
R886C, and L993R showed a total loss of significance in EC hubs at the active site domain
(FMN & 5-FU binding environment) when compared to the WT. Similar tendencies were
observed with the S534N active site domain mutation (Chapter 3) but not with the others. Offer
et al., reported enzymatic activities significantly higher than the native in mutant S534N in two
studies (168, 176). Other studies have linked this mutation to decreased DPD activity, but its
clinical significance remains unresolved (164). According to current evidence, heterozygous
carriers of these variants have a 25% average decrease in DPD activity (164, 505). Based on this
Chapter, the mutations S201R and S492L have been identified as potential DPD inhibitors (171).
Drastic reduction of 12.5 — 25% in reference to the native were noted in R235W, R592Q, D342N
and S492L (168) .Together, irrespective of the asymmetric monomer behavior, the EC results
show that the Fe?**4S8%;4 clusters domains and the active site domain are essential for DPD protein
functionality.

In comparison to EC, a more uniform distribution of DRN values was observed for KC
(Figures 4.13.1), similar findings were reported by Barozi et al (285). Furthermore, 15 key
persistent hubs were discovered based on global top 4% calculations (Figure 4.13.1 and Figure S
S4.2.4): Asnl108, Thrl110, Glyl11, Leul55, Leu775, Asn777, Val778, Thr779, 1le781, Ala782,
11790, Phe805, Ser808, Ala810, and GIn833 (Table S4.6.5). KC hubs, as reported earlier in the
clinically significant mutated data, were an extension of EC, emphasizing the importance of not
only active site EC values but also cofactors. They also demonstrated the asymmetric behaviour
of each monomer, with a dominant number of hubs and a subdominant number of hubs
monomer, as seen in all of our metrics. The 3D visualization of the key KC hubs communication
network (Figure 4.13.2) identified three important central locations of these hubs (cofactors, iron

clusters; and the 5-FU binding site).
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Figure 4.12.1: Heatmap depicting global top 4% key hubs for averaged eigen centrality (EC). Heatmap of the (A) drug free
(inactivated) and (B) drug bound (activated) ensembles. The x-axis represents protein residues, while the y-axis represents WT and
the 7 mutation (remote) proteins. Centrality values of hubs are annotated with the value, with low to high centrality colored white to
black, respectively. Barozi Victor derived the single heatmaps. The author, however, did the entire figure combination.
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Figure 4.12.2: 3D cartoon representation of the distribution of eigen centrality hubs of the drug bound ensembles along the
oxidoreduction catalytic channel. Monomer A WT EC hubs are denoted as light-grey, Monomer B WT EC hubs as blue. Mutation-
induced newly introduced hubs shown in dark-grey in Monomer A and sky-blue in Monomer B. Oxidoreduction catalytic channel
(NADPH, FAD, Fe*"4S*4 clusters, FMN and 5FU) is shown in yellow. The mutations are represented in indigo.
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Figure 4.13.1: Heatmap depicting global top 4% key hubs for averaged katz centrality (KC). Heatmap of the (A) drug free
(inactivated) and (B) drug bound (activated) ensembles. The x-axis represents protein residues, while the y-axis represents WT and
the 7 mutation (remote) proteins. Centrality values of hubs are annotated, with the value of low to high centrality colored white to
black, respectively.
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Figure 4.13.2: 3D cartoon representation of the distribution of katz centrality hubs of the drug bound ensembles along the
oxidoreduction catalytic channel. Monomer A WT KC hubs are denoted as light-grey, Monomer B WT KC hubs as blue. Mutation-
induced newly introduced hubs shown in dark-grey in Monomer A and sky-blue in Monomer B. Oxidoreduction catalytic channel
(NADPH, FAD, Fe*"4S*4 clusters, FMN and 5FU) is shown in yellow. The mutations are represented in indigo.
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4.3.3.3 Allosteric hotspots and cold spots were determined using persistent hubs

Except for EC, the following persistent hubs were identified by the four metrics:

e BC:Leul55

e (C:Gly71, Ala72, Leu73, Ala74, Glu75, Ala76, Cys79, Leu80, Alal01, Ile104, Leul42,
Ile150, Leul55, Pro598, Met599, Pro602, and Ser605

e DC: Asnl08, Val778, Thr779, 1le781, 11e790, and Ser808

e KC: Asnl08, Thr110, Glylll, Leul55, Leu775, Asn777, Val778, Thr779, 1le781,
Ala782, I1e790, Phe805, Ser808, Ala810, and GIn833

These hubs (persistent) remained unchanged in the presence of mutations, first, clinically
relevant (Chapter 3) and then remote (Chapter 4) mutations. The important protein regions that
are not susceptible to mutations, according to Krishnamoorthy and colleagues, are referred to as
mutational cold spots (468). Furthermore, persistent hub data has been proposed as a method for
detecting cold spot residues (266). Figure 3.14 depicts 3D visualization of persistent hubs in the
WT in detail. Allosteric cold spots were thought to be better drug design targets because they
were less prone to mutation occupancy. In this case, most of the persistent hubs were centrally
located within the protein; they involved both the C-terminal and N-terminal Fe**4S?4 clusters
domain. This is in line with previous findings. Three major hubs in particular stood out among
all the persistent hubs (N108, L155, and V778). V778 was found in the majority of the metrics,
including EC, and had the highest centrality values, whereas L155 was found in four of them
(BC, CC, DC, and KC). N108 was discovered in the vast majority of systems as well (BC, DC,
and KC). Functionality specifics. Details of the functionality of these residues are in Chapter 3.

4.3.3.4Mutation-induced impact on inter-residue interactions was revealed by
weighted contact maps
The degree of residue interactions with immediate neighbors (within 6.7 A Euclidean
distance) was ranked from O to 1 in the mutated residues using the MDM-weighted TASK's
contact map tools. This method has previously been used to investigate short-range
communication in mutants (59, 266, 287, 345, 446). In our prior reports (Chapter 3), we used a

similar approach to demonstrate short-range residue-residue communication in the presence of
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mutant. Figure S4.3.1 to S4.3.7 revealed minor differences in residue contacts between
monomers, which were attributed to local asymmetry in side chain conformations, which is
common in complexes.(285, 449).

In comparison to the WT, Monomer A of S201R (Figure S4.3.1) demonstrated a loss of
interaction with Leul22 and Phe205 (up to 2-folds), as well as a compensatory gain in H-bond
with Asnl120. Furthermore, contact with Leul22 was reduced by more than twofold, while
interaction with Asn128, Pro197, Phe205, Gly495, and Lys497 increased by twofold. There was
also a weak adaptive gain of the hydrogen bond with Ser500.

Similar findings were seen in K259E (Figure S4.3.2), where there was a more than 2-fold loss of
interaction (Monomer A: Phe217, Gly218 & 11e256 and Monomer B: Phe217, Glu218, Lys219,
[1e256 & Leu261) and adaptive gain of interaction (Monomer A: Phe217, Gly218 & 1le256 and
Monomer B: Phe217,Glu218, Lys219, [1e256 & Leu261) in respect to the WT. In this mutation,
the polarity of the charged residue which was initially positive (lysine) changes to negative
(glutamate). The K259E mutation's polarity change may be responsible for the enzyme's partial
(or complete) inactivation: As a result, the additional negatively charged residue is likely to
cause a subtle shift of the loop backbone away from the B-sheet's hydrophobic environment
(130). In turn, H-bonds from neighboring Leu261 and Ser262 are weakened, as are those from
Gly258-N to Lys219-O (3.5 A), which also plays an important role in cofactor binding by
shielding the adenine-moiety of FAD from solvent access. Furthermore, Glu218 (which fixes the
hydroxylgroup-O2* of FAD (2,7)) may be pulled away. As a result of the altered FAD-binding
and orientation in the Glu259 monomer, the hydride transfer from the electron-donating
cosubstrate NADPH, which is located adjacent to the FAD-flavine moiety, should be perturbed
(180).

D342N (Figure S4.3.3) had the most changes in interaction at the point of mutation compared to
the other systems, which was due to its proximity to NADPH coordinating areas (124). When
compared to WT, there was a complete loss of interaction in Phe365, Asp346, Ala372, and
Glu378 in Monomer A. As a compensatory measure, an increase in hydrogen bonding was
observed in the Gly339, Ala340, Arg371, and Ala437 of both monomers. Differences in
hydrogen bond gain (Ala340, Ala372, Gly439, and Asn487) and contact loss (Prol31, Asp134,
and Ala372) were also observed in Monomer B between the WT and D342N.
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In contrast to the WT, Monomer A of D432N (Figure S4.3.4) demonstrated a moderate increase
in contacts (Gly302 and Arg332), whereas Monomer B demonstrated a loss of interactions
(Gly333 and Val334) and a gain of interactions (Gly333 and Val334) (Arg332, Arg402, I1e403
and Val404).

When compared to the other systems, S492L (Figure S20.5) and D342N showed several
differences in interaction within the point of mutation. This could be because it is close to FAD
(Monomer A: 9.3 and Monomer B: 9.5). In several of the interacting residues, there was a
general loss of connections (Monomer A: Gly479, Gly480, Asp481 & Thr488 and Monomer B:
Gly479, Gly480, Asp481 & Asn494) and a gain of interactions (Monomer A: Gly196 & Gly496
and Monomer B: Val128 & Prol179).

R886C (Figure S4.3.6) showed a loss of interaction (Monomer A: Gly479, Gly480, Asp481 &
Thr488 and Monomer B: Gly479, Asp481 & Asn494) and an increase or gain in comparison to
WT (Monomer A: Glyl96 & Gly496 and Monomer B: Vall29 & Prol197). When comparing
L993R (Figure S4.3.7) to the WT, there were fewer gains (Monomer A: Met1004 and Monomer
B: Asp1000 & Cys1001) and losses (Monomer A: Cys959) of interaction.

The analysis of contact maps and heatmaps for persistent hubs (Tables S3.9.1-S3.9.3) revealed
that the high centrality observed in the dimerization Fe®*4S*4 clusters region is due to
new/increased interaction between the dimerization domain and the hub and neighboring
residues. Okeke and colleagues reported on the this (287). Most importantly, these findings
emphasize the effects of mutations on structural networks, which affect protein interactions and
communication patterns. Hence, the partial loss of DPD function in the presence of mutations

(174, 445, 462).

4.4 Conclusion

Significant progress has been made toward precision oncology care thanks to a
collaborative effort to improve our understanding of cancer by combining multiple data sets and
algorithms (59, 507). Integrating in vivo, in vitro, and in silico data, as well as models, is critical
for overcoming the inherent challenges of data complexity (508). Fundamentally, these
approaches aid in the discovery of the molecular and biological mechanisms underlying drug

metabolizing enzymes (509, 510). In this paper, we present a comprehensive synergistic
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combined approach of all-atom MD simulation and post MD-trajectory analysis to decipher
structural changes on the DPD protein caused by missense mutations. Post-MD simulation was
conducted on the WT and seven non-clinically investigated remote DPD mutations seen in
people of African descent (S201R, K259E, D342N, D432N, S492L, R886C, and L993R). To
begin, known global analytic approaches (RMSD, RMSF, Rg, H-bond, and essential dynamics)
were used to gain insight into mutation-induced protein dynamics.

The following are the study's specific significant findings (79): the RMSD, which
included framewise RMSD and RMSF, revealed that the mutations increased the asymmetry of
DPD monomers in comparison to the WT. This was due to the flexibility of the loop areas,
which made up approximately 45% of the protein. Significant fluctuations were also observed in
the active-loop region (9). RMSF and DCC data showed that there were very few fluctuations
around the protein core in both mutants and WT. Similarly, our previous study on the WT
revealed increased variation in the loop area but no change in the protein core (147). Notably, we
discovered that mutations increased residual fluctuation within the active site but not in the WT.
As a result, we conclude that these mutations, regardless of position, influenced DPD
responsiveness to 5-FU via active site residue interaction. Similarly, top 4% averaged EC hubs
3D mapping uncovered that the majority of these hubs were located in active site regions
extending to the Fe**4S%4 clusters in the WT. EC hubs were reduced in the active site area but
increased in co-factor regions in mutation. This demonstrated that the mutations were losing
relevance in the active site function of DPD (511). Besides that, we identified the frequency of 5-
FU atomic contact across MD simulations based on its interaction frequency. Aside from the
mutation-induced asymmetric behavior per monomer, the 5-FU contact residue showed
significant loss and gain of interaction in relation to the WT. S670 and C671, in particular,
revealed differences in interaction between monomers in each mutation, as well as loss of
interactions in some cases (150). We presented data from various DRN metrics and how they
define the topology of the residue interaction network. This helped researchers understand how
mutations in the DPD protein affect the distribution of global mediating centers and allosteric
signaling. Apart from previous DRN analyses in which a clearly defined single allosteric
communication network pattern to the active site was obtained with either BC (287) or EC (283),
BC and DC independently suggested allosteric communication signaling along the electron

transport system (NADPH, FAD, Fe**4S*4 clusters, FMN to 5-FU). The two BC routes run
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parallel to the electron transport pathways more internally, whereas the DC pathway runs parallel
to the electron transport channels more externally. Both paths were represented by large hub
ensembles, which was also observed in one of our previous studies (374). Some of the large hub
clusters present in the WT system were lost or replaced in the mutant system, with the most
impacted areas being the regions surrounding the cofactors (NADPH, FAD, Fe**4S*} clusters,
and FMN), as well as the active site region. As a result, allosteric compensatory communication
to the active site is proposed. This explains the previous in vitro research on these mutations'
partial loss of enzyme activity (168, 176). While the WT enables an efficient communication
pathway via the optimal two communication pathways per monomer seen in BC and DC, the
mutations may evoke a broader ensemble of suboptimal and less efficient compensatory
allosteric routes via BC and DC as well. This results in DPD's dysfunctional metabolism of 5-FU
(133). Our future research will focus on discovering new allosteric drug modulators to restore
DPD protein function. To that end, we have identified a cold spot residue that will serve as a
potential target area for pharmacological modulators. This will pave the way for individual

tailored therapy (precision medicine) based on revealed missense mutations.
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CHAPTER S

Insight into the pharmacogenomics impact of catalytic domain mutation-
induced effects on the dihydropyrimidine dehydrogenase protein structure

and functionality, which causes the malfunction of 5-fluorouracil metabolism

This section presents non-clinically significant catalytic domain mutations in reference to in vitro
and ex vivo studies. A hybrid of communication patterns depicts the aspect of cold spot protein
regions, as well as the change in residual communication pattern within the protein catalytic and

binding residues as influenced by missense mutations.

The first draft manuscript for this chapter is complete and has been presented to all parties

involved for review before being submitted for publication.

Contribution: This research was performed under the supervision of Ozlem Tastan Bishop and
Thommas Mutemi Musyoka. Maureen Bilinga Tendwa conducted all global and local
calculations, including the DRN calculations. However, the script for the identification of global
top 4% high significant multi-metric (BC, CC, DC, EC and KC) DRN residues was generated by
Olivier Sheikh Amamuddy (for another study); and DRN hub calculations were performed by

Victor Barozi in this study. The paper draft was written by Maureen Bilinga Tendwa.
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5.1 Introduction

Drug metabolizing enzymes have evolved over time, where a variety of functional groups
work together to influence the active site microenvironments. These finely tuned groups create
complex environments that allow for the catalysis of reactions with unprecedented efficiency and
specificity (512, 513). They are generally conserved within protein families, suggesting their
significance in substrate recognition and catalysis (514, 515). The optimal function of residues in
these groups is centered on their invariable flexibility, which permits them to support necessary
changes during the catalytic cycle (516). This flexibility usually comes at a cost because of
locally introduced strain, which destabilizes the substrate and prearranges the active site for
transitional-state stabilization (517-519). Active site residues, in specific, have been found to
catalyze and bind drugs, as well as to stabilize their reaction intermediates. This results in the
formation of sufficient points of contact for the drugs' strong binding (520, 521). Hence, the
catalytic residues are critical in promoting drug binding and enzyme activity (521, 522).
However, mutations of residues close to the active site disrupt the residues' drug binding affinity,
interfering with drug binding (523). Over the last few decades, enzymology researchers' ability
to obtain molecular structures of proteins and perform site-directed mutagenesis has provided
valuable insights into how enzymes perform their functions at the atomic level (524-527). These
studies frequently concentrated on the general function of catalytic residues, such as acid/base
reaction, covalent, and electrostatic contributions to catalysis (528, 529). However, studies which
systematically investigate the consequences of all active site residues indirectly involved in bond
formation and breaking are uncommon (527, 530, 531). Previously thought to only be essential
for substrate binding, these non-catalytic residues have been discovered to be as important for
enzyme function as catalytic residues (522, 530, 531). In this study, we looked at the entire
active site environment of Dihydropyrimidine dehydrogenase (DPD) and how active site domain
mutations related to people of African ancestry affect its functionality. The DPD active site
domain, also known as domain IV, is composed of FMN, residues 525 to 847, and 5-FU per
monomer (129-131). The FMN is positioned on top of the domain’s asPs-barrel and is close to
the opposing monomer’s 2 (Fe?*4S%4) redox cofactors. As a result, the ping-pong transmission of

two electrons across the dimer interface to 5-FU is enabled. This ligand is bound directly above
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the FMN-isoalloxazine ring, parallel to the pyrimidine ring elements (Figure 40) (130). FAD's O»
and N10 atoms are about 3.8 times farther apart than 5-FU's O> and O4 atoms. There is a similar
gap between the reactive centers of Cs in 5-FU and the reactive centers of N5 in FAD. The close
proximity of the two allows for the final electron transfers that cause 5-FU degradation. Table
5.1 contains additional information on the interactions occurring within the active site (catalytic-
site residues and binding-site residues) environment (129, 131, 151). Therefore, identifying an
enzyme's functional groups, including active site residues, is a critical step in understanding its
biological functions and the underlying catalytic mechanisms. These are the foundations of both
fundamental research and drug design.

In light of our previous findings, we propose that missense mutations in the DPD
enzyme's active site domain may play a significant role in 5-FU degradation, resulting in varying
degrees of toxicity. Commonly described missense mutations in DPD enzymes, for example,
have been linked to varying degrees of toxicity in the Caucasian population (162, 164, 166, 366).
Consequently, preliminary screening for the DYPD gene, which encodes DPD, has recently
begun in regions throughout Europe and the United Kingdom. The goal of screening is to adjust
the dose in the presence of clinically significant missense mutations (163, 164, 166). While
increased knowledge has resulted in lower toxicity in some subpopulations, this has not been
emulated in people of African descent. Besides, it is unclear how missense mutations in the DPD

active site domain affect 5-FU interactions within the active site.
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Figure 5.1: The 3D illustration of the dihydropyridine dehydrogenase (DPD) protein. A) Dimeric structure with Monomer A as a grey
surface and Monomer B as a cartoon made up of domain I (teal), domain II (cyan), domain III (purple), domain IV (ivory), and
domain V (yellow) (royal-blue). The position of six missense mutations shown in maroon, 5-FU medicine (red), FAD (green), and the
active site loop define the active site domain (maroon). B) An overview of 5-FU catabolism and anabolism from NADPH" to NADP
to 5-FU reduction. Catabolism of 5-FU to 5,6-dihydro-5-fluourouracil (DHFU) results in the synthesis of a-fluoro-f-alanine (FBAL),
which is eliminated in urine. Anabolism of 5-FU produces three primary active metabolites: fluorouridine triphosphate (FUTP) which
causes RNA damage; deoxythymidine triphosphate (dTTP) which causes DNA damage and integration of fluorodeoxyuridine
triphosphate (FAUTP) instead of dTTP which also causes DNA damage. C) The active site residues that interact with 5-FU medicine,
as well as the active-loop region (maroon), which adopts a closed conformation upon drug binding (activation) and an open
conformation when inactive (drug free).
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Table 5.1: An illustration of key residues within the active site of DPD (129-131)

Group

Residues

Function

5-FU binding

N609, N668 and

Interactions of three asparagine hydrogen bonds with 5-FU

5-FU binding

T737 and S670

Interactions between 5-FU side chains and hydrogen bonds

S670 bridges residue L709 and N736 which engage in FMN and 5-FU binding
respectively. Positioning C671 between 5-FU thiol group and C5 atom at a distance
of ~3.3 A

Active site loop

(IVB4-IVyd)

Residues 675 - 679

5-FU-free exists in open conformation

5-FU-bound exists in closed conformation

C671 (catalytic

Vital residue catalytically

Active-loop adjacent L669 and A683 Responsible for changes within the pyrimidine binding pocket

residnes

FMN-bonding K709 and N736 Hydroxyl group of S670 form hydrogen bonds to K709 back-born carbonyl and

N736 carboxymide nitrogen

5-FU binding H673 Involved in 5-FU binding by van der Waals interactions

5-FU binding Qo611 Forms hydrogen bonds with H673 back-bone oxygen

Hydrophobic-core M642,1613,L612  Form hydrophobic core behind 5-FU from M642, 1613, L612 & V583 side chain
and V583 cluster interaction with M675 & M680 side chain cluster

FMN-binding (loop K709 K790 back-bone oxygen anchors one loop end of S670 through hydrogen bond and

anchor point)

5-FU N736 side chain
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Loop anchor points H673, M675 and  H673 forms hydrogen bonds to E611
E677 . . . .
M675 forms hydrophobic interactions with non-loop residues
E677 engages in hydrogen bond interaction with 935 and 936

H673 Stabilize closed active site loop conformation
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The trajectories (600 ns) of the WT and six [(WT, R592Q, A664S, G674D, A72I1T,
V732G, and T768K) missense mutations found in African subpopulations were subjected to a
combination (global and local) of post-MD analysis. These global [RMSD, Framewise RMSD,
RMSF, radius of gyration (Rg), dynamic cross-correlation (DCC), and principal component
analysis (PCA)] and local [collective DRN multi-metrics, contact-map, contact heatmaps, center
of mass (COM) distances, and Ligplots] investigations revealed mutation-induced changes in (a)
DPD stability and flexibility, (b) DPD catalytic environment involving molecular recognition
and catalytic mechanism, (c) DPD-drug complexes by studying conformation heterogeneity and
dynamic catalysis, (d) the communication network within the active site, and (e) inter-residue
interaction at the point of mutation and the active site as a whole. These changes were depicted at
each monomer (A and B) as the protein shifted from inactivated closed (drug free) to activated

open (drug bound) conformation across all mutation systems in comparison to the WT.

5.2 Material and methods

It is essential to note that the investigative approaches used in this chapter were similar to
those used in clinical data. Refer to Chapter 3.2. However, in the present case, the following
remote mutations were noted: R592Q, A664S, G674D, A721T, V732G, and T768K. To recap,
the previously generated AMBER Fe** force field ion parameters for DPD protein (Chapter 2)
were factored in prior to simulation. Each of the modeled mutations in drug free and drug bound
were protonated before incorporation of iron parameters. Thereafter, the catalytic domain
mutated model structures were subjected to a 600 ns MD simulation. Moreso, the effects of the
mutations were investigated at the global and residue levels using post-MD analysis with the

aforementioned combined approaches.

5.3 Results and discussion

5.3.1 Non-clinically relevant missense mutations associated with the African

subpopulation and found within DPD active site domain were revealed
It should be noted that In vitro, ex vivo and in silico prediction are vital methods that can

be used for estimating DPD phenotypes and functional analysis of identifying missense
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mutations (133, 168, 176, 179, 451, 503, 532). Therefore, the three methods were used taken into
consideration while identifying the active site domain IV related to non-clinically significant
mutations. Using the NHLBI Exome Variant Server and Minor Allele Frequencies (ESP MAF)
(74), high coverage African ADME Dataset-HAAD (75), the 1000 Genomes Project (76),
Database of Single Nucleotide Polymorphisms (dbSNP) (77), ensemble (78), and UniProt, we
identified mutations (1) associated with African subpopulations, and (2) located within the active
site domain (33). In addition, data from PharmKGB (30), ClinVar (32), and consensus from in
silico pathogenicity prediction data from MU, PhD-SNP, Proven, Polyphen-2 were incorporated
in Variant Analysis PORtal (VAPOR) (Table S5.1) (29). This approach was similar to our
previous chapters’ (the clinically relevant and remote non-clinically significant missense
mutations) investigations. In this chapter, six active site domain mutations (R592Q, A664S,
G674D, A721T, V732G, and T768K) were obtained (Figure 5.1). Overall, these mutations have
effects on protein structure that are consistent with clinically relevant effects (Table S1). both the
Ensembl Variant Effect Predictor (EVE) and Variant Annotation Integrator (VARITY) programs
for sequence-based variant effect prediction consistently identified R592Q, A664S, A721T and
V732G as highly pathogenic, whereas G674D and T768K were considered less likely to be
pathogenic (Figure S5.1.1 — S5.1.3).

In this study, we found G674D (Monomer A: 16.1 A and Monomer B: 13.6 A) to be the
closest mutation to the active site compared to the other active site mutations [R592Q (Monomer
A: 18.6 A and Monomer B: 18.3 A); A664S (Monomer A: 21.6 A and Monomer B: 21.8 A);
T768K (Monomer A: 20.6 A and Monomer B: 19.8 A); A721T (Monomer A: 28.6 A and
Monomer B: 28.3 A); and V732G (Monomer A: 30.7 A and Monomer B: 30.5 A)] (Table S5.2).

PART I

5.3.2 Local analysis
5.3.2.1Weighted contact-maps reported the effect of mutations on inter-residue
interaction at the mutation site
The growing interest in evaluating changes in residue networks to better understand
protein function has resulted in the development of a number of tools that provide a reduced

matrix representation of the structure (329, 533-535). In MD-TASK, a contact map tool was
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implemented to determine residue contact frequencies around a single residue across MD
trajectories, which was lacking in previous approaches. Interactions such as van der Waals,
hydrogen bonds, and electrostatic bonds are used to infer contacts (329). Residues with loss,
gain, and reduced interactions can be identified by assigning values ranging from 0 to 1. Contact
maps have previously been used to identify significant interaction changes associated with ligand
binding and protein mutations (270, 438, 448). A recent enhancement to MD-contact TASK's
map functionality, as implemented in MDM-TASK-web, allows users to calculate contact
frequencies for multiple residues of interest (284). Hence, a number of proteins inter residue
interaction have been characterized using this approach (266, 285-287, 345, 374). Similarly,
MDM-TASK-web (499) was used in previous Chapters (3.3.4 clinically linked mutation
(including both remote and active site mutations) and 4.3.3.4 remote mutations) to assess the
potential effects of remote mutations on the native inter-residue network. Using the equilibrated
trajectory regions of the native and mutant proteins, we calculated the local contact frequencies
around the mutated residues and catalytic residues. Samples for equilibrated trajectories were
extracted from the same time frame of an equilibrated 30 ns section of trajectory each monomer
on a protein system prior to drug exit. Significant changes were observed in both the catalytic
(S534N and 1543V) and remote mutations (clinically linked: C29R, M166V, Y186C, D949V and
non-clinically linked: S201R, K259E, D342N, D432N, S492L, R886C, and L993R), in regard to
local perturbation around the mutations.

In this section, we sought to decipher the immediate neighboring active site domain
mutation-induced effects in activated DPD before delving into how these effects translate to the
5-FU binding site environment. Prior to conducting these analyses, we used Discovery Studio 19
(394) to create 3D models of each drug bound and drug free mutation from the previously
homology modeled human DPD structure (147). To create each ensemble, each specified residue
was mutated as needed. The 12 drug free and drug bound modeled structures were found to be
native-like after verification with ERRAT (386), ProSA (210), and PROCHECK (209) (Table
S5.3). They did, however, contain a number of residues whose protonation state could not be
accounted for by classic MD simulation (266). As a result, prior to simulation, all of the modeled
structures were protonated at pH 7.5 using the H++ webserver (390).

MD simulation (600 ns) was performed on eight (two WT and six mutations) proteins

systems in their drug-free and drug-bound states. The contact map tool in MDM-weighted TASK
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was then used to visualize the rate of proximal inter-residue interaction at the point of mutation.
(283). This included mutation trajectories for the entire simulation period. Close inter-residue
interaction was rated from 0 (absence) to 1 (presence) in 6.7 Euclidean distance (presence).
According to Figure S5.1.1 — S5.1.6 visible differences in residue contact between monomers
were observed, which is a common feature in complexes. This was believed to be due to side
chain conformational asymmetry on a local scale (285).

R592Q has been predicted as potentially damaging by computational predicting tools
(Table S5.1), and in vitro studies have revealed remarkable reductions this enzyme activity of
12.5-5% compared to the WT (174). Substitution of Arg for Glu in position 592 (R592Q) on a
local scale showed loss of interaction (Monomer A: Thr594 and Monomer B: Thr594, Ser598 &
Thr600) with a compensatory gain in H-bonds (Monomer A: Gly609, Gln604, Phe607 & Val995
and Monomer B: Gly601, Gly603, GIn604, Phe607 & Val995) (Figure S5.1.1).

Concerning A664S, at least three computational predicting tools postulated that the
substitution of Ala for Ser would be likely harmful (Table S5.1). Figure S5.1.2 shows that
Monomer A has a slight loss of interaction with Leu540 and no gain of interaction. Monomer B
lost interaction by a factor of two around Leu540 and Phe707, while Ala662 and Phe706 gained
interaction. There is limited experimental data on the effect of A664S on enzymatic function.
However, mutations near the active site have been linked to decreased enzymatic function in
prior studies on S534N and [543V (Chapter 3).

Similarly, despite the lack of clinical or experimental evidence on G674D, which is
located in the active loop region (174), there was a strong census from computational predicting
tools that these mutations were probable damaging (Table S5.1). In comparison to other
mutations, G674D had the greatest loss and gain of new interactions, which may be attributed to
its relative position in the active-loop area and it being the closest mutation to the 5-FU binding
region (Table S5.2). In Monomer A, the substitution of Glu for Asp in position 674 resulted in
the greatest loss (Leu612, Cys671, Gly678, Pro672, Ala668 & Phe935) and gain (Gly676,
Glu677, Arg678, Gly679, Met680, Gly681, Leu682, Gly993 & Thr934) of inter-residue
interaction rate. Monomer B, on the other hand, demonstrated the least loss (Pro672, Gly676,
Glu677, Arg678, Leu682 & Thr934) and gain (Phe935 & Gly936) of interactions by a factor of

two or more (Figure S5.1.3).
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The substitution of Ala for Thr at position 721 (A721T) was predicted to be potentially
harmful by computational predicting tools (Table S5.1), despite the limited experimental data.
Figure S5.1.4 showed reduced (Monomer A: Leu710 and Lys725 and Monomer B: Ile717) and
increased inter-residue contact (Monomer A: none and Monomer B: Leu710, Lys725 & Leu785)
by at least 2-fold in mutation A721T .

The substitution of Val for Gly at position 732 was predicted by computational tools to
be slightly harmful (Table S5.1). However, there is little experimental evidence for this mutation.
In comparison to A721T, V732G showed a slight increase in loss (Monomer A: Leu710, Ala721,
Ala724, Ala734 & 1le781) and gain (Monomer A: Lys709, Ala729, Pro789 & Leu791 and
Monomer B: Phe707, Lys709, Pro789) of residue-residue contacts per monomer. (See Figure
S5.1.5).

Ogura et al., (503), functional analysis of T768K revealed a faster decrease in T768K-
related activity than the WT. Furthermore, this variant was also predicted to be potentially
harmful (Table S5.1). The substitution of Thr for Lys at position 768 resulted in a loss (Monomer
A: Ser596 & Asp797 and Monomer B: Gly795, Asp797, & Ser817) and gain (Monomer A:
Ser596, Gly797, Ser605, & Ser817 and Monomer B: Thr594, Thr595, Ser596, Gly597, & Ser60)
of inter-residue contact per monomer (Figure S5.1.6).

As we previously discovered (Chapter 3: 3.3.4 and Chapter 4: 4.3.3.1), the difference in
inter-residue interactions on monomer A versus monomer B in the presence of mutation could be

an indication of allosteric signaling. This is consistent with other studies. (266, 285-287).

5.3.2.2Mutation-induced asymmetric behavior in 5-FU atomic interaction per

monomer was discovered

The clinically relevant mutations found within the active site (S534N and [543V)
demonstrated that the presence of mutation interferes with inter-residue interaction at 1) the point
of mutation. 2) the active site binding environment (which includes the catalytic loop). The
closed catalytic-loop (residues 670-682) conformation is critical for DPD protein catalytic
activity.(129, 130). As a result, any change in its conformation will have an effect on protein
function. Mandelker D, et al(536), discovered that oncogenic mutations in the catalytic domains
of kinases increased activity by changing activation-loop conformations. However, the apparent

effect on catalytic site structure varied depending on the mutations. Keeping this in mind, and

190



employing the MD-TASK-tools described above, the atomic interaction between 5-FU and DPD
was investigated. This would demonstrate how mutation-induced changes at the point of
mutation affected substrate binding environments (Figure 5.2). 5-FU binding environment
include residues (Asn609, Glu611, Leu612, Asn668, Ser670, catalytic residue C671, Asn736 and
Thr737) (130). In general, the main catalytic residue Cys671 has been observed in open
conformation in the loop (residues 670 - 683) area of the drug free DPD (123, 124). When
activated (drug bound), the loop closes, allowing Cys671 to be optimally placed for proton
transfer. At opposite ends of the catalytic loop, two residues anchor Cys671. The original anchor
point is formed by hydrogen bonds and FMN's backbone oxygen atom binding Lys709 and side
chain linking residue N736, respectively, at the location of residue Ser670. The second anchor
point is on residue His673, which is hydrogen-bonded to Glu611, Met675, and Glu677 (130,
131). Figure 4.7 in this section depicts the asymmetric behaviour of Monomer A and Monomer
B in 5FU-protein interactions. The WT protein maintained high contact frequency with the
following residues:

e Monomer A: Arg589, 11e591, Phe607, Leu608, Asn609, 1le610, Glu611, Leu612, 1le613,
Met642, Leu667, Asn668, Leu669, Ser670, Cys671, Pro672, Ala683, Gly685, Lys709,
Leu710, Thr711, Asn713, Thr735, Asn736, Thr737, Val738, Gly763, Asn737, Val738,
Gly764, Val765 and Ser766 (32)

e Monomer B: Thr575, Val583, Arg589, 11590, 11e591, Phe607, Leu609, 1le610, Glu6l11,
Leu612, Ile613, Ser640, Ile641, Met642, Cys643, Ser644, Glu666, Leu667, Asn668,
Leu669, Ser670, Cys671, Pro672, His673, Ala683, Cys684, Gly685, GIn685, Lys709,
Leu710, Thr711, Pro712, Thr735, Asn736, Thr737, Val738, Gly764, Val765, Ser766 and
Phe935 (40)

Inter-residue interactions differed the most in residues related to Leu612, Ser670, and catalytic
residue Cys671. (Figure 5.2). Considering catalytic residue C671, in Monomer A, the native
protein had high frequency contact with Met642, Ser670, Pro672 and Ala683. Mutant R592Q),
V732G and T768K lost contact with Met642 and had reduced contact with Ser670, Pro672 and
Ala683.
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Figure 5.2: Activated DPD protein residue contact heatmap showing the interaction between Monomer A and Monomer B of
5-FU. The shaded boxes in each frame represent significant differences in the frequency of interaction between the cofactor residues
and the surrounding contacting residues in the WT versus the mutation. White (0) to dark-red (1.0) represent no-contact (0) to strong-
contact (1.0).
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Conversely, compensatory gain of inter-residue interactions across all mutant systems were seen
in Met642, His673, Gly674, Met675 and Glu677. Similarly, in Monomer B, the native protein
had high frequency contact with Ser670, His673, Pro672 and Cys684. On the other hand,
compensatory gain in residue interaction was noted in Ser644 and Cys684. The difference in
SFU-protein interactions between Monomer A and Monomer B could indicate allosteric
signaling (285). Another example of allosteric signaling was observed at the Ser670 level in
Monomer A, where the native had high frequency contact with Asn668, Leu669, Cys671,
Ala683, Gly685, Thr711 and Asn736. These contacts were lost with Ala683 (R592Q & G674D)
and Gly685 residues (R592Q, A664S, G674D and T768K). There was a compensatory gain of
new residue-residue contact with Cys643 (G674D & V732G), Gly674 (A721T), Leu682
(V732G), Lys709 (R592Q & G674D), and Leu710 (R592Q & G674D) (R592Q). Ser670, on the
other hand, lost interaction with Gly685 (R592Q, V732G, and T768K) and Lys709 in monomer
B. (in all except, A721T). Across all systems, there was a compensatory gain in residue
interactions with Met642.

The DPD mutations, according to these findings, may impeded 5-FU catalysis by
reducing interaction with catalytic residues Ser670 and Cys671. However, as in our previous
study, a compensatory mechanism was noted via contact gain to establish proper catalytic action
(285). In a previous study, S534N and 1543V mutations in the catalytic site with clinically
relevant data showed a loss of H-bond in active site binding residues. This was linked to drug
exit from one of their monomers, respectively. As a result, we conducted additional research to
better understand the 5-FU binding residues. The drug bound structures were extracted from the
lowest energy level of trajectories prior to drug exit and visualized with LigPlot+. (398) (Figure
5.3). With the exception of R592Q, A664S, and G674D Monomer A, the remaining systems
retained 5-FU throughout the simulations. Monomer A lost hydrogen bond interactions with
Ser670, Asn668, and Thr737 in R592Q, whereas Monomer B maintained all interactions as in
the WT. Despite the loss of hydrogen interactions with Asn668, Ser670, Asn736, and Thr737 in
Monomer A in A664S, a compensatory gain of H-bonds with Glu611 was noted. However,
Ser670 was the only 5-FU binding residue in Monomer B that lost a hydrogen bond. Besides, in
Monomer A and B, G674D and A721T lost hydrogen interactions with Ser670. Although V732G
lost hydrogen interactions with Ser670 in Monomer A, T768K lost hydrogen interactions with
Ser670 and Asn668 in Monomer B but gained compensatory H-bonds with Glu611. The
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differences in DPD-5FU binding residues in Monomer A and B of each system suggested not
only monomeric asymmetry, but also interference with 5-FU binding and thus dysfunctional
metabolism. Furthermore, the partial loss of function could be attributed to the compensatory
gain of residue-residue interactions, including H-bonds, in order for the protein to maintain its
functionality. Carriers of S534N and 1543V have shown partial loss of function, whereas R592Q

revealed partial loss of enzymatic activities (176, 451).
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Figure 5.3: A 2D visualization of DPD-5FU binding residues of Monomer A and Monomer B. The structures were obtained from
the lowest energy minima of the trajectories as indicated on top of each picture frame.
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5.3.2.3 Aspects of protein communication network change in the presence of

mutations as represented by the averaged DRN penta-metric approaches

Previously in Chapter 4 (clinically linked mutations) and Chapter 5 (‘variants of uncertain
significance), we illustrated how DPD remote mutations induced 5-FU hampered metabolism
through allosteric pathways indicated by protein communication networks. Inter-residue
interactions form the basis of these networks, with residues acting as nodes and interactions
within nodes acting as edges (437). As stated earlier, the relevance of a node in a communication
network is referred to as its centrality. Mutations cause reorganization of inter-residue network
patterns, resulting in changes in node centrality (283, 285, 287). As a result, we sought to
decipher the mutationally induced communication network that resulted in the upheaval
observed in the active site environment. 30 ns equilibrated trajectories samples were extracted
from the same time frame of both monomers of a protein system prior to drug exit for both drug
free and drug bound systems (Table S5.5 and S5.6). Each sample produced the global top 5% of
five different averaged centrality metrics, namely: Betweenness centrality (BC), Closeness
centrality (CC), Degree centrality (DC), Eigencentrality (EC), and Katz centrality (KC) of the
WT and mutations. The combination of the obtained global top 5% highest centrality nodes
calculated across the related samples in each of these metrics was referred to as "hubs."
Furthermore, due to the large size of the protein, we standardized these calculations by deriving
the global top 2, 3, 4, and 5% of hubs for each metric. The 4% cutoff was chosen to include all
hub residues while reducing data noise caused by the protein's size. Similar studies adopted the
same method to determine communication patterns within proteins (18, 19, 73, 82). These hubs
were discovered to correspond to regions around cofactors (NADPH, FAD, Fe?*4S%4 clusters,
FMN) or substrates, as well as the protein interface (Table S3.4). as elaborated in the metrics
below:

Betweenness centrality (BC) reveals a mutationally induced communication pathway
within the DPD oxidoreduction channel: in determining the number of shortest paths across a
node in a particular residue interaction network, BC denotes the frequency through which a node
(residue) has been utilized (284). Thus, it represents communication routes connecting different
protein sites in DRN. It has also been useful in studying allosteric phenomena (285), identifying
major allosteric residues, as well as mutation and substrate-induced residue network shift in

proteins (270, 283, 287, 345, 374).
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Intersystem and intermonomer differences were highlighted in a heat map presentation of the top
global 4% BC values, as shown in Fig 5.4:1. Sheik Amamuddy et al., discussed the typical
asymmetric monomer behavior of a dimer, which was observed. (266). Besides, the following
"persistent hubs" were identified: Leul42, Leul55, and Val373. These are the hub residues that
remained unchanged from the reference WT in the presence of mutations for average BC
calculations. Previously, "persistent hubs" were defined as hubs that remained unchanged across
a set of comparative systems (266). As such, they are an implication of their functional
significance. Leul42 domain I interface residues involved with Fe?*4sS*4 clusters interactions
(130). Similarly, as explained in the preceding chapters of this study, Leul55 is a domain I helix
that serves as a vital hub, connecting to the unique Fe*" center binding residue GIn156. Another
point of interest was domain III interface residue Val373 which is involved with NADPH
interactions (130). Monomer B WT had the highest Val373 value (0.044), suggesting that after
5FU-binding, this hub assumes a greater role in information transfer throughout the network.

We mapped the global top 4% averaged BC hubs to the 3D DPD WT and mutation
structures in drug free and drug bound states for better visualization and analysis (Figure 5.4.2
and Figure S5.2.1). Similar to our prior BC calculations (Figure 3.9.2 and Figure 4.9.2), a large
hub cluster of communication pathways along the interior of oxidoreduction channel components
from NADP to the reduction 5-FU was observed in both monomers. However, it was discovered
that one path was more dominant in the number of hubs than the other. Mutant systems were
gaining importance (form new connections not seen in reference WT) with either of these hub
residues Tyr143 (Monomer A: A721T, V732G & T768K and Monomer B: R592Q & A664S);
Alal44 (Monomer A: R592Q, A664S, A721T & T768K and Monomer B: A664S, V732G &
T768K); Glul46 (Monomer A: All except V732G and Monomer B: All except G674D &
T768K); Glul47 (Monomer A: All except A721T and Monomer B: All except V732G). Same
tendencies were observed in the clinically relevant (Chapter 3) and non-clinically linked remote
mutations (Chapter 4). Nevertheless, these BC hubs (Thr143, Alal44, Glul46, Glul47, lle150 &
Gly153) have been introduced around the Fe**4S*4 clusters in domain I. They have increased
interaction with residue connecting Cys140 and GInl156 in comparison to the WT. Cys140 and
GIn150 form disulfide bridges with Fe?*4S%4 clusters, which participate in electron transfer to the

active site (147).
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Figure 5.4.1: Heatmaps illustration of significant hubs based on the global top 4% of averaged BC metric. The x-axis depicts
protein residues while y-axis depicts Monomer A and B WT and mutation proteins. The letters A and B stand for drug free and drug

bound ensembles, respectively. The detected hubs have their centrality values annotated, with the values low to high centrality color
coded from white to black, respectively.
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Figure 5.4.2: 3D mapping of the global top 4% for averaged BC metric of the WT and mutations in DPD drug bound
ensembles. A communication pathway along oxidoreduction (gold) pathway from Monomer A NADPH to FAD to 2 x Fe*"4S%4
clusters, proceeding to Monomer B 2 x Fe?*48%"4 to FMN for the reduction of 5-FU. The hubs in Monomer A are colored light grey

(original) and dark grey (newly introduced) and those in Monomer B are colored royal blue (original) and sky blue (newly
introduced).
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The introduction of these hubs could indicate a compensatory communication path to the active
site as a result of mutation that interfere with the redox process. Additionally, most mutation lost
contact with active site hub and FMN interacting residue Ser605 (Monomer A: A664S, G674D,
A721T, and T768K and Monomer B: R592Q, A664S, G674D, A721T, and V732G), which

could also interfere with the redox process.

Degree of centrality (DC) revealed a mutation-induced communication pathway
outside of the DPD oxidoreduction channel: unlike BC, DC defines the number of neighboring
nodes that surround a given node. The heat map presentation of the data revealed that the
monomers had slightly asymmetric behavior (Figure 5.5.1). A similar trend was observed not
only in the BC (5.4.1) data in the current chapter but also in our DC (Chapter 3: Figure 3.5.1;
Chapter 4: Figure 4.5.1) and BC (Chapter 3: Figure 3.5.2; Chapter 4: Figure 4.5.2) analysis from
our previous chapter. Intriguingly, more persistent hubs (Asnl108, Thr110, Leul55, Val778,
[1e790, and Ser808) were discovered in DC than in BC, with the exception of Leul55, which was
discovered in both. As witnessed earlier in our investigations, Asnl08 and Thr110 were
discovered to connect Fe**4S%4 clusters domains I and V, as well as FMN-binding domain IV.
Val778, conversely, was discovered to be more important in mediating interactions within the
active site, with the highest value (0.06) across all systems. Similarly, 11e790 and Ser108
interacted with FMN binding residues, suggesting that they played a significant role in FMN and
active site stability in general.

The global 4% averaged DC hubs from drug free and drug bound systems were mapped
to the 3D DPD WT and mutation structures for better visualization and analysis. In both the drug
free and drug bound protein states, a pair of distinct clusters of hubs constituting a
communication pathway along to the exterior of the oxidoreduction catalytic channel for each
monomer was observed (Figure 5.5.2 and Figure S5.2.2). BC hubs displayed a similar pathway
but more to the interior of the oxidoreduction channel components from NADP to 5-FU in both
monomers. However, in each system it was discovered that one path was more dominant in the
number of hubs than the other. The WT DC pathway consisted of the following Hubs (Tables
5.7.2):

e Monomer A: Ala72, Asnl08, Tyr110, Alal13, Leul55, GIn157, Ser199, 11e200, Ala203,

Gly282, Val313, Ala314, Ser335, 350, Ala351, Ala478, Gly480, Thr554, Ser605,
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Leu628, Tle641, Leu653, Ser654, Glu666, Phe707, Ala729, Val732, Gly740, Val778,
Thr779, 1le781, 11790, His807, Ser808, Leu813, Gly833, Leu837 and Ala928.= 38
Monomer B: Ala72, Asnl08, Tyr110, Alall3, Glyl38, Glyl39, Glyl53, Leul55,
Alal59, Ala203, Ala207, 1le214, Gly225, Val241, Val337, 356, Ala478, Trp568, Thr595,
Gly603, Val625, Leu653, Ser654, 11e694, Phe707, Ala729, Val732, Val778, Thr779,
Ile781, 11790, Ser808, Thr832, Gly833 and Ala928. =35

In respect to the WT, mutant systems lost connection with Pro232 (Monomer A: all systems);

Ser350 (Monomer A: all system); Ala351 (Monomer A: all systems), Gly603 (Monomer B: all

system) and Ile694 (Monomer B: all systems). However, compensatory gain of hubs was

observed around the:

i)

iii)

FAD in A664S (Monomer A: Alal98, 11e200, Cys202 and Monomer B: Alal98, Ser199,
Ala203), G674D (Monomer A: Gly194, Alal98, Cys202, Gly282 and Monomer B:
Alal98, Ser199, Ser201, Cys202, Ala203, Ala207, Ile214, Glu218, Gly282) and T768K
(Monomer A: Alal98, Ser201, Cys202 and Monomer B: Alal98, Ser199, Ala203,
Leu206, Glu218)

FMN in R592Q (Monomer B: Leu775, Leu813 & Cys816), A664S (Monomer A: 11e770
and Monomer B: Cys816), G674D (Monomer A: Leu813 and Monomer B: Leu813) and
AT721T (Monomer A: Leu775, Val815 and Monomer B:Leu775 & Cys816)

NDP in R592Q (Monomer B: Ala486), A664S (Monomer A: I1e482, Ala486 & Ser493
and Monomer B: Asp495); T768K (Monomer A: 11e482, Ala486, Ser493 & Asp495 and
Monomer B: [1e482, Val490, Serd493 and Asp495) and G674D (Monomer A: 11e482,
Ala486, Val490 & Asp495 and Monomer B: 11e482, Ala486, Ser493 & Asp495)

5-FU in R592Q (Monomer A: Thr595, Val625 & Leu710 and Monomer B: Thr595,
Leu710 & Gly740), G674D (Monomer A: Thr595, Val625 & Leu710 and Monomer B:
Thr595) and T768K (Monomer A: Thr595 & Val625 and Monomer B: Thr595, Leu710,
Ala729, Val732 & Gly740).

Overall, we demonstrated that: i) two distinct communication pathways per monomer were

observed using both BC and DC. The BC pathway was located anterior to the oxidoreduction

channel, while the DC pathway was located exterior to the oxidoreduction pathway. i1) The

compensatory gain in DC hubs along the oxidoreduction pathway to the active site may point to

mechanism for maintaining DPD functionality iii) In parallel with the clinically significant
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mutation and remote VUS, we conducted a direct cross-correlation analysis to investigate the
interplay between hub residues based on their BC and DC in both the drug-free and drug-bound
states of the DPD enzyme. Across all mutations, a positive correlation was observed between DC
and BC residue hubs per system. This correlation underscores the vital role played by these hub

residues in maintaining the functional integrity of the network (Figure S5.3.3 and S5.3.4).
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Figure 5.5.1: Heatmaps illustration of significant hubs based on the global top 4% for averaged DC metric. The x-axis depicts
protein residues while y-axis depicts Monomer A and B WT and mutation proteins. The letters A and B stand for drug free and
drug bound ensembles, respectively. The detected hubs have their centrality values annotated with the values low to high centrality
color coded from white to black, respectively.
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Figure 5.5.2: 3D mapping of the global top 4% for averaged DC metric of the WT and mutations in DPD drug bound
ensembles. A communication pathway along oxidoreduction (gold) pathway from Monomer A NADPH to FAD to 2 x Fe*"4S*4
clusters, proceeding to Monomer B 2 x Fe?*48%"4 to FMN for the reduction of 5-FU. The hubs in Monomer A are colored light grey
(original) and dark grey (newly introduced) and Monomer B are colored royal blue (original) and sky blue (newly introduced).
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An insight into Closeness centrality (CC), Eigen centrality (EC), and Katz centrality (KC)
revealed a distinct regional communication pattern within DPD. Similar to our earlier
investigations, the number of central nodes that are closest to other central nodes (CC) was first
investigated, and thereafter we focused on high connectivity nodes which are surrounded by
other high connectivity nodes centered on residue proximity (EC). Our subsequent research
concentrated on KC, which is largely an extension of EC. Okeke and colleagues (287) discovered
that averaged CC was the most restrictive in determining centrality, followed by KC and DC,
which was consistent with our findings.

Also, comparable to our previous clinically significant analysis report, the heatmap
depiction of averaged CC (Figure 5.6.1 and Table S5.7.3) disclosed that CC had the most
persistent hubs in comparison to BC, DC, KC, and EC (Gly71, Ala72, Leu73, Ala74, Glu75,
Ala76, Cys79, Leu80, Alal01, Ile104, Leul42, Ile150, Leul55, Pro598, Met599, Pro60). There
are no proven mutations in this region, according to the literature. These territories which are not
vulnerable to mutations are referred to as mutational cold spots by Krishnamoorthy et al., (442).
Mapping the hubs to 3D protein structures demonstrated that all global top 4% averaged CC
hubs are primarily located in the protein's center, particularly in the dimerization domain's
Fe?*4S%4 clusters region (Figure 5.6.2 and Figure S5.2.3). Thus, the relevance of Fe**4S%; cluster
domains in DPD enzyme functionality in relation to dysfunctional 5-FU degradation was
demonstrated. The WT CC pathway consisted of the following Hubs (Tables 5.7.3):

e Monomer A: Glu71, Ala72, Glu75, Ala76, Cys79, Leu80, Ile101, Thr102, Ile104,
Ser105, Vall37, Cys140, Asnl4l, Leul42, Glul46, Glul47, Ile150, Asnl51, Ilel52,
Leul55, Ser596, Gly597, Pro598, Met599, Tyr600, Gly601, GIn604 & Ser605.

e Monomer B:Leu67, Glu69, Arg70, Gly71, Ala72, Leu73, Arg74, Glu75, Ala76, Met77,
Arg78, Leu80, Ilel01, Ilel04, Ser105, Vall37, Cysl140, Leul42, Thrl45, Glul47,
Ser149, Ile150, Asnl51, Ile152, Leul55, Thr595, Ser596, Met599, Pro602, Gly603 &
Ser605.
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Figure 5.6.1: Heatmaps illustration of significant hubs based on the global top 4% of averaged CC metric. The x-axis depicts
protein residues while y-axis depicts Monomer A and B WT and mutation proteins. The letters A and B stand for drug free and drug
bound ensembles, respectively. The detected hubs have their centrality values annotated with the values low to high centrality color
coded from white to black, respectively.
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Figure 5.6.2: 3D mapping of the global top 4% for averaged CC metric of the WT and mutations in DPD drug bound
ensembles. A communication pathway along oxidoreduction (gold) pathway from Monomer A NADPH to FAD to 2 x Fe?*4S*4
clusters, proceeding to Monomer B 2 x Fe?*4S%4 to FMN for the reduction of 5-FU. The hubs in Monomer A are colored light grey

(original) and dark grey (newly introduced) and those in Monomer A are colored royal blue (original) and sky blue (newly
introduced).
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Residues 70-80 and Vall37-Leul55 are inter-connecting residue to Fe?*sS?4 cluster in
domain I whereby Cys79 and Cys140 form a disulfide bond with the cluster. Residues 595-605
are active site residues interconnecting with FMN and 5-FU (129, 130). Relative to the other
ensembles, T768K had the most maintained top 4.0% high CC hubs (Monomer A: 28 and
Monomer B: 29) with several newly gained high CC hubs (Monomer A: 19 and Monomer B:
16). Furthermore, R592Q (Monomer A: 26 and Monomer B: 23), A664S (Monomer A: 19 and
Monomer B: 32), G674D (Monomer A: 27 and Monomer B: 26), A721T (Monomer A: 15 and
Monomer B: 17), and V732G (Monomer A: 21 and Monomer B: 22) also retained CC hubs.
Conversely, R592Q (Monomer A: 19 and Monomer B: 8), A664S (Monomer A: 45 and
Monomer B: 42), G674D (Monomer A: 21 and Monomer B: 18), A721T (Monomer A: 6 and
Monomer B: 4), V732G (Monomer A: 7 and Monomer B: 10), and T768K (Monomer A: 19 and
Monomer B: 16) gained new CC hubs. The majority of CC hubs were gained in A664S and
G674D, two systems that exhibited drug exit in Monomer A during simulation. G674S has been
computationally predicted to have total loss of function; however, there has been little
experimental research on this mutant (168). As a result, additional research is required to back up
this prediction. As seen in other metrics, the differences in the clusters of high CC hubs found at
the protein core of both monomers (Fe?*4S8%4 clusters) depicted the asymmetric behavior of the
monomers. Similar to our earlier findings, EC centrality identified the key top 4% (EC) hubs that
were prone to 5-FU and, to a lesser extent, the Fe*'sS%4 clusters binding in the WT (Figure
5.7.1). This validates the findings of Foutch et al., (506), who discovered that sites for vital
biological functions in residues could be identified using EC hubs. Herein, this metric did not
produce persistent hubs. The 3D mapping of these £C hubs demonstrated that most mutations
are losing hubs communication around the active site indicating a total loss of significance in EC
hubs at the 5-FU binding domain (Figure 5.7.2 and Table S5.7.4). In reference to the WT,
systems D432N, R886C, and L993R showed a total loss of significance in £C hubs at the 5-FU
binding domain. Hence, eigen centrality (EC) showed mutation-induced disruption within the

DPD protein active site.
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Figure 5.7.1: Heatmaps illustration of significant hubs based on the global top 4% of averaged EC metric. The x-axis depicts
protein residues while y-axis depicts Monomer A and B WT and mutation proteins. The letters A and B stand for drug free and drug
bound ensembles, respectively. The detected hubs have their centrality values annotated with the values low to high centrality color
coded from white to black, respectively.
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Figure 5.7.2: 3D mapping of the global top 4% for averaged EC metric of the WT and mutations in DPD drug bound
ensembles. A communication pathway along oxidoreduction (gold) pathway from Monomer A NADPH to FAD to 2 x Fe*"4S*4
clusters, proceeding to Monomer B 2 x Fe?*48%"4 to FMN for the reduction of 5-FU. The hubs in Monomer A are colored light grey
(original) and dark grey (newly introduced) and Monomer A are colored royal blue (original) and sky blue (newly introduced).
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Figures 5.8.1 and S5.2.5 displays a heatmap of the top 4% KC hubs, with 15 key persistent hubs
identified (Asn108, Tyr110, Glyl11, Leul55, Leu775, Ala777, Val778, Tyr779, lle781, Ala782,
[1e790, Phe805, Ser808, Ala810, and Gly833) as the protein transitioned from an inactive to an
activated state (Table S5.7.5). The clinically significant mutated proteins had similar outcomes.
In comparison to the WT, drug bound T768K Monomer A and Monomer B had more newly
formed hubs than the other mutation systems. However, Monomer A and B of drug bound
A664S had some of the fewest newly acquired KC hubs (7 hubs), as did Monomer B of V732G
(6 hubs). Newly formed hubs have been implicated in protein compensatory mechanisms in
mutations, which differ from the original residue-residue communication network observed in
the WT. KC hubs were an extension of EC, emphasizing not only the importance of active site-
like EC values but also cofactors, as discovered earlier in the clinically significant mutated data.
Besides, they demonstrated each monomer's asymmetric behavior, with a dominant and
subdominant monomer, as seen in all metrics. The 3D visualization of the key KC hubs network
system (Figure 5.7.2 and Figure S5.2.5) revealed three critical central locations for these hubs
(iron clusters; FMN and the 5-FU binding site). All the persistent hubs were centered on the iron
clusters and active site domains. Thus, Katz centrality (KC) revealed a mutation-induced
disruption within the DPD protein active site and cofactors.

In both drug-bound systems of clinically significant variants and variants of unknown
significance (remote and active-site), an intriguing observation was made regarding the presence
of centrality hubs. These hubs include averaged betweenness centrality (BC) hubs in Monomer A
(Ser227, 1le231, Leu310, Pro374, Thr768, Cys816, and Thr825) and Monomer B (Glu69,
Leul35, Thr228, Ile231, Phe234, Glu383, and Thr856). Additionally, averaged degree centrality
(DC) hubs were detected in Monomer A (Pro232, Val313, Ser350, Ala351, and Ile641) and
Monomer B (Val241 and Gly603) exclusively in the wild-type (WT) systems, but not in the
mutant systems. Notably, there were no newly formed hubs in relation to averaged BC; however,
a DC-specific hub, Gly282, emerged in the mutants but not in the WT. Similarly, Leu67, Ser149,
and Gly597 were identified as mutant-specific averaged closeness centrality (CC) hubs. Some of
these hubs, such as Leul35, Ser227, 1le231, Pro232, Gly228, Phe234, Val241, Leu310, and
Val313, formed a communication network surrounding the flavin adenine dinucleotide (FAD),
while Pro374, Glu383, Ser350, and Ala351 constituted a communication network around the

nicotinamide adenine dinucleotide phosphate (NDP). These components play a critical role in
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initiating electron transfer to the active-site through the oxidoreduction channel. Additionally,
the hub Glu603 plays a crucial role in facilitating communication among the catalytic residues.
The mutant-specific hub Gly282 is an integral part of the FMN-protein connecting hubs, while
Gly597 is instrumental in enabling communication around the catalytic site. Therefore, the
enhanced communication involving these hubs, which is absent in the wild-type (WT) system,

may suggest the presence of an allosteric compensatory mechanism.
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Figure 5.8.1: Heatmaps illustration of significant hubs based on the global top 4% for averaged KC metric. The x-axis depicts
protein residues while y-axis depicts Monomer A and B WT and mutation proteins. The letters A and B stand for drug free and drug
bound ensembles, respectively. The detected hubs have their centrality values annotated with the values low to high centrality color
coded from white to black, respectively.
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Figure 5.8.2: 3D mapping of the global top 4% for averaged KC metric of the WT and mutations in DPD drug bound
ensembles. A communication pathway along oxidoreduction (gold) pathway from Monomer A NADPH to FAD to 2 x Fe*"4S*4
clusters, proceeding to Monomer B 2 x Fe?*48%"4 to FMN for the reduction of 5-FU. The hubs in Monomer A are colored light grey
(original) and dark grey (newly introduced) and Monomer A are colored royal blue (original) and sky blue (newly introduced).
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5.3.3 Global analysis

An overview of global computational methods such as essential dynamics (ED) featuring
principal component analysis (PCA), hydrogen bonds (H-bonds), root mean square of fluctuation
(RMSF), framewise (RMSD), and root mean square of deviation (RMSD) have been used to

illustrate DPD conformational dynamics introduced by active site mutation in this section.

5.3.3.1 Dynamic global conformation changes were observed in DPD protein in

presence of mutations.

The local analysis uncovered a number of monomeric asymmetric inter-residue changes
near the active site domain mutation and the catalytic-binding environment. In this section, we
used one of our newly developed tools from MDM-TASK-web comparative ED to investigate
mutationally induced conformational changes in the active site binding environment per
monomer (Figure 5.9) (284). This was similar to what we did in our previous analysis. Sample
trajectories from the drug free and drug bound active sites of both monomers were aligned to
create a comparable trajectory-specific covariance matrix. Following that, a single covariance
matrix was computed. DPD's catalytic site binding environment consists of drug free (open
conformation) and drug bound (closed conformation) residues (583, 609, 612, 613, 642, 668,
669, active-loop 670 - 682, 709, 736, and 737) (129-131). Monomer A accounted for 45.1% of
the extensively sampled global conformational subspaces in both the drug free and drug bound
states (PC1: 29.65% and PC2: 19.45%). This was slightly lower than the values found in
Monomer B (Total: 47.36%; PC1: 25.95%; PC2: 21.41%)
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Figure 5.9: An illustration of DPD binding environment. Comparative essential dynamic scatter plots of inactivated and
activated Monomer A (A) and Monomer B (B). The x-axis indicates PC1 while the y-axis indicates PC2. (C) RMSF of the active
site residues of inactivated and activated systems. The x-axis represents residues while the y-axis represents mutations systems. (D)
Density plots of the DPD Rg distribution for Monomer A and B. Yellow (WT), green (A664S), purple (G674D), grey (A721T),
maroon (V732G), and blue (T768K) color codes have been used to represent the different systems.
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Furthermore, in both the inactive and activated states, Monomer A occupied a more central
conformation subspace. Inactivated R592Q, A664S, and V732G conformational subspaces were
more dispersed than their activated counterparts, which assumed slightly constricted subspaces.
Inactivated G674D, in contrast, had more constrained conformational subspaces that relax
slightly when activated. Inactivated and activated R592Q, A664S, G674D, A721T, V732G, and
T768K also had a diverse conformation distribution compared to WT. DRN multi-metrics
analysis and weighted contact maps both revealed asymmetric behavior. This was also evident in
the active site binding environment RMSF (Figure 48.C), where all mutant systems exhibited
higher fluctuation, particularly in the area of the active loop region (670 — 682). Similarly, Rg
(Figure 5.9.D) exhibited more gyration in the active site binding environment than WT,
especially with activated A664S. It should be noted, the activation-loop (residue 670 -682)
closed conformation is required for DPD protein catalytic activity (129-131). An earlier study on
kinases discovered that oncogenic mutations in their catalytic domains increased activity by
changing activation-loop conformations. The apparent effect on catalytic site structure, however,
varied depending on the mutation (537). Therefore, the general mutation-induced changes in the
catalytic domain and DPD activity might be associated with the dynamic activation-loop

conformations.

5.3.3.2Mutation resulted in a substantial reduction in hydrogen bonds as well as an

increase in center of mass distances

We investigated the COM distance between Monomer A and its corresponding active site
B based on the dimerization mechanism of the activated DPD protein, and vice versa. Figure
49.A and B depicts the intramolecular H-bond analysis of DPD WT and mutations relative to the
5-FU binding environment over a 600 ns simulation period. Throughout the simulation, an
elaborate network of hydrogen bonds was maintained within the active sites of the individual
monomers in the activated WT. However, there was a reduction in H-bond contact in Monomer
A (A664S, G674D, and A721T) and Monomer B (R592Q, A664S, G674D, A721T, V732G, and
T764K) (Figure 5.10.A and B). As a result, these mutants lost non-bonding interactions, protein

folding, and protein-ligand recognition, which could have affected enzyme catalysis (500).
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Figure 5.10: Hydrogen bond analysis during the 600 ns simulation period of 5-FU binding pocket of Monomer A (A) and
Monomer B (B). Center of Mass (COM) analysis during the 600 ns simulation from (A) 5-FU binding environment in active site
domain B to Monomer A and (B) 5-FU binding environment in active site domain A to Monomer B.
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The positional stability of 5-FU was investigated by measuring the COM distances from 5-FU to
the corresponding monomer (Figure 5.10.C and 5.10.D). These calculations are considered to be
more accurate and insightful, since the active site displayed significant variability in different
mutation cases (59). Monomer A (A664S and G674D) and Monomer B both showed a marked
increase in COM distances (G674D).

5.3.3.3Comprehensive RMSD and RMSF analyses revealed dynamic asymmetric

behavior of the monomers, with emphasized loop area fluctuations in the

presence of mutations

To monitor positional divergence of a structure relative to its initial conformation with
time, RMSD over 600 ns MD simulation against timeline plots of the WT and mutations were
established (Figure 5.11.A). The native and mutant proteins differed from their starting structure
in distinct patterns until 600 ns, resulting in backbone RMSD ranging from 1.0 A to 5.5 A in
both open and closed conformation. After 350 ns, some mutations demonstrated apparent
deviation patterns when compared to the WT until the simulation ended. In the open
conformation, T768K (2.5 A), A664S (3.6 A), and G674D (3.9 A) of Monomer A differed the
most from the WT (3.2 A), while R592Q (2.7 A), and G674D (2.8 A) of Monomer B differed the
most from the WT (4.2 A). T768K (2.4 A), A664S (5.4 A), and A721T (5.4 A) of Monomer A
and G674D (2.6 A) and T768K (2.6 A) of Monomer B for the activated systems revealed
remarkable divergence from their corresponding WT (Monomer A: 3.2 A and Monomer B: 3.9
A). With the exception of T768K, which equilibrated at a single conformation (unimodal
conformation) in both inactivated and activated Monomer A ensembles, the remaining systems
equilibrated at multiple conformations (multimodal conformation) (Figure 5.11.B). The
asymmetry of the ensembles is also highlighted by the different distribution patterns of the
respective monomers of the same systems in their inactive and activated states. For the
inactivated WT, a bimodal distribution (two conformation equilibration) was observed, as

previously observed in our DPD remote mutation analysis.
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Figure 5.11: The RMSD line graph, violin plots and RMSD framewise representation of the WT and mutations. (A) WT
(black), R592Q (maroon), A664S (red), G674D (green), A721T (grey), V732G (blue) and T768K (yellow). The x-axis depicts the
time (A) and y-axis the RMSD (A). (B) The split violin plots RMSD representation for drug free (light blue) and drug bound (royal
blue) Monomer A and Monomer B. The x-axis shows the systems, while the y-axis shows the RMSD (A). (C) The RMSD data for all
versus all is represented as a heatmap. The x- and y-axes depict the frames at various time frames. (D) The split violin plots RMSD
representation of cofactors for the drug free (light blue) and drug bound (royal blue) Monomer A and B. The x-axis represents the
systems, and the y-axis represents the RMSD (A).

220



A multimodal distribution (multiple conformation equilibrium states) was noticed after drug
binding. A664S and G674D differ markedly from the WT. G674D (Monomer A: 19.5 and
Monomer B: 20.0) was the closest to the active site, with A664S (Monomer A: 19.5 and
Monomer B: 20.0) being relatively close to the active site too, in respect to other mutations
(Table S4.2). The fact that they were so close to the active site may have contributed to the

evident conformation distribution.

Using all versus all frame RMSD heatmaps, additional study compared DPD WT MD frames to
themselves and to all other frames (Figure 5.11.C). The drug free WT exhibited two major
conformation ensembles for Monomer A (i: 0-50 ns & ii: 50-600 ns) and Monomer B (i: 0-450
ns & ii: 450-600 ns), though the drug bound systems displayed multimodal distribution. Similar
patterns were realized in the mutation systems, where different conformation stamps were
observed before and after drug binding. Furthermore, asymmetric RMSD tendencies per
monomer and the protein's drug free and drug bound states were observed at the cofactors level

as well (Figure 5.11.D).

5.3.3.4Mutation caused asymmetric behaviour with enhanced active-loop

fluctuation within the active site, while the protein core remained stable

To depict the residual fluctuation and inter-relationship of the inactivated and activated
systems' asymmetric monomeric behavior caused by mutations, RMSF and DCC calculations
were used (Figure 5.12). In both the inactive and activated states, each monomer displayed seven
regions of significant fluctuation. The most variability was found in the beta-sheets and
successive loop regions, which included the following residues: 40 - 52, 316 - 334, 736 - 771,
901 - 922, 964 - 971, N-terminal residues (2 - 12), C-terminal residues (996 - 1025), and active
site loop (residues 675 - 679). The active site residues of Monomer A A664S and B T768K
demonstrated high fluctuation in their drug free states, whereas Monomer A A664S, G674D, and
AT721T, as well as Monomer B R592Q and A721T displayed a wide range of fluctuation in their
drug bound state. The protein core region (Fe**4S*4 clusters, FAD, NDP, and FMN) fluctuated
the least, suggesting that residues in this environment were relatively more stable throughout the

simulation process. This is something that has been observed in past findings (218).
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Figure 5.12: DPD drug free and drug bound heatmap showing the root mean square fluctuation (RMSF) and dynamic cross-
correlation matrix (DCCM) of the WT and 7 mutants after 600 ns simulation. (A) The RMSF is represented as a fluctuation relative to
each atom's mean position, with high fluctuation regions highlighted in light brown box-frames. The x-axis shows the residue numbers
and y-axis shows the WT and mutation systems. Cofactor locations are also indicated. (B) DCC represents inter-residue relationship in

both the drug free and drug bound systems. The highly correlated residues are colored cream to brown by DCCM, while anti-
correlated residues are colored blue to cream.
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Following that, DCC was used to depict the correlated conformational motion of
residues in order to highlight the possible consequences of mutation on each monomer
of the drug free and drug bound DPD (Figure 5.12.B). The matrices show that highly
positive regions (colored cream to brown) have strong correlated motions (residue
pairs move in the same direction), whereas negatively positive regions (colored blue
to cream) have strong anti-cross-correlation motions (residue pairs move in the
opposite direction). Although WT residues showed relatively stronger cross-
correlation in both monomers' of drug free state, this diminished in upon drug
bounding. Furthermore, active site region residues had stronger positive correlation
than residues from other domains across all systems. Heightened levels of residue
anticorrelation were observed near the mutation site when compared to the WT. Each
system demonstrated a distinct inter-relationship when compared to the WT.
Notwithstanding, the asymmetric behavior of each monomer per ensemble was
confirmed.

In the comprehensive global analysis involving RMSD, RMSD framewise
analysis, RMSF, DCC, ED, and H-bond, several mutations, specifically A664S,
G674D, R592Q, and T768K, consistently yielded noteworthy results across most of
these analyses. A study conducted by Offer et al., (174) revealed that the G674D
mutation displayed no residual enzymatic activity (< 12.5%) (P = 5.7 x 10”). Reduced
enzyme activities ranging from 12.5% to 25% were observed in the case of the
R592Q mutation (P = 2.6 x 107). Surprisingly, despite the diverse global changes
observed, the A664S mutation did not exhibit a significant lack of enzymatic activity.
Similarly, the A721T and V732G mutations did not demonstrate a significant change
in DPD enzymatic activity. Intriguingly, Offer et al.'s study reported no enzymatic
activity for the T768K mutation (174). However, Ogura and colleagues, in their
investigation of DPD activity in peripheral blood mononuclear cells (PBMC) in
Japanese population, reported that the T768K mutant displayed a decreased intrinsic
clearance rate (83% of Cliy ratio) compared to the wild type (503).

5.4  Conclusion
Precision oncology medicine will be feasible only if pharmacogenomics are
better understood (538). The key characteristics of the discovery of novel drugs that

are potent, efficacious, and safe are based on a deeper comprehension of the protein
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catalytic mechanism and how mutations affect this process (59, 538). An increasing
amount of research indicates that gene mutations in drug metabolizing enzymes and
transporters could have a great influence on inter-individual drug reaction and
disposition differences (9, 539). Elaborate pharmacogenomic profiles of these
enzymes have recently been developed. These studies, regrettably, have ignored the
effect of mutations in specific protein regions on protein functionality (478). We used
our recently developed dynamic network analysis (DRN) multi-metric approach to
show a residue interaction network within the DPD protein, with a special focus on
the catalytic domain. To help understand how active site domain DPD mutations
(R592Q, A664S, G674D, A721T, V731G, and T768K) cause reconfiguration of
residue interactions within the active site environment, different metrics (BC, CC,
DC, EC, and KC) used to characterize the topology of these networks were compared.
Additionally, we demonstrated that dimer missense mutations can induce asymmetric
paradoxical activation of the active site environment of the monomers through
dynamic changes in the active site loop-controlled residue interaction network
(residues 675-679), dimer interface sites, and oxidoreduction catalytic path
components (NADPH, FAD, 4 X Fe?"4S8%4 clusters, FMN, and 5-FU). Two pairs of
compensatory communication networks from NADPH to the 5-FU (catalytic site)
were observed using both BC and DC, one within each monomer. The BC pathway
ran along the inner side of the oxidoreduction catalytic channel, whereas the DC
pathway ran toward the exterior. In both cases, one pathway was discovered to be
more dominant. Correspondingly, the weighted contact-map revealed a mutation-
induced compensatory mechanism of active site residues, wherein new residues were
obtained to maintain communication. Catalytic residues Cys671 and Ser670
emphasized this mechanism well. Although these residues lost contact with other
catalytic key residues, new interactions were formed to reestablish communication.
Moreover, CC revealed that the most persistent hubs were found within the protein's
core, whereas EC identified the WT's active site. In addition to identifying the active
site, KC identified key areas involved in protein communication such as FAD,
Fe?*4S*4 clusters, and FMN. These changes were also evidenced in the global
analyses. The asymmetric behavior of monomers was highlighted using RMSD,
framewise RMSD, RMSF, DCC, PCA, and hydrogen bond analyses. Equally, various
conformational changes were detected, which were alluded primarily to increased

fluctuation within loop areas, including active-loop areas. G674D and A664S were
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the most affected systems across all analyses (local and global). These mutations
impair enzymatic function, according to in vitro studies (174, 445). Our study's key
findings are that mutations mimic the dynamics of the WT communication network,
culminating in asymmetric paradox activation of the active site, which may jeopardize
proper 5-FU metabolism and lead to toxicity. More importantly, we discovered cold
spots that could be used to create novel drug modulators to restore proper DPD
enzyme 5-FU metabolism. This will establish a precision oncology strategy focused

on the patient's genetic makeup.
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CHAPTER 6
OVERALL CONCLUSION AND RECOMMENDATION

Genetic variations in drug metabolizing enzymes have been linked to changes
in pharmacokinetics, drug dosage, and other variables that influence therapeutic
outcomes (540). Evidently, adverse drug reactions (ADRs) and lack of efficacy
represent the most likely causes for drug failure in clinical trials, contributing roughly
50% of all failures (541, 542). Consequently, efficacy and safety have been identified
as the two most important factors in drug development (541). Therefore, the holistic
goal of this thesis was to use pharmacogenomic knowledge of drug metabolizing
enzymes to develop reliable computational approaches for elucidating their molecular
mode of action, and to apply this knowledge in drug development.

The Dihydropyrimidine dehydrogenase (DPD) protein plays a crucial role in
the metabolism of 5-Fluorouracil (5-FU), a commonly used chemotherapeutic agent.
Mutations in the DPYD gene can lead to deficiencies in the DPD protein, resulting in
malfunctioning 5-FU metabolism (186). This deficiency can have severe implications
on the efficacy and toxicity of 5-FU treatment (179). Using DPD enzyme as a case
study, we demonstrated how the presence of mutations in drug metabolizing enzymes
influences the dysfunctional degradation of drugs. This may lead to a variable inter-
individual response to medications, including an increased risk of ADRs and
decreased efficacy. DPD deficiencies can result in severe 5-FU toxicity; even so,
significant geographical-ethnic variances exist with regards to DPD missense
mutations (158, 543). Our study focused on DPD missense mutations associated with
the African descent subpopulation due to a lack of research in this area (146, 186).
This information was deemed critical in paving the way for the discovery of allosteric
drug  modulators from new active ingredients or through drug
repurposing/repositioning, as a result addressing inter-individual mutations related to
5-FU efficacy and toxicity. We combined several well-established tools and
approaches to create a comprehensive protocol for parametrization of metalloproteins
like DPD. Furthermore, we highlighted the dynamics of mutation-induced impact on
protein structure and function. These processes entail DPD mutation identification,
homology modeling, parametrization, molecular dynamics simulations, and DRN

approaches.
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In the first instance, Chapter 1, we introduced the different kinds of drug
metabolizing enzymes (DMEs), which are classified under Phase I and Phase II.
Cytochrome P450s (CYPs) are the most important Phase I enzymes, while UDP-
glucuronosyltransferases  (UGTs),  glutathione-S-transferases  (GSTs), and
dihydropyrimidine dehydrogenases (DPDs) are the most important Phase II enzymes.
We have provided an analytic tool in the burgeoning area of precision medicine by
combining pharmacogenomic knowledge of variability in individual drug metabolism
due to missense mutations with deep knowledge of DPD case study.

In Chapter 2, detailed descriptions of the methodologies used in our
investigations were stipulated. This included extensive clinical, in vitro, ex vivo and in
silico identification of DPD missense mutations linked to people of African ancestry;
homology modelling and Fe** AMBER force field parametrization of the WT and
mutation proteins, MD simulation and post-MD analysis including DRN combinatory
approaches.

In Chapter 3, the generation of force field parameters using the original
Seminario method was reported. We went one step further and used the VFFDT
Seminario method's collation features to obtain the force field parameters of the same
Fe’" ions as a supportive measure. This was accomplished by taking into
consideration the human DPD protein's dimeric functionality, which is reliant on
well-coordinated inter-chain electron transfer across a four Fe**4S*4 cluster complex
per monomer. Most importantly, the generated novel force field parameters enabled
further investigation of DPD protein functionality through MD simulation.

In Chapter 4, we identified six clinically significant pathogenic mutations
(C29R, M166V, Y186C, S534N, 1543V, and D949V) based on previous studies. Two
of these mutations (S534N and [543V) were in the active site domain, while the rest
were in the non-active site domain. The pathogenicity of the remote mutation D949V
has been well studied in the Caucasian population, with dose adjustment treatment
strategies used in carriers of this variant (165, 445, 543). We have demonstrated how
the remote clinically significant (C29R, M166V, Y186C and D949V) mutations
induce asymmetric dynamic dimerism of the DPD active site through allosteric
communication pathways. In addition, we demonstrated the mutation-induced
changes in the active site caused by mutations in the active site domain.

In Chapter 5, considering previous in vitro and ex vivo DPD investigations

(168, 176, 450, 451), we went on to identify 13 missense mutations associated with
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the African descent subpopulation. Similar to the results of clinically significant
mutations, a monomeric asymmetrical induced allosteric communication pathway to
the active site due to remote non-clinically significant mutations (PART I: S201R,
K259E, D342N, D432N, S492L, R886C and L993R) was observed. On the other
hand, the non-clinically significant identified mutations situated at the active site
domain (PART II: R592Q, A664S, G674D, A721T, V732G and T768K) not only
affected the 5-FU catalytic and binding site residues but also provoked an asymmetric
change in the communication pattern along the oxidoreduction channel.

Notably, all systems demonstrated consistent cold spot regions, which were
indicated by the presence of persistent hubs (Gly71, Ala72, Leu73, Ala74, Glu75,
Ala76, Cys79, Leu80, AlalO1, Ile104, Asnl08, Tyrl110, Glyll1, Leul42, Ilel150,
Leul55, Val373, Pro598, Met599, Pro602, Ser605, Leu775, Ala777, Val778, Tyr779,
[le781, Ala782, 11e790, Phe805, Ser808, Ala810, and Gly833). In next studies, these
areas will be targeted for the purpose of discovering novel drug modulators via drug
repositioning and repurposing or by searching for novel active ingredients. This
would aid in dealing with molecular heterogeneity, particularly mutation-induced
variations, resulting in proper DPD functionality restoration.

Conclusively, our findings provide insight on comprehensive protocols that
could be used to conduct an integrative framework of pharmacogenomic variability
caused by missense mutations in a cancer drug metabolizing enzyme. The
identification of hot and cold spots revealed target areas for novel drug modulators
that would restore the protein's proper functioning. We believe that the use of
computational approaches is one potential avenue for improving drug discovery via
new anti-tumour active chemical compounds or repurposing/repositioning analytics.
Furthermore, missense mutation protein structure-based pharmacogenomic
knowledge in cancer, will pave the way for precision oncology through discovery of
drug modulators. It stands to reason that building collaborative multidisciplinary
teams to draw on the expertise of molecular oncologists, oncological surgeons, and
clinical oncologists, but also pharmacologists and cancer cell biologists, as well as
data scientists, bioinformaticians, and computational biologists is critical for further
development of these approaches. These teams will be capable of mining databases,
conducting clinical data research, conducting high-throughput experiments, validating

findings, and enhancing clinical outcomes for the gain of oncological patients.
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Study Limitations

One limitation of this study was the computational expense associated with
performing molecular dynamic simulations, which resulted in duplicate runs being
conducted only for the wild-type (WT) system and not for the mutant system. This
limitation may have hindered the ability to conduct exhaustive analyses for the mutant
protein. Additionally, the study did not consider mutations that are confidently known
to have no effect on DPD activity, which could have served as a benign control. It is
important to note that these mutations are typically found in a heterozygous state.
Moreover, this study did not model hybrid dimers consisting of one WT and one
mutant subunit, which could provide insights into the behavior of mixed protein
complexes. Furthermore, the analysis did not specifically focus on how these
mutations contribute to the formation of cavities within the protein, despite the known
tendency of mutations to induce cavity formation in the interior or on the surface of
the protein. Addressing these limitations could enhance the comprehensiveness and

depth of the study's findings.
RECOMMENDATION

Computational approaches are essential in predicting the impact of DPD
protein mutations. Through the utilization of bioinformatics tools and molecular
dynamics simulations, valuable insights into the structural and functional
consequences of specific mutations can be obtained. These computational studies aid
in the identification of critical residues and regions affected by the mutations, thereby
guiding subsequent experimental investigations. To further advance the field of DPD
research, several future aspects should be considered. Firstly, modeling a human
hybrid protein containing one subunit of wild-type (WT) and mutant protein can
investigate whether the enzymatic activity of a WT-mutant hybrid dimer is equal to
the average of a WT homodimer and a mutant homodimer. Secondly, the use of a
known benign mutant as a control can provide valuable comparisons. Moreover,
conducting duplicate molecular dynamics runs for both the WT and mutants can
enhance the reliability and robustness of the findings. Furthermore, additional
investigations into the effects of mutations on the protein surface and interior are
warranted to explore the presence of mutational-induced cavity formation and its

potential impact on the interaction network and water residence. Overall, these
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findings suggest that DPD could be a target for novel drug modulators or gene

therapy, as discussed in preceding chapters.

Experimental approaches, such as site-directed mutagenesis and protein
expression studies, provide valuable experimental evidence to validate the
computational predictions. These studies help elucidate the biochemical and
biophysical properties of the mutant DPD proteins. Additionally, enzymatic assays
and cell-based assays can be employed to evaluate the impact of the mutations on
DPD activity and 5-FU metabolism. Further characterization of DPD variant enzyme
activities could be analyzed according to, Amorosi et al., approach (544). This
method, known as deep mutational scanning (DMS), enables the measurement of
enzyme activity and steady cellular abundance of missense mutations through a high-
throughput functional selection process. The selection enriches variants with high
function and depletes those with low function, with high-throughput DNA sequencing
used to quantify the frequency change of each variant during the selection. This
provides a functional score for each variant in the library (545). Functional
assessments in DMS can vary, often relating variant function to cell growth or
measuring protein or ligand binding, but rarely measuring enzyme activity directly.
For comprehensive functional data, the authors developed click-seq, a multiplexed
sequencing-based method for quantifying protein variant activity. This method was
employed to measure the activity of missense mutations. Additionally, the abundance
of missense mutations in cultured human cells was measured using the previously
developed massively parallel sequencing (VAMP-seq) assay by Matreyek et al., (546)
which utilizes a fluorescent protein reporter coupled with fluorescence-activated cell
sorting (FACS). Comparative analysis of activity and abundance revealed that
reduced abundance accounted for at least 50% of the variants causing loss of function.
These findings also highlighted key protein regions crucial for function, including
residues involved in substrate binding. Clinicians can serve as important sources of
evidence when confronted with variants of uncertain significance (VUSs) and can
contribute to improving the dosing efficacy of drugs metabolized by an enzyme.

To address the challenges posed by DPD deficiency and 5-FU metabolism
malfunction, a comprehensive approach that integrates computational, experimental,
and clinical strategies is essential. By combining these approaches, researchers and

clinicians can identify and understand specific DPD mutations, predict their
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functional consequences, validate them experimentally, and translate this knowledge
into clinical practice. The ultimate goal is to develop precision medicine solutions that
optimize 5-FU treatment outcomes while minimizing toxicity in patients with DPD
deficiency. This multidisciplinary approach holds great promise for improving patient

care and advancing personalized cancer therapy.
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Appendix

CHAPTER ONE

Figure S2.1. A representation of Fe?* center parameterization in the native human DPD Model 2, using the automated (VFFDT)
Seminario method. A) A 3D illustration of a coordinating Fe** sphere for cluster 1026A and an adjacent structure that has been parameterized,

B) A 3D representation of the coordinating Fe?" sphere for cluster 1027A as well as an adjacent structure that has been parameterized. Figure
adapted from Tendwa et al., (147)
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Figure S2.2. Charge allocation to all atoms coordinating with the metal centers of subset clusters 1026A and 1027A in Model 1. Yellow,
purple, blue, red, and grey spheres represent sulfur, iron, nitrogen, oxygen and carbon atoms, respectively. Figure adapted from Tendwa et al.,
(147).
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Figure S2.3. 3D structures of Model 2 MD simulation snapshots (timeframes) from regions showing greater conformational changes with
atomistic details represented A) at 110.0 ns for drug bound protein and B) at 70.4 ns for holo proteins (without S5-fluorouracil drug). The
Fe?* clusters remained intact, and the protein core is preserved throughout the various conformation timelines. Figure adapted from Tendwa et
al., (147)
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Figure S2.4. An illustration of the root mean square of fluctuation (RMSF) for drug bound and drug free DPD Model 1 during 150 ns
simulation. A) Fe?*4S% clusters in 1026 and 1027 positioned in domain 1. B) Fe?*48%4 clusters in 1028 and 1029 located in domain 5. The area
of fluctuation coincides to the protein loop area while the iron cluster remains intact. Figure adapted from Tendwa et al., (147)
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CHAPTER THREE

Figure S3.1.1: A heatmap displaying the sequence-based pathogenicity effects probability for clinically relevant mutations (C29R,
M166V, Y186C, 1543V, S534N, and D949V) generated by the Ensembl Variant Effect Predictor (EVE). The heatmap is color-coded from
blue to white, representing a range from 0 to 1, indicating an ascending likelihood of pathogenicity. Mutations assigned a value of 0.5 on the
heatmap are considered moderately pathogenic, while those assigned a value of 1 are highly likely to be pathogenic. Conversely, mutations with
a value of 0 are less likely to be pathogenic.
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Figure S3.1.2: A heatmap displaying the sequence-based pathogenicity effects probability for clinically relevant mutations (C29R,
M166V, Y186C, 1543V, S534N, and D949V) generated by the Variant Annotation Integrator (VARITY). The heatmap is color-coded from
blue to white, representing a range from 0 to 1, indicating an ascending likelihood of pathogenicity. Mutations assigned a value of 0.5 on the
heatmap are considered moderately pathogenic, while those assigned a value of 1 are highly likely to be pathogenic. Conversely, mutations with
a value of 0 are less likely to be pathogenic.
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Figure S3.1.3: Represents the prediction of the Dihydropyrimidine dehydrogenase [NADP(+)] structure using AlphaFold. (A) The AlphaFold algorithm generates a
confidence score (pLDDT) for each residue, ranging from 0 to 100. Regions with pLDDT below 50 may indicate potential disordered regions or regions that
exhibhits higher dynamic. (B) A heatmap visualizes the expected position error per residue. (C) Residues with a pLDDT score below 50 are highlighted.
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Figure S3.2.1: A line graph illustration of different 600 ns simulations represented as root mean square of deviation (RMSD). The
duplicate WT runs are represented by black and green. A) Duplicate RMSD runs for drug free Monomer A (Monomer A) and Monomer B
(Monomer B) B) WT systems. B) Duplicate RMSD runs of Monomer A (Monomer A) and Monomer B drug bound (Monomer B) systems. C)
RMSD representation of entire protein (Monomer A and Monomer B) in drug free and drug bound systems D) RMSD depicting the entire
protein without loop regions for drug free and drug bound systems
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Figure S3.2.2. Line graph depicting 600 ns RMSD simulation for drug free (inactivated) and drug bound (activated) systems. The red
lines represent samples of the protein's equilibrated regions for A) the drug free and B) drug bound ensembles, which were extracted for direct
network analysis (DRN) calculation.
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Figure S3.2.3. split Violin plots depicting 600 ns RMSD simulation for drug free and drug bound systems of cofactor (FMN) and ligand
(5-FU)
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Figure S3.3.1. Heatmap and 3D general mapping of high centrality residues A) BC representation B) CC representation C) EC
representation and D) KC representation. The blue components in the 3D figures represents the oxidoreduction catalytic channel (NADPH,
FAD, Fe?*4S% clusters FMN and 5-FU)
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Figure S3.3.2. Heatmap and 3D general mapping of high degree KC residues. In the heatmaps, x-axis represents residue numbers and y-
axis represents WT and mutations systems. The blue components in the 3D figures represents the oxidoreduction catalytic channel (NADPH,
FAD, Fe?*4S%4 clusters FMN and 5-FU).
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Figure S3.4. 3D Illustration of A) Interface residues for Monomer A in blue, Monomer B in red and oxidoreduction catalytic channel
represented in indigo. B) Oxidoreduction channel whereby NADPH is blue, FAD is in indigo, Fe**4S4 clusters in grey and yellow, FMN in
green and 5-FU in maroon

244



Figure S3.5.1. Centrality metrics heatmaps representation of the A) drug free and B) drug bound ensemble showing the top 2.0 % global
significant hubs (x-axis) of the WT and six mutations (y-axis). The hubs are color-coded from low to high value (light-yellow to dark-red)
and annotated accordingly.
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Figure 3.5.2. Centrality metrics heatmaps representation of the A) drug free and B) drug bound ensemble showing the top 3.0 % global
significant hubs (x-axis) of the WT and six mutations (y-axis). The hubs are color-coded from low to high value (light-yellow to dark-red)
and annotated accordingly.
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Figure S3.5.3. Centrality metrics heatmaps representation of the A) drug free and B) drug bound ensemble showing the top 4.0 % global
significant hubs (x-axis) of the WT and six mutations (y-axis). The hubs are color-coded from low to high value (light-yellow to dark-red)
and annotated accordingly.

247



Figure S3.6.1. 3D representation of averaged betweenness centrality hubs of the activated (drug free) ensemble showing a pair of
communication pathway proximal to oxidoreduction channel (Monomer A NADPH (yellow) to FAD (yellow) to 2 x Fe**48%4 (yellow) clusters,
proceeding to Monomer B 2 x Fe?*48%4 (yellow) to FMN (yellow) for the reduction of 5-FU (yellow)) and vice-versa. The mutations are colored
in deep-purple while A = WT, B = C29R, C=M166V, D =Y186C, E = S543N, F =1543V and G = D949V
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Figure S3.6.2. 3D representation of averaged degree centrality hubs of the activated (drug free) ensemble showing a pair of communication
pathway proximal to oxidoreduction channel (Monomer A NADPH (yellow) to FAD (yellow) to 2 x Fe*"4S%4 (yellow) clusters, proceeding to
Monomer B 2 x Fe**4S%4 (yellow) to FMN (yellow) for the reduction of 5-FU (yellow)) and vice-versa. The mutations are colored in deep-
purple while A = WT, B =C29R, C =M166V, D =Y186C, E = S543N, F =543V and G = D949V
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Figure S3.6.3. A direct cross-correlation (DCC) heatmap showing the relationship between WT and mutations in DPD drug free ensembles.
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Figure S3.6.4. A direct cross-correlation (DCC) heatmap showing the relationship between WT and mutations in DPD drug bound ensembles.
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Figure S3.6.5. 3D representation of averaged closeness centrality hubs of the activated (drug free) ensemble showing a pair of
communication pathway proximal to oxidoreduction channel (Monomer A NADPH (yellow) to FAD (yellow) to 2 x Fe**4S%*4 (yellow) clusters,
proceeding to Monomer B 2 x Fe?*48%4 (yellow) to FMN (yellow) for the reduction of 5-FU (yellow)) and vice-versa. The mutations are colored
in deep-purple while A = WT, B =C29R, C =M166V, D =Y186C, E = S543N, F =543V and G = D949V
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Figure S3.6.6. 3D representation of averaged eigen centrality hubs of the activated (drug free) ensemble showing a pair of communication
pathway proximal to oxidoreduction channel (Monomer A NADPH (yellow) to FAD (yellow) to 2 x Fe*"4S%4 (yellow) clusters, proceeding to
Monomer B 2 x Fe**4S%4 (yellow) to FMN (yellow) for the reduction of 5-FU (yellow)) and vice-versa. The mutations are colored in deep-
purple while A = WT, B=C29R, C =M166V, D =Y186C, E = S543N, F =543V and G = D949V
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Figure S3.6.7. 3D representation of averaged eigen centrality hubs of the activated (drug free) ensemble showing a pair of communication
pathway proximal to oxidoreduction channel (Monomer A NADPH (yellow) to FAD (yellow) to 2 x Fe*"4S%4 (yellow) clusters, proceeding to
Monomer B 2 x Fe**4S%4 (yellow) to FMN (yellow) for the reduction of 5-FU (yellow)) and vice-versa. The mutations are colored in deep-
purple while A = WT, B =C29R, C =M166V, D =Y186C, E = S543N, F =543V and G = D949V
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Figure S3.7.1: Activated DPD (drug bound) protein residue contact heatmap showing the interaction between Monomer A and
Monomer B of NADPH. The shaded boxes in each frame represent significant differences in the frequency of interaction between the cofactor
residues and the surrounding contacting residues in the WT versus the mutation. White (0) to dark-red (1.0) represent no-contact (0) to strong-
contact (1.0).
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Figure S3.7.2: Activated DPD (drug bound) protein residue contact heatmap showing the interaction between Monomer A and
Monomer B of FAD. The shaded boxes in each frame represent significant differences in the frequency of interaction between the cofactor
residues and the surrounding contacting residues in the WT versus the mutation. White (0) to dark-red (1.0) represent no-contact (0) to strong-
contact (1.0).
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Figure S3.7.3: Activated DPD (drug bound) protein residue contact heatmap showing the interaction between Monomer A and
Monomer B of FMN. The shaded boxes in each frame represent significant differences in the frequency of interaction between the cofactor
residues and the surrounding contacting residues in the WT versus the mutation. White (0) to dark-red (1.0) represent no-contact (0) to strong-
contact (1.0).
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Figure S3.7.4: Activated DPD (drug bound) protein residue contact heatmap showing the interaction between Monomer A and
Monomer B of 5-FU. The shaded boxes in each frame represent significant differences in the frequency of interaction between the cofactor
residues and the surrounding contacting residues in the WT versus the mutation. White (0) to dark-red (1.0) represent no-contact (0) to strong-
contact (1.0).
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Figure S3.8.1. Contact-map representation of the frequency (%) of residue-residue interaction around the WT in both Monomer A and B
versus the mutation Y186C.
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Figure S3.8.2. Contact-map representation of the frequency (%) of residue-residue interaction around the WT in both Monomer A and B
versus the mutation S534N.
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Figure S3.8.3. Contact-map representation of the frequency (%) of residue-residue interaction around the WT in both Monomer A and B versus
the mutation 1543V.
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Figure S3.8.4. Contact-map representation of the frequency (%) of residue-residue interaction around the WT in both Monomer A and B
versus the mutation M166V.
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Figure S3.8.5. Contact-map representation of the frequency (%) of residue-residue interaction around the WT in both Monomer A and B versus
the mutation D949V.
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Figure S3.8.6. Contact-map representation of the frequency (%) of residue-residue interaction around the WT in both Monomer A and B versus
the mutation C29R.
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Figure S3.9. A 2D representation of Monomer A and Monomer B DPD-5FU binding residues. The structures were obtained from the
trajectories' lowest energy minima, as specified on top of each picture frame.
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Figure S3.10.1: Contact heatmap representing contacting residue to high significant super-persistent hub L155 that connects to unique residue
Q156, forming a bond with Fe?".
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Figure S3.10.2: Contact heatmap representing contacting residue to high significant hub M599 that inter-connects to domain 1 and domain 4
(active site).
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Figure S3.10.3: Contact heatmap representing contacting residue to high significant hub V778 that mediates interactions within the active site
area.
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CHAPTER FOUR

Figure S4.1.1: A heatmap displaying the sequence-based pathogenicity effects probability for remote mutants of uncertain significance
(MUS) (S201R, K259E, D342N, D432N, S492L, R886C and L993R) generated by the Ensembl Variant Effect Predictor (EVE). The
heatmap is color-coded from blue to white, representing a range from 0 to 1, indicating an ascending likelihood of pathogenicity. Mutations
assigned a value of 0.5 on the heatmap are considered moderately pathogenic, while those assigned a value of 1 are highly likely to be
pathogenic. Conversely, mutations with a value of 0 are less likely to be pathogenic.
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Figure S4.1.2: A heatmap displaying the sequence-based pathogenicity effects probability for remote mutants of uncertain significance
(MUS) (S201R, K259E, D342N, D432N, S492L, R886C and L.993R) generated by the Variant Annotation Integrator (VARITY). The
heatmap is color-coded from blue to white, representing a range from 0 to 1, indicating an ascending likelihood of pathogenicity. Mutations
assigned a value of 0.5 on the heatmap are considered moderately pathogenic, while those assigned a value of 1 are highly likely to be
pathogenic. Conversely, mutations with a value of 0 are less likely to be pathogenic.
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Figure S4.2.1. Line graph representing 600 ns RMSD simulation for the activated (drug free) and inactivated (drug bound) system. The
red lines indicate the equilibrated regions of the protein for (A) the drug free and (B) drug bound ensembles, that were extracted for direct
network analysis (DRN) calculation.
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Figure S4.2.2. split Violin plots depicting 600 ns RMSD simulation for drug free and drug bound systems of cofactor (FMN) and ligand
(5-FU)
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Figure S4.3.1: 3D cartoon representation of the distribution of betweenness centrality hubs of the drug free ensembles along the
oxidoreduction catalytic channel. Monomer A WT BC hubs are denoted as light-grey, Monomer B WT BC hubs as blue. Mutation-induced
newly introduced hubs shown in dark-grey in Monomer A and sky-blue Monomer B. Oxidoreduction catalytic channel (NADPH, FAD, Fe?*4S*,4
clusters, FMN and 5FU is shown in yellow. The mutations are represented in indigo.
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Figure S4.3.2: 3D cartoon representation of the distribution of degree of centrality hubs of the drug free ensembles along the
oxidoreduction catalytic channel. Monomer A WT DC hubs are denoted as light-grey, Monomer B WT DC hubs as blue. Mutation-induced
newly introduced hubs shown in dark-grey in Monomer A and sky-blue Monomer B. Oxidoreduction catalytic channel (NADPH, FAD, Fe?*4S*,4
clusters, FMN and 5FU is shown in yellow. The mutations are represented in indigo.

274



Figure S4.3.3. A direct cross-correlation (DCC) heatmap showing the relationship between WT and mutations in DPD drug free
ensembles.
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Figure S4.3.4. A direct cross-correlation (DCC) heatmap showing the relationship between WT and mutations in DPD drug bound ensembles.
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Figure S4.3.5: 3D cartoon representation of the distribution of closeness centrality hubs of the drug free ensembles along the
oxidoreduction catalytic channel. Monomer A WT CC hubs are denoted as light-grey, Monomer B WT CC hubs as blue. Mutation-induced
newly introduced hubs shown in dark-grey in Monomer A and sky-blue Monomer B. Oxidoreduction catalytic channel (NADPH, FAD, Fe?*4S*,4
clusters, FMN and 5FU is shown in yellow. The mutations are represented in indigo.
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Figure S4.3.6. 3D cartoon representation of the distribution of eigen centrality hubs of the drug free ensembles along the oxidoreduction
catalytic channel. Monomer A WT EC hubs are denoted as light-grey, Monomer B WT EC hubs as blue. Mutation-induced newly introduced
hubs shown in dark-grey in Monomer A and sky-blue Monomer B. Oxidoreduction catalytic channel (NADPH, FAD, Fe?*4S%4 clusters, FMN
and 5FU is shown in yellow. The mutations are represented in indigo.
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Figure S4.3.7: 3D cartoon representation of the distribution of katz centrality hubs of the drug free ensembles along the oxidoreduction
catalytic channel. Monomer A WT KC hubs are denoted as light-grey, Monomer B WT KC hubs as blue. Mutation-induced newly introduced
hubs shown in dark-grey in Monomer A and sky-blue Monomer B. Oxidoreduction catalytic channel (NADPH, FAD, Fe?*4S%4 clusters, FMN
and 5FU is shown in yellow. The mutations are represented in indigo.
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Figure S4.4.1. Contact-map representing frequency (%) of residue-residue interaction around Monomer A and B S201of the (WT) in
comparison to the mutation (S201R). (A) Weighted residues contact map around S201 (WT) of Monomer A, (B) Weighted residue contact
map around S201 (WT) of Monomer B, (C) Weighted residue contact map around R201 (mutation) of Monomer A, (D) Weighted residue
contact map around R201 (mutation) of Monomer B and (E) Weighted residues contact heatmap showing the inter-residue interaction around
S201 (WT) and R201 (mutation) of Monomer A and Monomer B of DPD. The shaded boxes in each frame represent significant differences in
the frequency of interaction between the S201 residues and the surrounding contacting residues in the WT versus the mutations. White (0) to
dark-red (1.0) represent no-contact (0) to strong-contact (1.0)
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Figure S4.4.2. Contact-map representing frequency (%) of residue-residue interaction around Monomer A and B K259 of the (WT) in
comparison to the mutation (K259E). (A) Weighted residues contact map around K259 (WT) of Monomer A, (B) Weighted residue contact
map around K259 (WT) of Monomer B, (C) Weighted residue contact map around E259 (mutation) of Monomer A, (D) Weighted residue
contact map around E259 (mutation) of Monomer B and (E) Weighted residues contact heatmap showing the inter-residue interaction around
K259 (WT) and E259 (mutation) of Monomer A and Monomer B of DPD. The shaded boxes in each frame represent significant differences in
the frequency of interaction between the K259 residues and the surrounding contacting residues in the WT versus the mutations. White (0) to
dark-red (1.0) represent no-contact (0) to strong-contact (1.0)
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Figure S4.4.3. Contact-map representing frequency (%) of residue-residue interaction around Monomer A and B D342 of the (WT) in
comparison to the mutation (D342N). (A) Weighted residues contact map around D342 (WT) of Monomer A, (B) Weighted residue contact
map around D342 (WT) of Monomer B, (C) Weighted residue contact map around D342 (mutation) of Monomer A, (D) Weighted residue
contact map around D342 (mutation) of Monomer B and (E) Weighted residues contact heatmap showing the inter-residue interaction around
D342 (WT) and D342 (mutation) of Monomer A and Monomer B of DPD. The shaded boxes in each frame represent significant differences in
the frequency of interaction between the D342 residues and the surrounding contacting residues in the WT versus the mutations. White (0) to
dark-red (1.0) represent no-contact (0) to strong-contact (1.0)
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Figure S4.4.4. Contact-map representing frequency (%) of residue-residue interaction around Monomer A and B D432 of the (WT) in
comparison to the mutation (D432N). (A) Weighted residues contact map around D432 (WT) of Monomer A, (B) Weighted residue contact
map around D432 (WT) of Monomer B, (C) Weighted residue contact map around D432 (mutation) of Monomer A, (D) Weighted residue
contact map around D432 (mutation) of Monomer B and (E) Weighted residues contact heatmap showing the inter-residue interaction around
D432 (WT) and D432 (mutation) of Monomer A and Monomer B of DPD. The shaded boxes in each frame represent significant differences in
the frequency of interaction between the D432 residues and the surrounding contacting residues in the WT versus the mutations. White (0) to
dark-red (1.0) represent no-contact (0) to strong-contact (1.0)
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Figure S4.4.5. Contact-map representing frequency (%) of residue-residue interaction around Monomer A and B S492 of the (WT) in
comparison to the mutation (S492L). (A) Weighted residues contact map around S492 (WT) of Monomer A, (B) Weighted residue contact
map around S492 (WT) of Monomer B, (C) Weighted residue contact map around L492 (mutation) of Monomer A, (D) Weighted residue
contact map around L492 (mutation) of Monomer B and (E) Weighted residues contact heatmap showing the inter-residue interaction around
S492 (WT) and L492 (mutation) of Monomer A and Monomer B of DPD. The shaded boxes in each frame represent significant differences in
the frequency of interaction between the S492 residues and the surrounding contacting residues in the WT versus the mutations. White (0) to
dark-red (1.0) represent no-contact (0) to strong-contact (1.0)
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Figure S4.4.6. Contact-map representing frequency (%) of residue-residue interaction around Monomer A and B R886 of the (WT) in
comparison to the mutation (R886C). (A) Weighted residues contact map around R886 (WT) of Monomer A, (B) Weighted residue contact
map around R886 (WT) of Monomer B, (C) Weighted residue contact map around C886 (mutation) of Monomer A, (D) Weighted residue
contact map around C886 (mutation) of Monomer B and (E) Weighted residues contact heatmap showing the inter-residue interaction around
R886 (WT) and C886 (mutation) of Monomer A and Monomer B of DPD. The shaded boxes in each frame represent significant differences in
the frequency of interaction between the R886 residues and the surrounding contacting residues in the WT versus the mutations. White (0) to
dark-red (1.0) represent no-contact (0) to strong-contact (1.0)
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Figure S4.4.7. Contact-map representing frequency (%) of residue-residue interaction around Monomer A and B L993 of the (WT) in
comparison to the mutation (L993R). (A) Weighted residues contact map around L993 (WT) of Monomer A, (B) Weighted residue contact
map around L.993 (WT) of Monomer B, (C) Weighted residue contact map around R993 (mutation) of Monomer A, (D) Weighted residue
contact map around R993 (mutation) of Monomer B and (E) Weighted residues contact heatmap showing the inter-residue interaction around
L993 (WT) and R993 (mutation) of Monomer A and Monomer B of DPD. The shaded boxes in each frame represent significant differences in
the frequency of interaction between the L993 residues and the surrounding contacting residues in the WT versus the mutations. White (0) to
dark-red (1.0) represent no-contact (0) to strong-contact (1.0)
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CHAPTER FIVE

Figure S5.1.1: A heatmap displaying the sequence-based pathogenicity effects probability for active site mutants of uncertain significance (MUS) (R592Q, A664S,
G674D, AT721T, V732G, T768K) generated by the Ensembl Variant Effect Predictor (EVE). The heatmap is color-coded from blue to white, representing a range
from 0 to 1, indicating an ascending likelihood of pathogenicity. Mutations assigned a value of 0.5 on the heatmap are considered moderately pathogenic, while
those assigned a value of 1 are highly likely to be pathogenic. Conversely, mutations with a value of 0 are less likely to be pathogenic.
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Figure S5.1.2: A heatmap displaying the sequence-based pathogenicity effects probability for active site mutants of uncertain significance (MUS) (R592Q, A664S,
G674D, A721T, V732G, T768K) generated by the Variant Annotation Integrator (VARITY). The heatmap is color-coded from blue to white, representing a range from
0 to 1, indicating an ascending likelihood of pathogenicity. Mutations assigned a value of 0.5 on the heatmap are considered moderately pathogenic, while those assigned a
value of 1 are highly likely to be pathogenic. Conversely, mutations with a value of 0 are less likely to be pathogenic.
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Figure S5.2.1. Contact-map representing frequency (%) of residue-residue interaction around Monomer A and B R592 of the (WT) in
comparison to the mutation (R592Q). (A) Weighted residues contact map around R592 (WT) of Monomer A, (B) Weighted residue contact
map around R592 (WT) of Monomer B, (C) Weighted residue contact map around R592 (mutation) of Monomer A, (D) Weighted residue
contact map around R592 (mutation) of Monomer B and (E) Weighted residues contact heatmap showing the inter-residue interaction around
R592 (WT) and R592 (mutation) of Monomer A and Monomer B of DPD. The shaded boxes in each frame represent significant differences in
the frequency of interaction between the R592residues and the surrounding contacting residues in the WT versus the mutations. White (0) to
dark-red (1.0) represent no-contact (0) to strong-contact (1.0)
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Figure S5.2.2. Contact-map representing frequency (%) of residue-residue interaction around Monomer A and B A664 of the (WT) in
comparison to the mutation (A664S). (A) Weighted residues contact map around A664 (WT) of Monomer A, (B) Weighted residue contact
map around A664 (WT) of Monomer B, (C) Weighted residue contact map around A664 (mutation) of Monomer A, (D) Weighted residue
contact map around A664 (mutation) of Monomer B and (E) Weighted residues contact heatmap showing the inter-residue interaction around
A664 (WT) and A664 (mutation) of Monomer A and Monomer B of DPD. The shaded boxes in each frame represent significant differences in
the frequency of interaction between the A664 residues and the surrounding contacting residues in the WT versus the mutations. White (0) to
dark-red (1.0) represent no-contact (0) to strong-contact (1.0).
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Figure S5.2.3. Contact-map representing frequency (%) of residue-residue interaction around Monomer A and B G674 of the (WT) in
comparison to the mutation (G674D). (A) Weighted residues contact map around G674 (WT) of Monomer A, (B) Weighted residue contact
map around G674 (WT) of Monomer B, (C) Weighted residue contact map around G674 (mutation) of Monomer A, (D) Weighted residue
contact map around G674 (mutation) of Monomer B and (E) Weighted residues contact heatmap showing the inter-residue interaction around
G674 (WT) and G674 (mutation) of Monomer A and Monomer B of DPD. The shaded boxes in each frame represent significant differences in
the frequency of interaction between the G674 residues and the surrounding contacting residues in the WT versus the mutations. White (0) to
dark-red (1.0) represent no-contact (0) to strong-contact (1.0).
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Figure S5.2.4. Contact-map representing frequency (%) of residue-residue interaction around Monomer A and B A721 of the (WT) in
comparison to the mutation (A721T). (A) Weighted residues contact map around A721 (WT) of Monomer A, (B) Weighted residue contact
map around A721 (WT) of Monomer B, (C) Weighted residue contact map around A721 (mutation) of Monomer A, (D) Weighted residue
contact map around A721 (mutation) of Monomer B and (E) Weighted residues contact heatmap showing the inter-residue interaction around
G674 (WT) and A7214 (mutation) of Monomer A and Monomer B of DPD. The shaded boxes in each frame represent significant differences in
the frequency of interaction between the A721 residues and the surrounding contacting residues in the WT versus the mutations. White (0) to
dark-red (1.0) represent no-contact (0) to strong-contact (1.0)
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Figure S5.2.5. Contact-map representing frequency (%) of residue-residue interaction around Monomer A and B V732 of the (WT) in
comparison to the mutation (V732G). (A) Weighted residues contact map around V732 (WT) of Monomer A, (B) Weighted residue contact
map around V732 (WT) of Monomer B, (C) Weighted residue contact map around V732 (mutation) of Monomer A, (D) Weighted residue
contact map around V732 (mutation) of Monomer B and (E) Weighted residues contact heatmap showing the inter-residue interaction around
V732 (WT) and V732 (mutation) of Monomer A and Monomer B of DPD. The shaded boxes in each frame represent significant differences in
the frequency of interaction between the A721 residues and the surrounding contacting residues in the WT versus the mutations. White (0) to
dark-red (1.0) represent no-contact (0) to strong-contact (1.0)
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Figure S5.2.6. Contact-map representing frequency (%) of residue-residue interaction around Monomer A and B T768 of the (WT) in
comparison to the mutation (T768K). (A) Weighted residues contact map around T768 (WT) of Monomer A, (B) Weighted residue contact
map around T768 (WT) of Monomer B, (C) Weighted residue contact map around T768 (mutation) of Monomer A, (D) Weighted residue
contact map around V732 (mutation) of Monomer B and (E) Weighted residues contact heatmap showing the inter-residue interaction around
T768 (WT) and T768 (mutation) of Monomer A and Monomer B of DPD. The shaded boxes in each frame represent significant differences in
the frequency of interaction between the T768 residues and the surrounding contacting residues in the WT versus the mutations. White (0) to
dark-red (1.0) represent no-contact (0) to strong-contact (1.0)
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Figure S5.3.1. 3D mapping of the global top 4 % for averaged BC metric of the WT and mutations in DPD drug free ensembles. A
communication pathway along oxidoreduction (gold) pathway from Monomer A NADPH to FAD to 2 x Fe*'sS%4 clusters, proceeding to
Monomer B 2 x Fe?"48%4 to FMN for the reduction of 5-FU. The hubs in Monomer A are colored light grey (original) and dark grey (newly
introduced) and Monomer A are colored sky blue (original) and royal blue (newly introduced)
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Figure S5.3.2. 3D mapping of the global top 4 % for averaged DC metric of the WT and mutations in DPD drug free ensembles. A
communication pathway along oxidoreduction (gold) pathway from Monomer A NADPH to FAD to 2 x Fe?'sS%4 clusters, proceeding to
Monomer B 2 x Fe?"48%4 to FMN for the reduction of 5-FU. The hubs in Monomer A are colored light grey (original) and dark grey (newly
introduced) and Monomer A are colored sky blue (original) and royal blue (newly introduced)
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Figure S5.3.3. A direct cross-correlation (DCC) heatmap showing the relationship between WT and mutations in DPD drug free ensembles.

297



Figure S5.3.4. A direct cross-correlation (DCC) heatmap showing the relationship between WT and mutations in DPD drug bound ensembles.
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Figure S5.3.5. 3D mapping of the global top 4 % for averaged CC metric of the WT and mutations in DPD drug free ensembles. A
communication pathway along oxidoreduction (gold) pathway from Monomer A NADPH to FAD to 2 x Fe?"48%4 clusters, proceeding to
Monomer B 2 x Fe?*4S*4 to FMN for the reduction of 5-FU. The hubs in Monomer A are colored light grey (original) and dark grey (newly
introduced) and Monomer A are colored sky blue (original) and royal blue (newly introduced)
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Figure S5.3.6. 3D mapping of the global top 4 % for averaged EC metric of the WT and mutations in DPD drug free ensembles. A
communication pathway along oxidoreduction (gold) pathway from Monomer A NADPH to FAD to 2 x Fe?'sS%4 clusters, proceeding to
Monomer B 2 x Fe?"48%4 to FMN for the reduction of 5-FU. The hubs in Monomer A are colored light grey (original) and dark grey (newly
introduced) and Monomer A are colored sky blue (original) and royal blue (newly introduced).
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Figure S5.3.7. 3D mapping of the global top 4 % for averaged KC metric of the WT and mutations in DPD drug free ensembles. A
communication pathway along oxidoreduction (gold) pathway from Monomer A NADPH to FAD to 2 x Fe?"48%4 clusters, proceeding to
Monomer B 2 x Fe?*4S*4 to FMN for the reduction of 5-FU. The hubs in Monomer A are colored light grey (original) and dark grey (newly
introduced) and Monomer A are colored sky blue (original) and royal blue (newly introduced)
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Figure S4.-. split Violin plots depicting 600 ns RMSD simulation for drug free and drug bound systems of
cofactor (FMN) and ligand (5-FU)
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Table S2.1: Quality validation of Human DPD protein modeled structures. Table
adapted from Tendwa et al., (2021)

PROTEINS VERIFY QMEANG6 ProSA PROCHECK (%)

3D (%)

3D-ID QMEAN Monomers z-Score Ramachandran (residues location)

score score

A B Favored | Allowed | Disallowed

Template (PDB ID: 1H7X) 85.79 0.91 -13.56 -13.47 93.5 6.4 0.1
DPD Holo 85.01 0.90 -13.41 -13.44 89.4 10.2 0.0
DPD Holo-5-FU drug 85.01 0.89 -13.42 -13.45 92.2 7.7 0.1
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Table S2.2. Titratable residues in the human DPD protein and their respective pKa
values. Table adapted from Tendwa et al., (2021)

Residue  pK (int) pKa_(1/2) Residue pK (int) pKa_(1/2) Residue pK (int) pKa_(1/2)
Chain-A
NTALA-2 7417 7.972 ARG-678 11484  >12.000 CYS-324 8.990 9.066
LYS-7 10.092 11.678 CYS-684 11.950  >12.000 HIS-325 6.186 6.037
ASP-8 4.515 0.918 ASP-687 3.873 1.358 ARG-332  12.252  >12.000
ASP-10 3.600 3.978 GLU-689 4.008 3.203 ASP-342  2.523 <0.000
ASP-11 3.436 3.435 ARG-692 11.329  >12.000 ASP-346  4.452 <0.000
GLU-13 4.390 4.841 CYS-695 11.905 >12.000 CYS-347 9.618 >12.000
ARG-21 11.752 >12.000 ARG-696 11.889  >12.000 ARG-353  12.006  >12.000
HIS-25 6.649 7.179 ARG-699 12.639  >12.000 CYS-354  12.003  >12.000
CYS-29 9.529 10.217 LYS-709 6.035 11.023 ARG-357 11.430  >12.000
LYS-34 9.536  >12.000 ASP-716 2.681 <0.000 ARG-358 11.391  >12.000
LYS-35 9.563 >12.000 ARG-722 11.424  >12.000 ARG-364 11.276  >12.000
ASP-37 5.142 1.200 LYS-725 10.304 10.679 LYS-365 9.534 9.163
LYS-38 9.329  >12.000 GLU-726 5.068 2.383 ARG-371  11.195 >12.000
LYS-39 10.143 10.937 ASP-730 5.918 2.792 GLU-375 3.112 <0.000
HIS-40 6.461 6.871 LYS-745 9.516  >12.000 GLU-376  4.400 6.860
LYS-42 9.998 >12.000 ASP-747 3.896 <0.000 GLU-378 4.413 <0.000
ARG-43 13.175 >12.000 LYS-758 10.327 11.421 LYS-381 8.938 >12.000
ASP-46 4.116 <0.000 ARG-759 12.228 >12.000 GLU-382 5.675 <0.000
LYS-47 9.719  >12.000 TYR-762 14.594  >12.000 GLU-383 6.836  <0.000
CYS-49 9.248 9.348 ARG-771 10.083 >12.000 LYS-384 10.693  >12.000
CYS-52 10.767 >12.000 ARG-776 10.282 >12.000 CYS-385 11.195  >12.000
GLU-53 5.888 0.730 ARG-783 11.892  >12.000 GLU-386 5.553 <0.000
LYS-54 9.683 10.896 ASP-797 4.647 <0.000 ARG-394 11.524  >12.000
GLU-56 6.258 <0.000 GLU-800 3.816 <0.000 LYS-395 10.171 10.585
ASP-60 5.726 <0.000 HIS-807 5.207 3.368 LYS-399 10.108 10.435
ASP-61 5.047 <0.000 CYS-816 7.570 7.492 ARG-402  12.151 >12.000
LYS-63 9.179  >12.000 ASP-823 2.599 <0.000 ARG-410  11.826  >12.000
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HIS-64 5.720 9.050 GLU-828 3.751 5.528 GLU-412  5.136 0.902
GLU-69 3.222 <0.000 ASP-829 1.478  <0.000 ASP-414  3.839 2.274
ARG-70 8.644  >12.000 TYR-830 10911 >12.000 GLU-415  4.126 3.367
ARG-74 10.915  >12.000 CYS-831 9.358  >12.000 LYS-418 10.218 10.910
GLU-75 4.124 <0.000 LYS-835 9.380  >12.000 GLU-421 4.361 1.315
ARG-78 10.937  >12.000 TYR-839 12.375  >12.000 ASP-422  4.847 5.473
CYS-79 7.155 8.371 LYS-841 9.611 >12.000 GLU-423 5.357 3.329
LYS-81 9.191 >12.000 GLU-844 4.631 3.112 ASP-424  3.742 2.658
CYS-82 6.821 >12.000 GLU-845 5.283 5.206 HID-428  6.245 6.107
ASP-84 5.617 <0.000 ASP-848 4.229 3.553 LYS-430 9983 >12.000
CYS-87 5793  >12.000 ASP-850 3.751 <0.000 ASP-432  4.667 2.550
LYS-89 10.120  >12.000 HIS-859 2.394 <0.000 ASP-444  2.973 1.331
CYS-91 6.640 8.917 LYS-861 10.276 ~ >12.000 LYS-446  9.801 10.964
HIS-94 5.713 0.409 LYS-863 10.097  >12.000 LYS-448  9.760 11.020
ASP-96 2.303 <0.000 ARG-867 11.666  >12.000 GLU-449  4.386 4.021
LYS-98 6.466  >12.000 GLU-870 6.530 3.817 LYS-455 10.222 11.077
LYS-107 8.251 >12.000 ASP-873 3.827 3.252 ARG-458 11.797  >12.000
TYR-109 12.293  >12.000 LYS-874 10.222 11.604 GLU-463  4.330 4.038
TYR-110 11.905  >12.000 LYS-875 10.158  >12.000 ASP-465  3.138 2.845
LYS-114 8.864  >12.000 TYR-882 11.326  >12.000 GLU-467  3.882 3.682
ASP-119 5.422 <0.000 GLU-884 4.874 2.698 GLU-473  4.164 3.200
CYS-126 6.601 >12.000 ARG-886 11.628  >12.000 ASP-481 1.702  <0.000
CYS-130 6.202  >12.000 LYS-887 10.151 >12.000 GLU-491 3.011 <0.000
ASP-134 4.533 <0.000 LYS-888 10.369 11.315 ASP-495  2.170  <0.000
CYS-136 6.036  >12.000 GLU-892 5.494 4.079 LYS-497 8.758  >12.000
CYS-140 6.456 5.546 GLU-893 5.290 3.716 TYR-502  10.836  >12.000
TYR-143 10.672  >12.000 LYS-894 9.690  >12.000 HIS-504  5.309 4.651
GLU-146 4.597 <0.000 ARG-896 12.114  >12.000 LYS-505 10.092 10.876
GLU-147 5.224 <0.000 LYS-898 10.086  >12.000 TYR-506  11.696  >12.000
GLU-161 4.307 2.857 GLU-899 4.934 3.926 TYR-511 11.474 >12.000
LYS-164 9.536  >12.000 LYS-908 10.362 10.775 LYS-518  9.969  >12.000
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ARG-172 13.132  >12.000 ARG-909 11.520  >12.000 GLU-520  5.117 2.691
GLU-180 4.415 3.790 CYS-911 10.130 11.404 TYR-525 11.106  >12.000
LYS-181 10.258 10.573 LYS-915 10.243 11.792 ASP-529 4834  <0.000
GLU-184 4.462 3.974 ARG-916 11.939  >12.000 ASP-532  3.498 2.437
TYR-186 11.038 11.742 LYS-922 10.179 11.304 GLU-536  4.535 3.981
LYS-189 10.624  >12.000 ASP-923 4.440 2.744 LYS-541 10.366 11.337
CYS-202 10.875  >12.000 LYS-927 10.571 10.938 ARG-561 11.833  >12.000
ARG-208 11.892  >12.000 TYR-931 11.367  >12.000 ARG-562 9.217  >12.000
TYR-211 12.788  >12.000 GLU-937 4.620 2.157 GLU-565 4.518 3413
ASP-213 4.946 1.769 GLU-942 4.228 3.649 LYS-574  7.509 >12.000
GLU-218 2.317 <0.000 ASP-949 3.028 0.531 ASP-579  3.747 2915
LYS-219 8.693 >12.000 GLU-950 4.668 5.855 LYS-580 9.498 >12.000
GLU-221 4.132 3.561 GLU-951 5.702 1.520 ASP-581 4.111 3.531
TYR-222 9.094  >12.000 CYS-953 7.496  >12.000 ARG-589 8.869 >12.000
GLU-230 3.569 <0.000 CYS-956 7.107 1.932 ARG-592 12314 >12.000
ARG-235 9.353 >12.000 LYS-958 7.074  >12.000 TYR-600  10.708  >12.000
TYR-238 11.091 >12.000 CYS-959 6.653 <0.000 GLU-611 5412  <0.000
ASP-239 4.261 0.642 TYR-960 12.121 >12.000 GLU-615 4.869  <0.000
GLU-244 2.724 <0.000 CYS-963 5.350 11.686 LYS-616 8.766  >12.000
GLU-246 4.835 3.403 ASP-965 2.428 <0.000 TYR-620 10.801  >12.000
LYS-249 9.374  >12.000 TYR-968 11.555 >12.000 CYS-622  11.760  >12.000
ASP-250 4.804 3.488 ASP-974 2.649 0.129 GLU-627 5.247 3.649
LYS-254 10.056  >12.000 GLU-976 4.583 3.605 LYS-629 10.732  >12.000
CYS-257 9.490  >12.000 HIS-978 5.305 9.984 ASP-631 5.100 2.340
LYS-259 10.095 10.908 ASP-984 4.401 3.121 ASP-634  4.392 3.873
GLU-265 4.494 3.918 CYS-986 7.289  >12.000 CYS-643  10.096  >12.000
LYS-272 9.978 11.037 CYS-989 6.958 8.920 TYR-645 10.610 >12.000
GLU-273 4.767 3.907 CYS-992 5.732 <0.000 LYS-647 10.186 10.183
LYS-274 9.903 10.056 CYS-996 7.455 10.503 ASP-649  4.813 1.835
TYR-276 11.567  >12.000 ASP-1000  3.607 <0.000 GLU-652  4.490 4.296
LYS-277 10.604 11.424 CYS-1001 8.150  >12.000 LYS-655 10.192 11.038
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GLU-287 3.240 2.792 LYS-1002  3.228  >12.000 LYS-656  9.621  >12.000
LYS-290 9.997 11.006 ARG-1003  10.588  >12.000 GLU-658 5.018 4.231
ASP-291 3.660 1.830 ARG-1007  11.908  >12.000 ASP-659  6.916 7.080
ASP-300 4.078 3.428 TYR-1011  12.126  >12.000 ASP-663 5.385 1.746
TYR-304 11.589  >12.000 GLU-1012  4.464 3.817 GLU-666  4.003 <0.000
LYS-307 7.682  >12.000 LYS-1014  9.453 11.036 CYS-671 9.081 10.646
ASP-308 2.913 1.506 ARG-1015  12.068  >12.000 HIS-673 4.876 5.868
LYS-315 9.571 >12.000 LEU-1017 3.812 2.839 GLU-677  4.172 3.721
LYS-318 10.523 >12.000 Chain-B ARG-678  11.497  >12.000
CYS-322 8.439 8.884 NTALA-2 7303 7.567 CYS-684 10.768  >12.000
CYS-324 8.474 9.151 LYS-7 10.092 11.514 ASP-687  3.422 1.126
HIS-325 6.353 6.228 ASP-8 4.485 0.829 GLU-689 3.988 3.859
ARG-332 12495  >12.000 ASP-11 3.481 3.217 ARG-692  11.261 >12.000
ASP-342 2.251 <0.000 GLU-13  4.381 4.529 CYS-695 11.885 >12.000
ASP-346 3.570 <0.000 ARG-21 11916  >12.000 ARG-696  11.809  >12.000
CYS-347 9.395 >12.000 HIS-25 6.433 7.127 ARG-699 13391  >12.000
ARG-353 12.182  >12.000 CYS-29 9.514 10.390 LYS-709 6.259  >12.000
CYS-354 12.357  >12.000 LYS-34 9319  >12.000 ASP-716  3.023 <0.000
ARG-357 11.291 >12.000 LYS-35 8.741 10.536 ARG-722  11.522  >12.000
ARG-358 10.450  >12.000 ASP-37  4.901 0.807 LYS-725 10.246 10.437
ARG-364 11.344  >12.000 LYS-38 8.850  >12.000 GLU-726  5.090 2468
LYS-365 9.444 8.767 LYS-39  10.086 11.352 LYS-745 9.406  >12.000
ARG-371 11.444  >12.000 HIS-40  6.881 7.522 ASP-747  4.039  <0.000
GLU-375 3.182 <0.000 LYS-42  9.927  >12.000 LYS-758 10.182 11.247
GLU-376 4.609 7.909 ARG-43  13.227  >12.000 ARG-759 12,513  >12.000
GLU-378 4.472 <0.000 ASP-46  3.757 <0.000 TYR-762  13.151 >12.000
LYS-381 8.961 >12.000 LYS-47  9.620  >12.000 ARG-771 9.652  >12.000
GLU-382 5.890 <0.000 CYS-49 9.602 9.668 ARG-776  10.476  >12.000
GLU-383 7.131 2.331 CYS-52 9.631 10.695 ARG-783  12.031  >12.000
LYS-384 10.273 >12.000 GLU-53 5.615 1.985 ASP-797 4369  <0.000
CYS-385 11.369  >12.000 LYS-54 10.179  >12.000 GLU-800  3.723 <0.000
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GLU-386 5.498 <0.000 GLU-56 6.027 0.376 HIS-807  4.995 2.920
ARG-394 12.049  >12.000 ASP-60  5.580 <0.000 CYS-816  7.583 7.301
LYS-395 10.185 10.533 ASP-61 4.931 <0.000 ASP-823 2.425 <0.000
LYS-399 10.127 10.237 LYS-63 9.065  >12.000 GLU-828 3.787 5.495
ARG-402 12.348  >12.000 HIS-64 5372 8.066 ASP-829 1.085 <0.000
ARG-410 12.126  >12.000 GLU-69 3.049 <0.000 TYR-830 10.028  >12.000
GLU-412 5.336 3.049 ARG-70 8.610  >12.000 CYS-831 9.409 >12.000
ASP-414 3.957 2.361 ARG-74 10.614  >12.000 LYS-835 9.531 >12.000
GLU-415 4.611 3.124 GLU-75  4.176 <0.000 TYR-839  12.083  >12.000
LYS-418 10.487 11.457 ARG-78 11.185 >12.000 LYS-841 9.345  >12.000
GLU-421 5.204 2.049 CYS-79 7.452 10.201 GLU-844  4.858 3.424
ASP-422 5.009 6.599 LYS-81 9.384  >12.000 GLU-845 4.934 4.976
GLU-423 4.637 2.362 CYS-82 6.829  >12.000 ASP-848  4.196 3.298
ASP-424 3.906 3.001 ASP-84  5.188 <0.000 ASP-850  3.373 <0.000
HID-428 6.190 5.720 CYS-87 6.049  >12.000 HIS-859  4.635 5.008
LYS-430 10.049 11.656 LYS-89 10.015 >12.000 LYS-861 10.211  >12.000
ASP-432 4.726 2.443 CYS-91 6.684 9.325 LYS-863 9.993  >12.000
ASP-444 3.025 1.501 HIS-94 5457 <0.000 ARG-867 11.714  >12.000
LYS-446 9.783 10.975 ASP-96 1.971 <0.000 GLU-870  5.014 3.574
LYS-448 10.003 11.215 LYS-98 6.142  >12.000 ASP-873 3.845 3.093
GLU-449 4.446 4.084 LYS-107 8.064  >12.000 LYS-874 10.169 11.356
LYS-455 10.237 11.121 TYR-109  11.951 >12.000 LYS-875 10.049 >12.000
ARG-458 11.879  >12.000 TYR-110 12459 >12.000 TYR-882 11.538 >12.000
GLU-463 4.395 4.226 LYS-114 8918 >12.000 GLU-884  4.766 2427
ASP-465 2.478 1.902 ASP-119 5,577  <0.000 ARG-886  11.545 >12.000
GLU-467 3.620 3.475 CYS-126 7.598  >12.000 LYS-887 10.081 >12.000
GLU-473 4.169 3.252 CYS-130 6.616  >12.000 LYS-888 10.359 11.369
ASP-481 1.697 <0.000 ASP-134 4849  <0.000 GLU-892 5.120 3.584
GLU-491 1.527 <0.000 CYS-136 5948 >12.000 LYS-894  9.588 >12.000
ASP-495 1.865 <0.000 CYS-140 6.569 6.413 ARG-896  12.028 >12.000
LYS-497 8910  >12.000 TYR-143  11.062  >12.000 LYS-898 10.313  >12.000
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TYR-502 10.721 >12.000 GLU-146  4.899  <0.000 GLU-899  4.713 3.870
HIS-504 5.529 5.057 GLU-147 5.091 <0.000 GLU-908 4451 4.161
LYS-505 10.020 10.886 GLU-161 3.736 _ <0.000 ARG-909  12.053  >12.000
TYR-506 11472  >12.000 LYS-164 8.930  >12.000 ASP-910  4.599 4.392
TYR-511 11.391 >12.000 ARG-172  12.886  >12.000 CYS-911  11.082  >12.000
LYS-518 10.405 >12.000 GLU-180  4.340 3.833 LYS-915 10.368 >12.000
GLU-520 4.694 2.460 LYS-181 10.263 10.540 ARG-916 11973  >12.000
TYR-525 11.171 >12.000 GLU-184 4454 3.989 LYS-922 10.215 11.315
ASP-529 4.550 <0.000 TYR-186  10.640 11.045 ASP-923 3.488 1.495
ASP-532 3.367 2.155 LYS-189  10.554 11.622 LYS-927  10.526 10.847
GLU-536 4.520 4.070 CYS-202  11.328 >12.000 TYR-931 11357 >12.000
LYS-541 10.375 11.439 ARG-208 12.173  >12.000 GLU-937 5.376 3.135
ARG-561 11.682  >12.000 TYR-211  14.406  >12.000 GLU-942  4.193 3.579
ARG-562 9.172  >12.000 ASP-213 5.427 2.277 ASP-949  3.081 0.434
GLU-565 4.588 3.426 GLU-218  2.676  <0.000 GLU-950  4.768 5.720
LYS-574 7.621 >12.000 LYS-219 8.580 >12.000 GLU-951 5.644 0.188
ASP-579 5.227 9.491 GLU-221 4.261 3.937 CYS-953 7.489  >12.000
LYS-580 9.587  >12.000 TYR-222  9.707  >12.000 CYS-956  7.052  <0.000
ASP-581 4.074 3.498 GLU-230  4.551 0.334 LYS-958 7.356  >12.000
ARG-589 8.773 >12.000 ARG-235 9.374  >12.000 CYS-959 7.047  <0.000
ARG-592 12.279  >12.000 TYR-238  11.339  >12.000 TYR-960 12.823  >12.000
TYR-600 10.478  >12.000 ASP-239  3.611 <0.000 CYS-963 5.987  >12.000
GLU-611 4.902 <0.000 GLU-244 3.536  <0.000 ASP-965 2.615 <0.000
GLU-615 4.875 <0.000 GLU-246 5.141 4.394 TYR-968 11.129  >12.000
LYS-616 8.724  >12.000 LYS-249  9.644  >12.000 ASP-974 3421 1.243
TYR-620 11.923 >12.000 ASP-250  5.261 4.174 GLU-976  4.826 3.810
CYS-622 11.465  >12.000 LYS-254 10.513  >12.000 HIS-978 5.660 10.280
GLU-627 3.900 1.193 CYS-257  9.804 >12.000 ASP-984  4.239 2.667
LYS-629 10.761 >12.000 LYS-259  10.095 10.949 CYS-986  7.143 9.614
ASP-631 4.956 2.740 GLU-265  4.239 3.526 CYS-989 7.164 6.202
ASP-634 4.364 3.885 LYS-272  10.041 11.198 CYS-992 6.714  >12.000
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CYS-643 9.773 >12.000 GLU-273 4.637 3.923 CYS-996  7.589 9.756
TYR-645 10.854 11.797 LYS-274  9.928 9.807 ASP-1000  3.752  <0.000
LYS-647 9.652 9.712 TYR-276  11.844 >12.000 CYS-1001  8.191  >12.000
ASP-649 4.764 2.051 LYS-277  10.656 11.399 LYS-1002  4.736  >12.000
GLU-652 4.299 4.117 GLU-287 3.373 3.024 ARG-1003 10.742  >12.000
LYS-655 9.934 10.986 LYS-290  9.694 10.778 ARG-1007 11.792  >12.000
LYS-656 9.203 11.476 ASP-291 3.366 1.735 TYR-1011 12.215 >12.000
GLU-658 4.790 4.743 ASP-300  3.895 3.517 GLU-1012  4.463 3.777
ASP-659 4.923 4.970 TYR-304 11.644 >12.000 LYS-1014  9.489 10.840
ASP-663 5.380 1.857 LYS-307 7.604  >12.000 ARG-1015 11.964 >12.000
GLU-666 3471 <0.000 ASP-308  2.671 1.112 CTala-2035 4.036 2.880
CYS-671 10.614  >12.000 LYS-315 9.386  >12.000

HIS-673 5.824 6.323 LYS-318 11.015 >12.000

GLU-677 4.057 2.963 CYS-322 9919 11.243
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Table S2.3. Summary statistics of human DPD parameters and coordinate files for
Model 1 (B3LYP/6-31G*): AMBER parameter file. Table adapted from Tendwa et
al., (2021)

##Model 1 (B3LYP/6-31G*) AMBER parameter file
REMARK GOES HERE, THIS FILE IS GENERATED BY MCPB.PY

MASS

FE1 55.85 Fe ion

FE2 55.85 Fe ion

FE3 55.85 Fe ion

FE4 55.85 Fe ion

FES 55.85 Fe ion

FE6 55.85 Fe ion

FE7 55.85 Fe ion

FES8 55.85 Fe ion

CysSG(78) 32.06 2.900 S in cystine

CysSG(81) 32.06 2.900 S in cystine

CysSG(86) 32.06 2.900 S in cystine

CysSG(90) 32.06 2.900 S in cystine

CysSG(129) 32.06 2.900 S in cystine

CysSG(135) 32.06 2.900 S in cystine

CysSG(139) 32.06 2.900 S in cystine

GnOE(155) 16.00 0.434 carbonyl group oxygen

S1 32.060 2.900 S ion

S2 32.060 2.900 S ion

S3 32.060 2.900 S ion

S4 32.060 2.900 S ion

S5 32.060 2.900 S ion

S6 32.060 2.900 S ion

S7 32.060 2.900 S ion

S8 32.060 2.900 S ion

BOND (kcal/mol/A) (A)

CysSG(90)-FE1  44.6 2.3851  Created by Seminario method using MCPB.py
S2-FE1 56.1 2.2759  Created by Seminario method using MCPB.py
S2-FE3 57.3 2.3031  Created by Seminario method using MCPB.py
S2-FE4 54.0 2.2876  Created by Seminario method using MCPB.py
S3-FE1 55.1 2.2007  Created by Seminario method using MCPB.py
S3-FE2 66.5 2.1837  Created by Seminario method using MCPB.py
S3-FE4 55.6 2.1893  Created by Seminario method using MCPB.py
S4-FE1 66.1 2.2277  Created by Seminario method using MCPB.py
S4-FE2 62.0 2.2510  Created by Seminario method using MCPB.py
S4-FE3 76.3 2.2375  Created by Seminario method using MCPB.py
CysSG(135)-FE2 53.4 2.3262  Created by Seminario method using MCPB.py
S1-FE2 54.7 2.2552  Created by Seminario method using MCPB.py
S1-FE3 49.3 2.2649  Created by Seminario method using MCPB.py
S1-FE4 50.5 2.2541  Created by Seminario method using MCPB.py
GnOE(155)-FE3  60.4 1.9176  Created by Seminario method using MCPB.py
CysSG(129)-FE4 36.4 2.4150  Created by Seminario method using MCPB.py
CysSG(139)-FES 36.4 2.3965  Created by Seminario method using MCPB.py
S6-FE5 45.1 2.2410  Created by Seminario method using MCPB.py
S6-FE7 453 2.2325  Created by Seminario method using MCPB.py
S6-FE8 41.5 2.2698  Created by Seminario method using MCPB.py
S7-FE5 64.3 2.2502  Created by Seminario method using MCPB.py
S7-FE6 69.0 2.2387  Created by Seminario method using MCPB.py
S7-FE8 61.8 2.2645  Created by Seminario method using MCPB.py
S8-FE5 583 2.2124  Created by Seminario method using MCPB.py
S8-FE6 51.2 2.2250  Created by Seminario method using MCPB.py
S8-FE7 64.7 2.1906  Created by Seminario method using MCPB.py
CysSG(86)-FE6  50.0 2.3515  Created by Seminario method using MCPB.py
S5-FE6 66.3 2.2363  Created by Seminario method using MCPB.py
S5-FE7 60.8 2.2371  Created by Seminario method using MCPB.py
S5-FE8 57.0 2.2642  Created by Seminario method using MCPB.py
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CysSG(78)-FE7  40.2
CysSG(81)-FE§ ~ 37.1

C-GnOE(155)  570.0
CT-CysSG(90)  237.0
CT-CysSG(135)  237.0
CT-CysSG(129)  237.0
CT-CysSG(139)  237.0
CT-CysSG(86)  237.0
CT-CysSG(78)  237.0
CT-CysSG(81) ~ 237.0

ANGLE
C -GnOE(155)-FE3
CT-CysSG(90)-FE1
CT-CysSG(135)-FE2
CT-CysSG(129)-FE4
CT-CysSG(139)-FE5
CT-CysSG(86)-FE6
CT-CysSG(78)-FE7
CT-CysSG(81)-FES8
FE2-S3-FE1
FE2-S4-FE1
FE3-S2-FE1
FE3-S4-FE1
FE3-S4-FE2
FE3-S1-FE2
FE4-S2-FE1
FE4-S2-FE3
FE4-S3-FE1
FE4-S3-FE2
FE4-S1-FE2
FE4-S1-FE3
FE6-S7-FES
FE6-S8-FES
FE7-S6-FE5
FE7-S8-FES5
FE7-S8-FE6
FE7-S5-FE6
FE8-S6-FES
FE8-S6-FE7
FE8-S7-FE5
FE8-S7-FE6
FE8-S5-FE6
FE8-S5-FE7
CysSG(90)-FE1-S2
CysSG(90)-FE1-S3
CysSG(90)-FE1-S4
S2-FE1-S3
S2-FE1-S4
S2-FE3-S4
S2-FE4-S3
S3-FE1-S4
S3-FE2-S4
CysSG(135)-FE2-S3
CysSG(135)-FE2-S4
CysSG(135)-FE2-S1
S1-FE2-S3
S1-FE2-S4
S1-FE3-S2
S1-FE3-S4
S1-FE4-S2
S1-FE4-S3
GnOE(155)-FE3-S2
GnOE(155)-FE3-S4
GnOE(155)-FE3-S1
CysSG(129)-FE4-S2
CysSG(129)-FE4-S3

2.3710
2.4103
1.229
1.810
1.810
1.810
1.810
1.810
1.810
1.810

(kcal mol/rad)

75.86

106.68

100.90

97.96

94.60

101.58

100.02

106.65

75.11

80.79

23.20

26.76

40.49

47.73

53.67

20.95

29.62

61.07

78.37

53.87

63.39

77.31

42.52

64.00

4293

35.00 67.59

61.00 67.08

44.11 66.60

46.02  67.02

47.60  70.85

36.63  70.89

67.61 66.62

4130 11143

63.82 115.56

6580  106.49

4374 10945

28.56 103.16

28.52 101.98

60.52 109.42

35.95 109.98

69.35 109.74

52.84 115.18

75.62 109.23

47.43 105.58

62.28 106.66

34.47 110.31

16.26 111.70

22.23 110.45

28.28 112.69

59.25 106.50

34.09 115.71

59.86 109.31

51.72 107.58

53.37 112.42

46.08 111.58

Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
JCC,7,(1986),230; AA,CYT,GUA,THY,URA

changed from 222.0 based on methanethiol nmodes
changed from 222.0 based on methanethiol nmodes
changed from 222.0 based on methanethiol nmodes
changed from 222.0 based on methanethiol nmodes
changed from 222.0 based on methanethiol nmodes
changed from 222.0 based on methanethiol nmodes
changed from 222.0 based on methanethiol nmodes

(degrees)

130.30 Created by Seminario method using MCPB.py
103.98 Created by Seminario method using MCPB.py
107.39  Created by Seminario method using MCPB.py
96.66 Created by Seminario method using MCPB.py
105.21 Created by Seminario method using MCPB.py
107.61  Created by Seminario method using MCPB.py
108.65 Created by Seminario method using MCPB.py
103.60  Created by Seminario method using MCPB.py
68.39 Created by Seminario method using MCPB.py
66.76 Created by Seminario method using MCPB.py
69.98 Created by Seminario method using MCPB.py
72.04  Created by Seminario method using MCPB.py
66.60  Created by Seminario method using MCPB.py
66.08 Created by Seminario method using MCPB.py
65.65 Created by Seminario method using MCPB.py
64.15 Created by Seminario method using MCPB.py
68.59 Created by Seminario method using MCPB.py
68.33 Created by Seminario method using MCPB.py
66.00  Created by Seminario method using MCPB.py
65.30  Created by Seminario method using MCPB.py
66.89 Created by Seminario method using MCPB.py
67.77 Created by Seminario method using MCPB.py
67.16 Created by Seminario method using MCPB.py
68.38 Created by Seminario method using MCPB.py
68.59 Created by Seminario method using MCPB.py

Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
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CysSG(129)-FE4-S1
CysSG(139)-FE5-S6
CysSG(139)-FE5-S7
CysSG(139)-FE5-S8
S6-FES-S7
S6-FES-S8
S6-FE7-S8
S6-FE8-S7
S7-FE5-S8
S7-FE6-S8
CysSG(86)-FE6-S7
CysSG(86)-FE6-S8
CysSG(86)-FE6-S5
S5-FE6-S7
S5-FE6-S8
S5-FE7-S6
S5-FE7-S8
S5-FE8-S6
S5-FE8-S7
CysSG(78)-FE7-S6
CysSG(78)-FE7-S8
CysSG(78)-FE7-S5
CysSG(81)-FE8-S6
CysSG(81)-FE8-S7
CysSG(81)-FES-S5
2C-C -GnOE(155)
CX-CT-CysSG(90)
CX-CT-CysSG(135)
CX-CT-CysSG(129)
CX-CT-CysSG(139)
CX-CT-CysSG(86)
CX-CT-CysSG(78)
CX-CT-CysSG(81)
N -C -GnOE(155)
CysSG(90)-CT-H1
CysSG(135)-CT-H1
CysSG(129)-CT-H1
CysSG(139)-CT-H1
CysSG(86)-CT-H1
CysSG(78)-CT-H1
CysSG(81)-CT-H1

DIHE
2C-2C-C -GnOE(155)

2C-C -GnOE(155)-FE3
C -GnOE(155)-FE3-S2
C -GnOE(155)-FE3-S4
C -GnOE(155)-FE3-S1
CT-CysSG(90)-FE1-S2
CT-CysSG(90)-FE1-S3
CT-CysSG(90)-FE1-S4
CT-CysSG(135)-FE2-S3
CT-CysSG(135)-FE2-S4
CT-CysSG(135)-FE2-S1
CT-CysSG(129)-FE4-S2
CT-CysSG(129)-FE4-S3
CT-CysSG(129)-FE4-S1
CT-CysSG(139)-FE5-S6
CT-CysSG(139)-FE5-S7
CT-CysSG(139)-FE5-S8
CT-CysSG(86)-FE6-S7
CT-CysSG(86)-FE6-S8
CT-CysSG(86)-FE6-S5
CT-CysSG(78)-FE7-S6
CT-CysSG(78)-FE7-S8
CT-CysSG(78)-FE7-S5
CT-CysSG(81)-FE8-S6

64.85
53.22
45.83
51.92
28.91
36.64
42.99
20.07
59.08
37.10
45.25
63.88
53.36
29.55
44.49
29.29
76.82
42.92
16.77
62.02
55.31
62.04
47.02
51.70
53.95
80.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0
80.0
50.0
50.0
50.0
50.0
50.0
50.0
50.0

0.0
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

104.01
109.82
111.05
109.60
110.49
105.86
106.90
108.94
109.89
109.86
109.29
116.82
107.61
104.82
107.73
111.70
108.93
109.34
103.08
113.79
113.14
102.35
116.54
110.21
107.88
120.40
108.60
108.60
108.60
108.60
108.60
108.60
108.60
122.90
109.50
109.50
109.50
109.50
109.50
109.50
109.50

0.0

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py
Created by Seminario method using MCPB.py

AA cys (was CT-CT-SH)

AA cys (was CT-CT-SH)

AA cys (was CT-CT-SH)

AA cys (was CT-CT-SH)

AA cys (was CT-CT-SH)

AA cys (was CT-CT-SH)

AA cys (was CT-CT-SH)

AA general

AA cyx changed based on NMA nmodes
AA cyx changed based on NMA nmodes
AA cyx changed based on NMA nmodes
AA cyx changed based on NMA nmodes
AA cyx changed based on NMA nmodes
AA cyx changed based on NMA nmodes
AA cyx changed based on NMA nmodes

1.0

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
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CT-CysSG(81)-FE8-S7
CT-CysSG(81)-FES-S5
CX-CT-CysSG(90)-FE1
CX-CT-CysSG(135)-FE2
CX-CT-CysSG(129)-FE4
CX-CT-CysSG(139)-FES
CX-CT-CysSG(86)-FE6
CX-CT-CysSG(78)-FE7
CX-CT-CysSG(81)-FE8
H -N -C -GnOE(155)

H -N -C -GnOE(155)
FE1-CysSG(90)-CT-H]1
FE2-S3-FE1-S4
FE2-CysSG(135)-CT-H1
FE3-S2-FE1-S3
FE3-S2-FE1-S4
FE3-S1-FE2-S3
FE3-S1-FE2-S4
FE4-S2-FE1-S3
FE4-S2-FE1-S4
FE4-S2-FE3-S4
FE4-S3-FE1-S4
FE4-S3-FE2-S4
FE4-S1-FE2-S3
FE4-S1-FE2-S4
FE4-S1-FE3-S2
FE4-S1-FE3-S4
FE4-CysSG(129)-CT-H]1
FE5-CysSG(139)-CT-Hl1
FE6-S7-FE5-S8
FE6-CysSG(86)-CT-H1
FE7-S6-FE5-S7
FE7-S6-FE5-S8
FE7-S5-FE6-S7
FE7-S5-FE6-S8
FE7-CysSG(78)-CT-H1
FE8-S6-FE5-S7
FE8-S6-FE5-S8
FE8-S6-FE7-S8
FE8-S7-FE5-S8
FE8-S7-FE6-S8
FE8-S5-FE6-S7
FE8-S5-FE6-S8
FE8-S5-FE7-S6
FE8-S5-FE7-S8
FE8-CysSG(81)-CT-H1
N -C -GnOE(155)-FE3
CysSG(90)-FE1-S2-FE3
CysSG(90)-FE1-S2-FE4
CysSG(90)-FE1-S3-FE2
CysSG(90)-FE1-S3-FE4
CysSG(90)-FE1-S4-FE2
CysSG(90)-FE1-S4-FE3
S2-FE1-S3-FE2
S2-FE1-S3-FE4
S2-FE1-S4-FE2
S2-FE1-S4-FE3
S2-FE3-S4-FEI
S2-FE3-S4-FE2
S2-FE3-S1-FE2
S2-FE4-S3-FE1
S2-FE4-S3-FE2
S2-FE4-S1-FE2
S2-FE4-S1-FE3
S3-FE1-S4-FE2
S3-FE1-S4-FE3
S3-FE2-S4-FEI

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.5
2.0
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
180.0
0.0
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

1.0

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
JCC,7,(1986),230
J.C.cistrans-NMA DE
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
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S3-FE2-S4-FE3
S3-FE4-S2-FEl
S3-FE4-S2-FE3
S3-FE4-S1-FE2
S3-FE4-S1-FE3
S4-FE2-S3-FE1
S4-FE3-S2-FE1
S4-FE3-S1-FE2
CysSG(135)-FE2-S3-FE1
CysSG(135)-FE2-S3-FE4
CysSG(135)-FE2-S4-FE1
CysSG(135)-FE2-S4-FE3
CysSG(135)-FE2-S1-FE3
CysSG(135)-FE2-S1-FE4
S1-FE2-S3-FE1
S1-FE2-S3-FE4
S1-FE2-S4-FE1
S1-FE2-S4-FE3
S1-FE3-S2-FEl
S1-FE3-S2-FE4
S1-FE3-S4-FE1
S1-FE3-S4-FE2
S1-FE4-S2-FE1
S1-FE4-S2-FE3
S1-FE4-S3-FE1
S1-FE4-S3-FE2
GnOE(155)-C -2C-HC
GnOE(155)-C -2C-HC
GnOE(155)-C -2C-HC
GnOE(155)-FE3-S2-FE1
GnOE(155)-FE3-S2-FE4
GnOE(155)-FE3-S4-FE1
GnOE(155)-FE3-S4-FE2
GnOE(155)-FE3-S1-FE2
GnOE(155)-FE3-S1-FE4
CysSG(129)-FE4-S2-FE1
CysSG(129)-FE4-S2-FE3
CysSG(129)-FE4-S3-FE1
CysSG(129)-FE4-S3-FE2
CysSG(129)-FE4-S1-FE2
CysSG(129)-FE4-S1-FE3
CysSG(139)-FE5-S6-FE7
CysSG(139)-FE5-S6-FES
CysSG(139)-FE5-S7-FE6
CysSG(139)-FE5-S7-FE8
CysSG(139)-FE5-S8-FE6
CysSG(139)-FE5-S8-FE7
S6-FES5-S7-FE6
S6-FES5-S7-FES8
S6-FE5-S8-FE6
S6-FES5-S8-FE7
S6-FE7-S8-FES
S6-FE7-S8-FE6
S6-FE7-S5-FE6
S6-FE8-S7-FES
S6-FE8-S7-FE6
S6-FE8-S5-FE6
S6-FE8-S5-FE7
S7-FE5-S8-FE6
S7-FES5-S8-FE7
S7-FE6-S8-FES
S7-FE6-S8-FE7
S7-FE8-S6-FES
S7-FE8-S6-FE7
S7-FE8-S5-FE6
S7-FE8-S5-FE7
S8-FE6-S7-FES

[OSINUS IR USROS R USROS SR US IR US R US IR VS SR US IR US SRS R VS SR U RE VS BEUS IR US SR UV R US SR UV RN US SRS RS SR US RN US B US RN US SR US SR US SR US R US SR UV RRUS SR US R US RR OS BN US It USROS SRS SRS SR USRS SR USROS SR UV SR US SR USRS SR US SL S TR US JEUS SR UV N USSR USRS TR UV SN US SR US BR USSR OV U]

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.08
0.0
0.8
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
180.0

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
-3.0

0.0 -2.0
0.0 1.0

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py

Junmei et al, 1999 (HC-CT-C -O)

Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
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S8-FE7-S6-FES
S8-FE7-S5-FE6
CysSG(86)-FE6-S7-FES
CysSG(86)-FE6-S7-FE8
CysSG(86)-FE6-S8-FES
CysSG(86)-FE6-S8-FE7
CysSG(86)-FE6-S5-FE7
CysSG(86)-FE6-S5-FES
S5-FE6-S7-FES
S5-FE6-S7-FES8
S5-FE6-S8-FES5
S5-FE6-S8-FE7
S5-FE7-S6-FE5
S5-FE7-S6-FES
S5-FE7-S8-FES5
S5-FE7-S8-FE6
S5-FE8-S6-FES5
S5-FE$-S6-FE7
S5-FE8-S7-FES5
S5-FE8-S7-FE6
CysSG(78)-FE7-S6-FES
CysSG(78)-FE7-S6-FE8
CysSG(78)-FE7-S8-FES
CysSG(78)-FE7-S8-FE6
CysSG(78)-FE7-S5-FE6
CysSG(78)-FE7-S5-FES8
CysSG(81)-FE8-S6-FES
CysSG(81)-FE8-S6-FE7
CysSG(81)-FE8-S7-FES
CysSG(81)-FE8-S7-FE6
CysSG(81)-FE8-S5-FE6
CysSG(81)-FE8-S5-FE7

IMPR
X -X -C -GnOE(155)
NONB

FEI 1.4090
FE2 1.4090
FE3 1.4090
FE4 1.4090
FES 1.4090
FE6 1.4090
FE7 1.4090
FE8 1.4090
CysSG(78) 2.0000
CysSG(81) 2.0000
CysSG(86) 2.0000
CysSG(90) 2.0000
CysSG(129) 2.0000
CysSG(135) 2.0000
CysSG(139) 2.0000
GnOE(155) 1.6612
Sl 2.0000
S2 2.0000 0.2500
S3 2.0000 0.2500
sS4 2.0000 0.2500
S5 2.0000 0.2500
S6 2.0000 0.2500
S7 2.0000 0.2500
S8 2.0000 0.2500

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

(VSR VS RN US TS S VS IO S VS TR OS SRS RO SEVS SR OS SIS SRS SEVEREOS BEVS B VS S VS B OS A VS B OS BEVS S US VS JEUS BEVS B VS JRUS JRUS JRVS BNV

10.5  180.

0.0172100000
0.0172100000
0.0172100000
0.0172100000
0.0172100000
0.0172100000
0.0172100000
0.0172100000
0.2500
0.2500
0.2500
0.2500
0.2500
0.2500
0.2500
0.2100
0.2500

S ion

S ion

S ion

S ion

S ion

S ion

S ion

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py
Treat as zero by MCPB.py

2. JCC,7,(1986),230

10D set for Fe2+ ion from Li et al. JCTC, 2013, 9, 2733
10D set for Fe2+ ion from Li et al. JCTC, 2013, 9, 2733
10D set for Fe2+ ion from Li et al. JCTC, 2013, 9, 2733
10D set for Fe2+ ion from Li et al. JCTC, 2013, 9, 2733
10D set for Fe2+ ion from Li et al. JCTC, 2013, 9, 2733
10D set for Fe2+ ion from Li et al. JCTC, 2013, 9, 2733
10D set for Fe2+ ion from Li et al. JCTC, 2013, 9, 2733
10D set for Fe2+ ion from Li et al. JCTC, 2013, 9, 2733

. Cornell CH3SH and CH3SCH3 FEP's

. Cornell CH3SH and CH3SCH3 FEP's

. Cornell CH3SH and CH3SCH3 FEP's

. Cornell CH3SH and CH3SCH3 FEP's

. Cornell CH3SH and CH3SCH3 FEP's

. Cornell CH3SH and CH3SCH3 FEP's

. Cornell CH3SH and CH3SCH3 FEP's
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Table S2.4. Summary statistics of human DPD parameters and coordinate files for
Model 2 (LSDA/LANL2DZ): AMBER VFFDT parameter file. Table adapted from
Tendwa et al. (2021)

#This file is generated by the VFFDT program for AMBER.

MASS

S3 32.06500 2.90000 ;S

F3 55.84500 2.05000 ; Fe

BOND (kcal/mol/A) (A)

S3-F3 89.23755 2.22545 ; Averaged bond related parameters from VFFDT
F3-F3 59.53185 2.43332 ; Averaged bond related parameters from VFFDT
SG-F3 39.7711 2.3294 ; Averaged manually with SD(10.7658) and SD( 1.0804)
O-F3 24.9728 1.9340 ; Averaged manually with SD( 3.5472) and SD( 0.9834)
ANGL (kcal mol/rad) (degrees)

S3-F3-S3 39.52095 109.20 ; Averaged angle related parameters from VFFDT
S3-F3-F3 43.33559 73.06 ; Averaged angle related parameters from VFFDT
F3-S3-F3 26.86171 66.28  ; Averaged angle related parameters from VFFDT
F3-F3-F3 52.40760 60.00 ; Averaged angle related parameters from VFFDT
SG-F3-F3 38.8905 145.0629 ; Averaged manually with SD(11.4418) and SD( 9.6176)
SG-F3-S3 36.1370 113.2785 ; Averaged manually with SD( 6.7190) and SD( 9.1432)
H-SG-F3 23.5646 104.3280 ; Averaged manually with SD(4.0419) and SD( 8.1811)
F3-O-C 33.8107 134.0050 ; Averaged manually with SD(4.1504) and SD( 8.2116)
S3-F3-0 41.2264 115.3200 ; Averaged manually with SD( 5.1145) and SD( 8.6921)
0-F3-F3 56.4637 150.9850 ; Averaged manually with SD( 5.3204) and SD( 8.7809)
F3-SG-C 60.7114 112.8094 ; Averaged manually with SD(15.3253) and SD( 9.2780)
F3-SG-HS 0.0000 0.0000 ; Not calculated

F3-SG-2C 0.0000 0.0000 ; Not calculated

SG-F3-SG 0.0000 0.0000 ; Not calculated

O-F3-SG 0.0000 0.0000 ; Not calculated

DIHE

F3-S3-F3-S3 1 0.00000 0.00 1.00 ; Please check it manually.

S3-F3-S3-F3 1 0.00000 0.00 1.00 ; Please check it manually.

S3-F3-F3-S3 1 0.00000 0.00 1.00 ; Please check it manually.

S3-F3-F3-F3 1 0.00000 0.00 1.00 ; Please check it manually.

F3-S3-F3-F3 1 0.00000 0.00 1.00 ; Please check it manually.

F3-F3-S3-F3 1 0.00000 0.00 1.00 ; Please check it manually.

F3-F3-F3-F3 1 0.00000 0.00 1.00 ; Please check it manually.

F3-F3-F3-SG 1 0.00000 0.00 1.00 ; Please check it manually.

F3-F3-F3-O 1 0.00000 0.00 1.00 ; Please check it manually.

F3-F3-SG-2C 1 0.00000 0.00 1.00 ; Please check it manually.

F3-S3-F3-O 1 0.00000 0.00 1.00 ; Please check it manually.

F3-F3-SG-HS 1 0.00000 0.00 1.00 ; Please check it manually.

F3-S3-F3-SG 1 0.00000 0.00 1.00 ; Please check it manually.

F3-F3-0-C 1 0.00000 0.00 1.00 ; Please check it manually.

S3-F3-SG-HS 1 0.00000 0.00 1.00 ; Please check it manually.

S3-F3-F3-SG 1 0.00000 0.00 1.00 ; Please check it manually.

S3-F3-F3-0 1 0.00000 0.00 1.00 ; Please check it manually.

S3-F3-SG-2C 1 0.00000 0.00 1.00 ; Please check it manually.

S3-F3-O-C 1 0.00000 0.00 1.00 ; Please check it manually.

SG-F3-F3-O 1 0.00000 0.00 1.00 ; Please check it manually.

SG-F3-F3-SG 1 0.00000 0.00 1.00 ; Please check it manually.

HS-SG-F3-SG 1 0.00000 0.00 1.00 ; Please check it manually.

SG-F3-SG-2C 1 0.00000 0.00 1.00 ; Please check it manually.

0-F3-SG-2C 1 0.00000 0.00 1.00 ; Please check it manually.

O-F3-SG-HS 1 0.00000 0.00 1.00 ; Please check it manually.

C-O-F3-SG 1 0.00000 0.00 1.00 ; Please check it manually.
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IMPR

NONB
F3 1.4090 0.0172100000  IOD set for Fe2+ ion from Li et al. JCTC, 2013, 9, 2733
S3 2.0000 0.2500 W. Cornell CH3SH and CH3SCH3 FEP's

318



Table S2.5. Charge distribution for all atoms interacting with the metal center in A)
Model 1 and (B3LYP/6-31G*) B) Model 2 (LSDA/LANL2DZ). Table adapted from
Tendwa et al., (2021)

A) Model 1

Atom Atomic charge Atom (S* | Atomic charge Atom Atomic
Fel 0.489 S1 -0.802 GLN(156) - 0.467
Fe2 0.725 S2 -0.841 CYS(136) -0.726
Fe3 0.622 S3 - 0.866 CYS(130) -0.570
Fe4 0.614 S4 -0.822 CYS(91) -0.672
Fe5 0.553 S5 -0.758 CYS(82) -0.752
Fe6 0.705 S6 - 1.025 CYS(87) -0.823
Fe7 0.667 S7 -0.799 CYS(140) -0.718
Fe8 0.638 S8 -0.752 CYS(79) -0.722
B) Model 2

Fel 0.226 S1 -0.226 GLN -0.229
Fe2 0.226 S2 -0.226 CYs -0.334
Fe3 0.226 S3 -0.226 CYs -0.334
Fe4 0.226 S4 -0.226 CYsS -0.334
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Table S2.6. Assessment of A bond length, B internal and C external angles (A) calculated with X-ray, DFT (B3LYP) and
(LSDA/LANL2DZ) method for the molecular cluster model ([Fe?*4S*4 (S-Cys)3(S-GIn)]) 1026A of Native DPD protein. Table

adapted from Tendwa et al., (2021)

A
Geometry Bond length (4)
Model System Fe**48*4(S-Cys)3(0-GlIn): 1026A Clusters
Bond X-ray QM AFTER-MD
Bond description 1H7X B3LYP (Model 1) LSDA/LANL2DZ (Model 2) Model 1 Model 2
Bond length (4) Equilibrium bond | Force constant [Kr]| Equilibrium bond Force constant [Kr] Bond length (4) Bond length (4)
length [req] (4) (kcal molt A2) length [req] (4) (kcal mol” A7) Mean & SD Mean & SD
FE1-S2 2.51 2.28 56.10 2.22 89.23 2.28+0.16 2.2240.21
FE1-S3 2.42 2.20 55.10 2.22 89.23 2.20+0.17 2.23+0.14
FE1-S4 2.58 2.22 66.10 2.22 89.23 2.24+0.24 2.23+0.25
FE1-SG91 2.32 2.39 44.60 2.33 39.77 2.36+0.03 2.35+0.02
FE2-S1 2.61 2.26 54.70 2.22 89.23 2.28+0.23 2.23+0.27
FE2-S3 2.64 2.18 66.50 2.22 89.23 2.21+0.30 2.22+0.30
FE2-S4 2.73 2.25 62.00 2.22 89.23 2.27+0.33 2.22+0.43
FE2-SG136 2.37 2.33 53.40 2.33 39.77 2.36+0.01 2.34+0.02
FE3-S1 2.43 2.26 49.30 2.22 89.23 2.2540.13 2.23+0.14
FE3-S2 2.40 2.30 57.30 2.22 89.23 2.30+0.07 2.23+0.12
FE3-S4 2.56 2.24 76.30 2.22 89.23 2.234+0.23 2.23+0.23
FE3-OE156 1.89 1.92 60.40 1.93 24.97 1.98+0.06 1.92+0.02
FE4-S1 2.60 2.25 50.50 2.22 89.23 2.24+0.25 2.23+0.26
FE4-S2 2.60 2.29 54.00 2.22 89.23 2.2540.25 2.24+0.25
FE4-S3 2.37 2.19 55.60 2.22 89.23 2.18+0.13 2.22+0.11
FE4-SG130 2.36 2.40 36.40 2.33 39.77 2.38+0.01 2.34+0.01

'DFT: density functional theory, 2B3LYP: Becke three-parameter hybrid exchange and Lee Yang Parr, *LSDA/LANL2DZ: Los Alamos double-zeta basis, SD: standard deviation
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Geometry Internal Angle (¥)
Model System Fe?*4S%4(S-Cys)3(0-GlIn): 1026A Clusters
Angle X-ray QM AFTER-MD
Angle description 1H7X B3LYP (Model 1) LSDA/LANL2DZ (Model 2) Model 1 Model 2
Average angle (*) Average Force constant Average Force constant Angle © Angle ©
equilibrium [KO] equilibrium [KO] Mean & SD Mean & SD
Angle [O] (¥) (kcal mol'rad?) Angle [O] (¥) (kcal mol'rad?)
FE1-S2-FE3 68.12 69.98 23.20 66.28 26.86 58.20+7.01 69.05+0.66
FE1-S2-FE4 65.87 65.65 53.67 66.28 26.86 64.32+0.29 69.61+2.64
FE1-S3-FE2 64.61 68.39 75.11 66.28 26.86 64.33+0.20 68.93+3.05
FE1-S3-FE4 65.86 68.59 29.62 66.28 26.86 67.08+0.86 67.81£1.37
FE1-S4-FE2 68.72 66.76 80.79 66.28 26.86 60.34+5.93 70.09+0.96
FE1-S4-FE3 67.60 72.04 26.76 66.28 26.86 63.80+2.69 63.97+2.56
FE2-S1-FE3 68.15 66.08 47.73 66.28 26.86 67.27+0.62 68.49+0.24
FE2-S3-FE4 71.15 68.33 61.07 66.28 26.86 65.35+4.10 69.07+1.47
FE2-S4-FE3 64.60 66.60 40.49 66.28 26.86 61.15+£2.43 67.96+2.38
FE3-S1-FE4 71.92 65.300 53.87 66.28 26.86 62.67+6.54 67.05+3.44
FE3-S2-FE4 67.59 64.15 20.95 66.28 26.86 58.20+6.64 68.10+0.36
FE4-S1-FE2 71.60 66.00 78.37 66.28 26.86 62.23+6.62 67.09+£3.19
S1-FE2-S3 102.67 106.66 62.28 109.21 39.52 114.04+8.04 105.95+2.31
S1-FE2-S4 102.09 110.31 34.47 109.21 39.52 104.29+ 1.55 105.23+2.22
S1-FE3-S2 107.87 111.70 16.26 109.21 39.52 105.68+1.54 105.77+1.48
S1-FE3-S4 107.47 110.45 22.23 109.21 39.52 104.41+2.16 108.21+0.52
S1-FE4-S2 113.03 112.69 28.28 109.21 39.52 111.05+1.40 110.56+1.40
S1-FE4-S3 101.97 106.50 59.25 109.21 39.52 105.86+2.75 109.334+5.20
S2-FE1-S3 107.61 109.45 43.74 109.21 39.52 112.63+3.55 105.74+1.32
S2-FE1-S4 102.08 103.16 18.56 109.21 39.52 111.25+6.48 101.64+0.31
S2-FE3-S4 107.74 101.98 18.52 109.21 39.52 110.49+ 1.94 109.93+1.55
S2-FE4-S3 106.71 109.42 60.52 109.21 39.52 108.75+1.44 108.36+1.17
S3-FE1-S4 107.71 109.98 35.95 109.21 39.52 112.9743.71 107.41+0.21
S3-FE2-S4 105.38 109.74 69.35 109.21 39.52 109.61+2.99 105.77+0.27

'DFT: density functional theory, 2B3LYP: Becke three-parameter hybrid exchange and Lee Yang Parr, ’LSDA/LANL2DZ: Los Alamos double-zeta basis; *SD: standard deviation

C
Geometry External Angle (°)
Model System FesS4(S-Cys)3(0-Gln): 1026A
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Bond calculations X-ray QM AFTER-MD
1H7X B3LYP (Model 1) GFN1-xTB (Model 2) Model 1 Model 2
Bond Angle () Equilibrium Angle Force constant Equilibrium Angle Force constant Angle (%) Angle ()
description 0 0 Mean & SD Mean & SD
(kcal mol'rad?) (kcal mol'rad)

C -OE155-FE3 117.29 130.30 75.86 115.32 41.23 11529+ 141 114.42+2.02
CT-SG90-FE1 99.53 103.98 106.68 107.39 100.90 108.04+6.02 107.92+5.93
CT-SG135-FE2 102.34 107.39 100.90 107.40 100.90 105.06+1.92 107.41+3.58
CT-SG129-FE4 100.25 97.96 96.66 107.39 100.90 99.42+0.58 107.20+4.91
N-C-OE155-H 104.50 122.90 80.0 118.02 44.55 113.34+6.25 116.93+8.78
SG90-CT-H 107.85 109.50 50.0 104.33 23.56 100.25+5.37 103.85+2.83
SG135-CT-H 108.36 109.50 50.0 104.33 23.56 109.45+0.77 103.96+3.11
SG129-CT-H 105.31 109.50 50.0 104.33 23.56 98.834+4.58 101.12+2.96
SG90-FE1-S2 106.08 111.30 41.30 113.28 36.14 108.03+1.38 112.68+4.66
SG90-FE1-S3 111.94 115.56 63.82 113.28 36.14 112.26+0.23 113.07+0.80
SG90-FE1-S4 116.45 106.49 65.80 113.28 36.14 106.80+6.82 113.79+1.88
SG135-FE2-S3 112.62 115.18 52.84 113.28 36.14 105.02+5.37 112.46+0.11
SG135-FE2-S4 107.32 109.23 75.62 113.28 36.14 105.13+1.54 113.63+4.46
SG135-FE2-S1 100.34 105.58 47.43 113.28 36.14 108.76+5.95 113.69+ 9.43
OE155-FE3-S2 109.87 111.71 34.09 113.08 40.55 109.75+0.08 111.78+1.35
OE155-FE3-S4 106.39 109.31 59.86 113.08 40.55 114.93+6.03 112.69+4.45
OE155-FE3-S1 105.27 107.58 51.72 113.08 40.55 108.63+2.37 111.81+4.62
SG129-FE4-S2 110.83 112.42 53.37 113.28 36.14 106.42+3.12 113.16+1.64
SG129-FE4-S3 113.52 111.58 46.08 113.28 36.14 110.62+2.05 113.01+£0.36
SG129-FE4-S1 99.46 104.01 64.85 113.28 36.14 106.51+4.99 100.49+0.72

'DFT: density functional theory, 2B3LYP: Becke three-parameter hybrid exchange and Lee Yang Parr, 3GFN1-xTB DA/LANL2DZ: Los Alamos double-zeta basis; *SD: standard

deviation
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Table S2.7. Assessment of A bond length, B internal and C external angles (A) calculated with X-ray, DFT (B3LYP) and
(LSDA/LANL2DZ) method for the molecular cluster model ([FesS4(S-Cys)4]) 1027A of native DPD protein. Table adapted from
Tendwa et al., (2021)
A

Geometry Bond length (&)
Model System ([FesSa(S-Cys)4]): 1027A
Bond calculations X-ray QM AFTER-MD
Bond 1H7X B3LYP (Model 1) LSDA/LANL2DZ (Model 2) Model 1 Model 2
description Bond length (4) Equilibrium Force constant [Kr] Equilibrium Force constant [Kr] Bond length Bond length
Bond length (kcal molt A2) Bond length (kcal molt A2) (A) Mean & SD (A) Mean & SD
A A
FE1 S2 2.63 2.24 45.10 2.22 89.23 2.23+0.28 2.22+0.29
FE1 S3 243 2.25 64.30 2.22 89.23 2.24+0.13 2.2340.14
FE1 S4 2.60 2.21 58.30 2.22 89.23 2.23+0.26 2.23+0.26
FE1_SG140 2.30 2.40 36.10 2.33 39.77 2.3940.06 2.3540.035
FE2_SI 2.61 2.24 66.30 222 89.23 2.2540.25 2.22+0.27
FE2_S3 2.55 2.24 69.00 222 89.23 2.23£0.22 2.22+0.23
FE2_S4 2.25 2.23 51.20 222 89.23 2.24+0.01 2.23+0,01
FE2_SG87 2.24 2.35 50.00 2.33 39.77 2.40+0.11 2.34+0.07
FE3_SI 2.44 2.24 60.80 222 89.23 2.24+0.14 2.23+0.15
FE3_S2 2.38 2.23 4530 222 89.23 2.32+0.04 2.23+0.11
FE3_S4 2.25 2.19 64.70 222 89.23 2.19+0.13 2.23+0.11
FE3_SG79 2.30 2.37 40.20 2.33 39.77 2.40+0.07 2.35+0.04
FE4_SI 2.55 2.27 41.50 2.20 89.23 2.26+0.21 2.22+0.23
FE4_S2 2.25 2.27 61.80 222 89.23 2.28+0.02 2.23+0.01
FE4_S3 2.60 2.26 57.00 222 89.23 2.27+0.23 2.224+0.27
FE4 SG82 2.40 2.41 37.10 2.33 39.77 2.37+0.02 2.3340.05

'DFT: density functional theory, 2B3LYP: Becke three-parameter hybrid exchange and Lee Yang Parr, SLSDA/LANL2DZ: Los Alamos double-zeta basis; “SD: standard deviation
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B

Geometry Internal Angle ()
Model System ([FesS4(S-Cys)4]): 1027A
Bond calculations X-ray QM MD
Bond angle 1H7X B3LYP (Model 1) LSDA/LANL2DZ (Model 2) Model 1 Model 2
description Angle Equilibrium Force constant Equilibrium Force constant Angle () Angle

) Angle () (kcal mol'rad?) Angle () (kcal mol'rad?) Mean & SD (°) Mean & SD
FE1-S2-FE3 67.72 67.16 42.52 66.28 26.86 66.86+0.61 68.54+0.58
FE1-S2-FE4 67.87 67.08 61.00 66.28 26.86 65.27+1.84 68.40+0.12
FE1-S3-FE2 68.36 66.89 2743 66.28 26.86 67.35+0.71 69.70+0.94
FE1-S3-FE4 64.95 70.89 36.63 66.28 26.86 63.30+1.17 67.45+1.77
FE1-S4-FE2 66.89 67.77 77.31 66.28 26.86 62.02+0.61 69.32+1.72
FE1-S4-FE3 70.03 67.02 46.02 66.28 26.86 60.89+6.46 67.74+1.62
FE2-S1-FE3 68.46 68.38 64.00 66.28 26.86 67.33+0.80 66.97+1.05
FE2-S3-FE4 72.01 67.59 35.00 66.28 26.86 64.79+5.11 67.77+3.00
FE2-S4-FE3 69.43 68.59 42.93 66.28 26.86 62.23£5.09 67.67+1.24
FE3-S1-FE4 67.82 66.06 54.32 66.28 26.86 64.75+£2.17 68.51+0.49
FE3-S2-FE4 67.71 67.32 36.84 66.28 26.86 66.98+0.52 69.31+1.13
FE4-S1-FE2 69.42 66.62 67.61 66.28 26.86 62.78+4.07 67.45+1.40
S1-FE2-S3 107.69 104.82 49.55 109.21 39.52 108.31+0.43 109.66+1.39
S1-FE2-S4 104.28 107.73 29.29 109.21 39.52 107.45+£2.25 103.33+0.67
S1-FE3-S2 117.43 111.70 44.49 109.21 39.52 117.93+0.35 109.85+5.36
S1-FE3-S4 107.59 108.93 76.82 109.21 39.52 109.23+1.16 109.66+1.46
S1-FE4-S2 106.71 109.34 42.92 109.21 39.52 108.31£1.13 110.03£2.35
S1-FE4-S3 101.60 103.08 16.77 109.21 39.52 112.49+7.70 105.50+2.76
S2-FE1-S3 107.70 110.60 28.91 109.21 39.52 109.76+ 1.46 109.65+1.38
S2-FE1-S4 105.51 105.86 36.64 109.21 39.52 111.75+4.41 108.32+1.99
S2-FE3-S4 101.61 106.90 42.99 109.21 39.52 108.4+4.80 107.76+4.35
S2-FE4-S3 106.67 108.94 20.07 109.21 39.52 110.93+2.24 108.45+0.49
S3-FE1-S4 112.33 109.89 59.08 109.13 39.52 111.41£0.65 105.10£5.11
S3-FE2-S4 107.37 109.86 37.10 109.21 39.52 104.05+2.35 109.54+1.53

'DFT: density functional theory, B3LYP: Becke three-parameter hybrid exchange and Lee Yang Parr, *LSDA/LANL2DZ: Los Alamos double-zeta basis; *SD: standard deviation
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Geometry External Angle (%)
Model System ([FesSa(S-Cys)4]): 1027A
Bond calculations X-ray QM AFTER-MD
Bond 1H7X B3LYP (Model 1) GFN1-xTB (Model 2) Model 1 Model 2
description Angle () Equilibrium Force constant Equilibrium Force constant Angle Angle
Angle (%) (kcal mol'rad?) Angle () (kcal mol'rad?) (®) Mean & SD ©® Mean & SD

CT-SG78-FE3 123.43 108.65 100.02 115.32 41.23 108.76+10.37 114.21+£6.52
CT-SG139-FE1 101.35 105.21 94.60 107.39 100.90 105.13£2.67 107.30+4.21
CT-SG86-FE2 102.43 107.61 107.61 107.39 100.90 110.5246.43 107.14+4.04
CT-SG81-FE4 100.25 103.60 106.65 107.39 100.90 105.82+3.94 107.56+5.17
SG139-CT-H 114.50 122.90 80.0 118.02 44.55 114.93 £0.30 116.43+1.36
SG86-CT-H 107.58 109.50 50.0 104.33 23.56 106,63+0.67 100.91+4.71
SG78-CT-H 108.61 109.50 50.0 104.33 23.56 112.28+2.60 103.65+3.51
SG81-CT-H 105.01 109.50 50.0 104.33 23.56 110.7244.03 103.12+1.34
SG139-FE1-S2 107.08 109.82 53.22 113.28 36.14 105.60+1.05 113.10+4.25
SG139-FE1-S3 115.94 111.05 4522 113.28 36.14 110.80+ 3.63 113.16£1.97
SG139-FE1-S4 112.45 109.60 51.92 113.28 36.14 112.52+0.05 112.6440.13
SG86-FE2-S3 112.62 109.29 45.25 113.28 36.14 106.83+4.09 111.18+1.01
SG86-FE2-S4 117.32 116.82 63.88 113.28 36.14 112.53+£3.38 113.37+2.80
SG86-FE2-S1 100.34 107.61 53.36 113.28 36.14 99.83+0.36 111.8448.13
SG78-FE3-S2 109.78 113.79 62.02 113.28 36.14 110.21£0.30 112.49+ 1.91
SG78-FE3-S4 106.39 113.14 55.31 113.28 36.14 109.30+2.05 112.38+4.24
SG78-FE3-S1 105.27 102.35 62.04 113.28 36.14 108.77+£2.47 113.18+5.59
SG81-FE4-S2 110.83 116.54 47.02 113.28 36.14 112.78+1.38 113.33+£1.77
SG81-FE4-S3 113.26 110.21 51.70 113.28 36.14 107.39+4.15 112.98+0.20
SG81-FE4-S4 110.66 107.95 53.93 113.28 36.14 109.50+0.82 111.56+0.64

'DFT: density functional theory, 2B3LYP: Becke three-parameter hybrid exchange and Lee Yang Parr, 3GFN1-xTB: eXtended TB; “SD: standard deviation
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Table S2.8. Dihedral associated force constants for X-ray and post-MD simulation for both models’ clusters ([Fe4S4(S-Cys)3(S-

Gln)]) and ([Fe4S4(S-Cys)4]) of Native DPD protein. Table adapted from Tendwa et al., (2021).

Geometry Dihedral angles ()
FesSa Model System Fe4S4(S-Cys)3(0-Gln) and ([FesS4(S-Cys)4]) Clusters
Clusters Bond X-ray QM AFTER-MD
name Bond X-ray B3YLP (Model 1) LSDA/LANL2DZ (Model 2) Model 1 Model 2
Description Average dihedral Equilibrium Force constant Equilibrium Force constant Bond angle Bond angle
angle (V) Bond angle (¥) (kcal/mol rad?) Bond angle (¥) (kcal/mol rad?) (") Mean & SD (") Mean & SD
Cluster S-FE-SG-CT 67.43 74.87+5.26 76.64+6.51
1026_A S-FE-OE-CT 58.67 62.56+2.75 63.42+3.35
CT-CT-FE-S -112.78 -105.36+5.25 -105.79+4.94
CT-CT-FE-SG -54.79 -50.87+2.77 -49.93+3 .43
Cluster S-FE-SG-CT 63.16 76.92+76.92 75.48+8.71
1027_A S-FE-SG-CT 56.23 63.54+5.17 63.74+ 531
CT-CT-FE-S -111.87 -103.33+6.04 -105.67+4.38
CT-CT-FE-SG -56.42 -51.76+3.30 -51.93+3.1
Cluster S-FE-SG-CT 63.01 76.75£9.72 76.86+9.79
1028_B S-FE-SG-CT 59.99 64.40+3.12 69.87+6.99
CT-CT-FE-S -112.61 -104.75+5.56 -105.23+5.22
CT-CT-FE-SG -55.28 -50.87+3.12 -50.11+3.66
Cluster S-FE-SG-CT 65.14 77.56+8.78 76.69+8.17
1028_B S-FE-SG-CT 60.22 67.41+5.08 68.87+6.12
CT-CT-FE-S -110.94 -103.57+ 5.21 -105.38+ 3.93
CT-CT-FE-SG -58.23 -54.08+2.93 -52.39+4.13

'DFT: density functional theory, 2B3LYP: Becke three-parameter hybrid exchange and Lee Yang Parr, SLSDA/LANL2DZ: Los Alamos double-zeta basis; “SD: standard deviation
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CHAPTER 3

Table S3.1. Changing aspects of 5-FU retention within the active site and frame range selection
from equilibrated section for successive dynamic residue network calculation (DRN) as showed
by MD simulations of drug bound system.

System Monomer A Monomer B
Drug Exit Exit DRN calculation | Drug | Exit Exit DRN calculation
exit time frame Monomer A | exit time frame monomer B
(Y/N) | (ns) frame range (Y/N) | (ns) frame range
WT N N/A N/A 550000 - | N N/A N/A 550000 -
580000 580000
C29R N N/A N/A 470000- N N/A N/A 470000-
500000 500000
M166V | N N/A N/A 270000- Y 420 42000 270000-
300000 300000
Y186C N N/A N/A 250000- N N/A N/A 250000-
280000 280000
S534N Y 148 14800 190000- N N/A N/A 190000-
220000 220000
1543V N N/A N/A 250000- Y 350 35000 250000-
280000 280000
D949V [N NA  |[NA  [30000-60000 | N NA | NA 30000-60000
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Table S3.2. Frame range selection from equilibrated area for successive dynamic residue
network calculation (DRN) as shown by MD simulations of drug free systems.

System Monomer A Monomer B
DRN calculation Monomer A frame range DRN calculation monomer B frame range

WT 550000 -580000 550000 -580000

C29R 470000-500000 470000-500000

M166V | 270000-300000 270000-300000

Y186C 250000-280000 250000-280000

S534N 190000-220000 190000-220000

1543V 250000-280000 250000-280000

D949V 30000-60000 30000-60000
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Table S3.3.1 DPD missense mutations identified in the African population by the 1000 genomes and Exom sequencing projects (ESP MAF).
Variants were classified as rare or common based on their minor allele frequency (MAF) of 0.01. Using VAPOR web servers, we predicted the
effect of six clinically significant mutations on DPD structure and function.

Variant SNP ID DPD P Exom sequencing project (ESP MAF > 0.01) |
activit | value Functional impact Stability Reference
y+ change
SD
Population allele HUMA-VAPOR
frequency count
Adenine (A) Guanine African African Polyphen-2 Proven PhD-SNP MUpro PHARMGKB
or cytosine (G) or American
© thymine
(M)
C29R rs1801265 n/a n/a A:0.558 G:0.442 0.60032 0.4512 Benign Tolerated Neutral Decreases  Doi:
(738) (584) 10.1007/BF02698048
M166V 1s2297595 120+  0.025 C:0.031 T:0.969 0.04085 0.0488 Probably Disease Neutral Decreases  Doi:10.1158/0008-
0.07 (41) (1281) damaging 5472.CAN-13-2482
Y186C rs11523289  0.85+  0.027  C:0.023 (30) T:0.977 0.022202 0.0028 Probably Disease Disease Decreases  Doi:10.1038/clpt.201
8 0.03 (1292) damaging 3.69
S534N rs1801158 na na C:0.998 T:0.002 (3) 0.00454 0.0061 Probably Tolerated Neutral Decreases  Doi: 10.1158/0008-
(1319) damaging 5472.CAN-13-2482
1543V rs1601159 n/a n/a A:0.474 G:0.526 0.155524 0.2030 Benign Tolerated Neutral Decreases  Doi:10:1038/clpt.201
(626) (696) 3.69
D949V rs67376798  0.78+ 0.11 A:0.001 (1) T:0.999 0.00091 0.0020 Probably Disease Disease Increases  Doi:org/10.1016/j.bb
0.17 (1321 damaging adis
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Table S3.3.2 DPD missense mutations identified in the African population by the 1000 genomes and Exom sequencing projects
(ESP MAF). Variants were classified as rare or common based on their minor allele frequency (MAF) of 0.01. Allele frequency
in West and East African as well as African American populations are tabulated

Variant SNP ID African-Region Allele frequency per population
Sub-region Country Adenine (A) or Guanine (G) or
cytosine (C) thymine (T)
C29R rs1801265 West Africa Nigeria A:1000(198)
Gambia A:0.982 (222)
East Africa Kenya A:0.975(193)
African America A:0.982 (234)
M166V rs2297595 West Africa Nigeria C:0.005 (1) T: 0.995 (197)
Gambia C: 0.027 (6) T: 0.973 (220)
East Africa Kenya C:0.101 (20) T: 0899 (178)
African America C: 0.049 (6) T:0.951 (116)
Y186C rs115232898 West Africa Nigeria C:0.010 (2) T: 0.990 (190)
Gambia C:0.040 (9) T:0.960 (217)
East Africa Kenya C:0.015(3) T: 0.985 (195)
African America C:0.016 (7) T: 0984 (120)
S534N rs1801158 West Africa Nigeria C: 1.000 (198)
Gambia C: 1.000 (226)
East Africa Kenya C: 1.000 (198)
African America C:0.975 (119) T:0.025 (3)
1543V rs1601159 West Africa Nigeria A: 0.449 (89) G: 0.551 (109)
Gambia A:0.509 (115) G:0.491 (11)
East Africa Kenya A: 0.505 (100) G: 0.495 (98)
African America A:0.508 (62) G: 0.492 (60)
D949V 1s67376798 West Africa Nigeria T:0.992 (121)
Gambia T: 1.000 (198)
East Africa Kenya T: 1.000 (226)
African America T: 1000 (198)
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Table S3.4. Common residues identified as being involved in interface formation by consensus from several (PDBePISA, HSPred,
Hotregion, PPCheck, Robetta and PyMol interfaceResidues) programs and all the cofactors’ binding residues.

Interphase
residues

A2, V4, L5, S6, K7, D8, L16, L18, 19N, P20, R21, T22, Q23, S24, H25, A26, A27, L28, H29, T30, L31, K33,
K34, K37, W41, R43, N44, K46, H64, T65, L68, G69, E70, R71, G73, L74, R75, E76, M77, R78, L80, C82, A83,
D84, A85, P86, L88, K89, S90, C91, P92, T93, H94, S118, D119, S133, D134, L135, G138, G139, C140, N141,
Al44, T145, E146, E147, N151, F205, G366, F367, V368, N369, R371, A372, V373, K384, G386, F387, L388,
F390, R410, Q413, Q425, 1426, V427, H428, L429, P466, E467, A486, E491, N494, D495, Q498, W501, P519,
E520, L521, P522, 1523, A552, P553, S557, S558, M559, R561, R562, A566, D579, V583, T584, N585, V586,
S587, P588, R589, 1590, V591, R592, T594, T595, S596, G597, P598,M599, Y600, Y601, G602, S605, F607,
E615, K617, A619, Y620, Q623, S624, E627, L628, E677, G679, M680, G681, N713, V714, T715, D716, S718,
V738, S739, G740, L741, M742, L744, G743, L745, K746, D747, G748, T748, T749, V753, G754, A756, K758,
R759, T760, T761, V765, T768, A769, L770, R771, P772, 1773, L775, R776, T779, T780, Q804, H807, S808,
V819, Q820, N821, Q822, D823, F824, T825, Q825, Q829, D850, G851, Q860, K861, G862, A928, YO31, L932,
G933, T934, F935, E937, L938, S939, N940, 1954, G943, N955, C956, G957, M961, T962, N964, D965, S966,

G967, Y968, G969, P975, H978, G988, C989, T990, L.991, S994, V995, C996, P997, 1999, P1013, K1014, R1015,
G1016 and L1017

5-fluorouracils

N609, N668, G764, T737 and N736 (E611, L612,1613)

FMN N609, A549, S550, A551, A552, K574, T575, 1590, A609, E611, 1613, N668, K709, T735, T737, S766, T767,
1770, T793, G794, 1796, G794, V815, C816, S817, A818 and Q820,

NDP L1226, A291, L1289, G339, A340, G341, N342, T343, R364, K365, R371, P393, G439 S440, A437, D481, G483,
M485 and A486, N487

FAD V129, C130, P131, L193, A195, A198, S199, F217, Q218, K219, Q220,T222, L226, S227, E230, 1231, R235,
K259, L261, G282, 1283,G284, L285, P286, L310, D342, T343, D346, V447, G480, N481, L482, T489, V490
and S492.

Domain [ Residue (27-172)

(Fe?*4S%4 clusters)
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Domain 11 (FAD)

Residues 173-286 and 442-524

Domain I
(NADPH)

Residues 287-441

Domain IV
(FMN & 5-FU)

Residues 525-847

Domain V
( Fe2+4S2-4
clusters)

Residues 1-26 and 84&8-1025

Fe2*48%s  cluster
residues.

C79, C82, C87, C91, C130, C136, C140, Q156, C953, C956, C959, C963, C986, C989, C992 AND C996
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Table S3.5.1. Averaged betweenness centrality (BC) of potential hubs found in drug free and drug bound WT systems, hubs gained
due to mutation, and hubs that were maintained despite the presence of mutation.

BC Drug free Drug bound
Systems Monomer A Monomer B Monomer A Monomer B
WT Hubs 38, 61, 64, 66, 67, 71, 73, | 62, 63, 65, 66, 86, 90, 101, | 61, 65, 80, 85, 97, 101, 102, 108, | 22, 44, 62, 69, 76, 77, 92, 95, 97,
74, 75, 76, 77, 80, 95, 97, | 102, 105, 108, 114, 117, 121, | 114, 116, 117, 121, 122, 123, | 101, 102, 113, 116, 120, 124,
101, 102, 104, 108, 116, | 127, 130, 131, 132, 133, 137, | 125, 126, 130, 132, 133, 137, | 125, 127, 131, 133, 135, 137,
117, 120, 121, 132, 133, | 139, 142, 143, 144, 147, 149, | 140, 142, 155, 200, 227, 231, | 138, 141, 142, 145, 149, 155,
136, 137, 142, 145, 146, | 155, 160, 361, 367, 370, 372, | 234, 310, 372, 373, 374, 375, | 228, 231, 234, 370, 372, 373,
152, 153, 155, 235, 350, | 373, 376, 599, 601, 603, 604, | 597, 598, 599, 604, 605, 768, | 374, 380, 383, 595, 602, 603,
370, 372, 373, 386, 493, | 816, 818, 826, 955,991 =42 775, 776, 797, 799, 803, 804, | 605, 775, 799, 822, 853, 856 =
597, 598, 599, 603, 768, 816, 825, 958, 962, 996, 997 = | 45
775, 799, 802, 803, 826, 50
862 =50
C29R Retained | 66, 71, 76, 77, 108, 116, | 62, 86, 108, 127, 131, 142, | 97, 108, 116, 123, 130, 140, 142, | 22, 62, 77, 101, 102, 116, 120,
hubs 120, 132, 142, 152, 155, | 147, 155, 367, 370, 372, 373, | 155, 372, 373, 598, 797, 825, | 124, 127, 131, 141, 142, 149,
373, 597, 598, 603, 775, | 599=13 958 =14 155, 370, 372, 373, 603, 775,
799, 803, 826 =19 799, 822 =21
Gained 62, 63, 68, 70, 72, 85, 124, | 22, 60, 67, 70, 71, 73, 81, 87, | 59, 60, 67, 88, 95, 120, 135, 138, | 63, 66, 67, 68, 70, 71, 81, 82,
hubs 131, 147, 149, 150, 157, | 95, 116, 120, 124, 156, 158, | 144, 145, 146, 150, 157, 235, | 130, 146, 147, 150, 157, 159,
158, 387, 604, 859, 958, | 159, 493, 598, 605, 772, 799, | 493,595 =16 160, 349, 366, 493, 597, 598,
995,997 =19 802, 863, 997 =23 604, 765, 862, 962, 995, 997 =
26
M166V | Retained | 66, 67, 73, 75, 95, 97, 101, | 66, 108, 114, 117, 131, 132, | 97, 108, 116, 123, 133, 137, 140, | 22, 116, 137, 142, 155, 234, 373,
hubs 116, 117, 132, 142, 145, | 133, 137, 142, 147, 149, 155, | 142, 155, 372, 373, 598, 599, | 799 =8
155, 372, 373, 493, 597, | 372,373, 376,599, 816 =17 604, 605, 797, 958, 962, 997 =
598, 599, 775, 799, 803 =22 19
Gained 22,23, 45, 65, 72, 105, 128, | 68, 70, 76, 82, 83, 85, 116, | 62, 68, 70, 77, 81, 82, 91, 98, | 42, 61, 68, 70, 75, 79, 80, 81, 96,
hubs 130, 131, 138, 140, 141, | 145, 150, 153, 157, 158, 159, | 104, 105, 106, 120, 138, 141, | 104, 105, 114, 117, 121, 144,
144, 150, 159, 375, 381, 605 | 236, 344, 345, 374, 437, 597, | 144, 146, 147, 149, 150, 152, | 147, 150, 159, 236, 368, 375,
=18 598, 765, 832, 958, 962, 994, | 159, 160, 493, 589, 772, 861 = | 597, 598, 599, 803, 863, 997 =
995,997 =27 26 27
Y186C | Retained | 67, 80, 108, 116, 117, 133, | 63, 65, 101, 102, 130, 132, | 65, 101, 102, 108, 114, 116, 117, | 44, 76, 77, 95, 97, 101, 116, 120,
hubs 137, 142, 155, 235, 373, | 143, 144, 155, 160, 372, 373, | 130, 142, 155, 372, 373, 375, | 124, 133, 137, 138, 142, 155,
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597,598,599 = 14

376,599 =14

597,599, 605, 775,997 = 18

370,372,373,380 =18

Gained | 92, 128, 130, 135, 138, 141, | 63, 65, 101, 102, 130, 132, | 62, 63, 66, 68, 70, 73, 82, 141, | 43, 45, 63, 64, 68, 82, 108, 130,
hubs 150, 232, 374, 595, 596, | 143, 144, 155, 160, 372, 373, | 144, 147, 157, 158, 349, 493, | 144, 147, 150, 153, 156, 343,
602, 605, 863, 956, 958, 962 | 376,599 = 14 553, 595, 596, 832 = 18 376, 486, 487, 488, 598, 958, 962
=17 =21
S534N | Retained | 67, 77, 95, 97, 101, 102, | 101, 102, 117, 121, 130, 131, | 65, 80, 97, 101, 102, 108, 114, | 76, 77, 113, 116, 124, 131, 137,
hubs 132, 146, 152, 155,373,599 | 132, 133, 137, 142, 149, 155, | 116, 117, 121, 155, 775, 797, | 138, 142, 155, 372, 373, 380,
=12 160, 367, 370, 372, 373, 818, | 799, 803, 804, 962 = 17 595,603 = 15
955=19
Gained | 63, 70, 78, 79, 82, 83, 91, | 44, 46, 47, 60, 72, 82, 85, 103, | 22, 62, 63, 67, 74, 76, 77, 82, 91, | 43, 64, 65, 68, 70, 82, 96, 108,
hubs 93, 127, 150, 158, 160, 384, | 116, 120, 122, 123, 125, 129, | 106, 135, 138, 146, 150, 157, | 117, 121, 130, 132, 147, 150,
490, 528, 593, 596, 604, | 141, 157, 374, 528, 553, 598, | 341, 349, 376, 379, 380, 381, | 151, 152, 157, 158, 160, 345,
605, 822, 853,997 =22 765, 775, 797, 853, 863, 958, | 486, 487, 553, 591, 826, 832 = | 375, 376, 381, 488, 598, 599,
995 =26 27 771, 772, 825, 859, 958, 962,
966, 996, 997 = 35
1543V | Retained | 61, 67, 75, 77, 80, 101, 102, | 66, 102, 108, 132, 142, 144, | 65, 108, 114, 116, 117, 123, 142, | 22, 44, 76, 101, 102, 116, 120,
hubs 104, 116, 120, 132, 137, | 147, 155, 370, 372, 373, 599, | 155, 200, 372, 598, 599, 797, | 131, 141, 142, 155, 370, 372,
142, 145, 146, 155, 373, | 604,816 =14 958,997 = 15 373,603 = 15
493, 599, 775, 799, 803 = 22
Gained | 72, 83, 91, 130, 138, 140, | 44, 46, 47, 60, 72, 82, 85, 103, | 63, 70, 82, 124, 138, 141, 146, | 45, 65, 80, 81, 82, 85, 88, 108,
hubs 143, 150, 368, 381, 591, | 116, 120, 122, 123, 125, 129, | 147, 150, 157, 236, 346, 386, | 132, 144, 147, 150, 151, 363,
595, 601, 604, 605, 804, | 141, 157, 374, 528, 553, 598, | 493,591, 832 = 16 367, 379, 488, 598, 821, 958,
863,958,962 = 19 765, 775, 797, 853, 863, 958, 962, 998 = 22
995 =27
D949V | Retained | 76, 77, 101, 102, 116, 117, | 62, 63, 65, 108, 117, 127, 142, | 61, 114, 116, 117, 137, 140, 142, | 22, 62, 95, 113, 116, 125, 141,
hubs 121, 133, 137, 142, 145, | 143,155,160 =10 155, 234, 372, 373, 597, 598, | 155, 370, 595, 602, 775, 799 =
146, 155, 370, 372, 373, 599,799, 803, 958, 962 = 18 13
599,799, 803 = 19
Gained | 65, 70, 79, 81, 91, 122, 150, | 61, 73, 76, 77, 95, 110, 113, | 22, 23, 67, 70, 73, 82, 120, 127, | 63, 64, 73, 75, 85, 88, 91, 108,
hubs 151, 157, 158, 159, 367, | 124, 128, 129, 140, 141, 146, | 129, 138, 141, 143, 145, 147, | 144, 160, 232, 235, 566, 596,

375, 376, 596, 817, 994,
995,999 =19

150, 151, 153, 157, 235, 346,
363, 380, 386, 493, 596, 597,
602, 606, 771, 775, 799, 801,
803, 804, 995, 998, 999, 1001
=37

150, 153, 157, 158, 370, 376,
493, 832, 861, 863, 995 = 25

597, 599, 768, 772, 803, 816,
825, 862, 956, 958, 962 = 25
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Table S3.5.2. Averaged degree centrality (DC) of potential hubs found in drug free and drug bound WT systems, hubs gained due to
mutation, and hubs that were maintained despite the presence of mutation.

DC Drug free Drug bound
Systems Monomer A Monomer B Monomer A Monomer B
WT Hubs 72, 90, 108, 110, 113, 116, 138, | 108, 110, 155, 192, 193, 200, | 72, 108, 110, 113, 155, 157, | 72, 108, 110, 113, 138, 139,
155, 159, 198, 199, 200, 201, 202, | 201, 202, 203, 214, 225, 282, | 199, 200, 203, 206, 207, 218, | 153, 155, 159, 203, 207,
203, 207, 218, 282, 314, 356, 435, | 335, 337, 482, 496, 499, 554, | 232, 313, 314, 335, 350, 351, | 225, 241, 337, 356, 478,
482, 493, 499, 548, 576, 625, 710, | 625, 653, 654, 694, 707, 711, | 478, 480, 542, 554, 605, 625, | 568, 595, 603, 605, 625,
740, 778, 779, 781, 790, 807, 808, | 729, 732, 775, 778, 779, 781, | 628, 641, 653, 654, 665, 666, | 653, 654, 694, 707, 729,
813, 832, 833, 837,928 =40 790, 808, 813, 833,990 =35 707, 714, 729, 732, 740, 778, | 732, 778, 779, 781, 790,
779, 781, 790, 807, 808, 813, | 796, 807, 808, 832, 833,
833, 837,928 =45 928,962 =38
C29R Retained | 108, 110, 113, 116, 155, 198, 199, | 108, 110, 155, 201, 202, 203, | 72, 108, 110, 113, 155, 157, | 72, 108, 113, 155, 159, 203,
hubs 200, 201, 202, 203, 207, 218, 282, | 214, 282, 482, 496, 499, 554, | 199, 203, 207, 218, 480, 554, | 225, 337, 568, 595, 625,
482, 493, 499, 625, 740, 778, 779, | 625, 653, 654, 729, 732, 778, | 625, 628, 707, 729, 732, 740, | 653, 778, 779, 781, 790,
781, 790, 807, 808, 832, 833, 928 = | 779, 781, 790, 808, 813, 833 = | 778, 779, 781, 790, 807, 808, | 807, 808, 832, 928 =20
28 24 813, 833, 837,928 =28
Gained 67, 197, 335, 337, 431, 478, 479, | 72, 154, 159, 190, 198, 199, 207, | 67, 90, 116, 138, 139, 159, | 218, 314, 318, 359, 482,
hubs 490, 495, 496, 554, 568, 628, 653, | 318, 469, 478, 479, 480, 486, | 194, 198, 201, 202, 282, 337, | 554, 618, 710, 721, 740,
729,732,775, 835, 990, 995 = 20 493, 495, 542, 641, 657, 710, | 344, 356, 479, 482, 486, 492, | 767, 813, 835,837 =14
740, 807, 816 =22 493, 495, 496, 499, 568, 595,
734,765, 810, 835,990 =29
M166V | Retained | 108, 110, 113, 138, 155, 159, 198, | 108, 110, 200, 201, 202, 203, | 72, 108, 110, 113, 155, 199, | 72, 108, 110, 113, 155, 568,
hubs 199, 201, 202, 203, 207, 282, 356, | 282, 482, 554, 653, 707, 732, | 203, 206, 314, 554, 605, 625, | 595, 625, 653, 732, 778,
482, 493, 499, 625, 740, 778, 781, | 778, 779, 781, 790, 808, 813, | 628, 654, 729, 732, 740, 778, | 781, 790, 808, 832 =15
790, 808, 832, 833, 837, 928 =27 833=19 779, 781, 790, 807, 808, 813,
833, 837,928 =27
Gained 67, 206, 337, 344, 347, 431, 437, | 72, 113, 154, 194, 195, 198, 199, | 116, 138, 198, 201, 202, 282, | 314, 500, 710, 721, 770,
hubs 469, 471, 478, 479, 495, 496, 554, | 206, 218, 344, 480, 576, 595, | 462, 499, 503, 548, 568, 589, | 813,829=7

568, 605, 653, 676, 707, 732, 775,
776, 835 =123

605, 740, 807, 832, 835, 837 =
19

595, 832,835=15
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Y186C | Retained | 72, 90, 108, 110, 113, 116, 138, | 108, 110, 155, 202, 203, 282, | 72, 108, 110, 113, 155, 199, | 72, 108, 110, 113, 138, 153,
hubs 155, 159, 198, 199, 201, 202, 203, | 482, 496, 499, 554, 625, 653, | 203, 207, 218, 478, 480, 554, | 155, 159, 203, 207, 337,
218, 282, 435, 482, 493, 499, 548, | 707, 732, 775, 778, 779, 781, | 625, 653, 654, 665, 729, 732, | 356, 595, 625, 653, 654,
625, 740, 778, 779, 781, 790, 807, | 790, 808, 813, 833 =22 740, 778, 781, 790, 807, 808, | 694, 707, 729, 732, 778,
808, 813, 832, 833, 837, 928 = 34 813,833 =26 779, 781, 790, 807, 808,
833 =27
Gained | 104, 125, 127, 139, 194, 206, 469, | 72, 113, 116, 138, 159, 160, 198, | 90, 138, 139, 154, 159, 198, | 90, 100, 116, 122, 140, 199,
hubs 479, 480, 486, 492, 495, 496, 542, | 199, 218, 314, 356, 469, 478, | 201, 282, 482, 486, 499, 508, | 218, 282, 314, 554, 608,
554, 568, 595, 628, 653, 721, 732, | 479, 480, 486, 493, 495, 568, | 568, 589, 595, 657, 694, 710, | 710, 740, 765, 775, 813,
775,962 =23 628, 710, 740, 832, 837, 955 = | 734, 770 = 20 835=17
25
S534N | Retained | 72, 108, 110, 155, 203, 218, 548, | 108, 110, 155, 201, 203, 282, | 72, 108, 110, 113, 155, 199, | 72, 108, 110, 113, 138, 155,
hubs 625, 710, 740, 778, 779, 781, 790, | 482, 554, 625, 653, 729, 778, | 203, 218, 478, 625, 732, 740, | 203, 356, 625, 653, 729,
808, 813, 833, 837,928 = 19 779, 781, 790, 808, 833 = 17 778,781, 790, 808, 813, 833 = | 778, 779, 781, 790, 808,
18 833=17
Gained | 139, 225, 238, 313, 335, 431, 554, | 72, 75, 90, 113, 138, 153, 194, | 67, 90, 116, 122, 138, 159, | 282, 482, 496, 499, 542,
hubs 641,653,707,732,772,775=13 | 198, 199, 206, 218, 313, 314, | 198, 201, 202, 282, 337, 344, | 548, 554, 691, 740, 775,
356, 478, 480, 568, 606, 628, | 361, 437, 479, 482, 493, 495, | 813 =11
765,767, 810, 928 = 22 496, 499, 568, 718, 721, 832,
835=25
1543V | Retained | 108, 110, 113, 116, 138, 155, 198, | 108, 110, 155, 203, 225, 337, | 108, 110, 113, 155, 199, 200, | 72, 108, 110, 113, 138, 139,
hubs 199, 203, 282, 356, 482, 499, 778, | 482, 499, 554, 625, 653, 654, | 203, 207, 218, 478, 480, 554, | 155, 159, 203, 207, 625,
779, 781, 790, 808, 813, 832, 833, | 732, 775, 778, 779, 781, 790, | 625, 628, 653, 654, 666, 729, | 653, 778, 779, 781, 790,
928 =22 808, 833 =20 732, 740, 778, 779, 781, 790, | 808, 833 = 18
808, 813, 833, 928 = 28
Gained | 122, 139, 335, 337, 344, 437, 469, | 72, 116, 125, 194, 199, 218, 227, | 31, 116, 122, 138, 159, 194, | 90, 122, 127, 197, 198, 199,
hubs 478, 479, 480, 486, 492, 495, 554, | 238, 241, 344, 356, 595, 628, | 198, 201, 202, 282, 344, 347, | 201, 202, 218, 282, 314,
662,775 =16 641, 667, 710, 734, 767, 810, | 437, 482, 486, 496, 499, 589, | 479, 480, 482, 486, 493,
837 =20 595,691, 710, 832 = 22 495, 499, 554, 740, 767,
813,816 =23
D949V | Retained | 72, 108, 110, 155, 159, 203, 218, | 108, 110, 155, 201, 202, 282, | 108, 110, 113, 199, 203, 207, | 108, 110, 138, 155, 159,
hubs 710, 740, 778, 779, 781, 790, 808, | 482, 496, 499, 554, 625, 653, | 218, 554, 605, 625, 628, 665, | 203, 478, 595, 625, 653,
654, 729, 732, 775, 778, 779, | 740, 778, 779, 781, 790, 808, | 778, 779, 781, 790, 808,
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832,833,928 =17

781, 790, 808, 813 =22

813,928 =20

833,962 =17

Gained
hubs

65, 335, 431, 480, 554, 568, 628,
653, 654, 666, 707, 732, 775, 938 =
14

138, 153, 194, 198, 199, 218,
356, 479, 486, 493, 495, 572,
575,734,740, 814,837 =17

31, 90, 138, 139, 160, 194,
198, 201, 202, 282, 337, 493,
499, 589, 595, 662, 672, 681,
775, 810, 829, 832, 835 =23

75, 90, 202, 228, 238, 282,
479, 480, 482, 486, 495,
499, 554, 606, 721, 740,
810, 816, 835,837 =20
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Table S3.5.3. Averaged closeness centrality (CC) of potential hubs found in drug free and drug bound WT systems, hubs gained due
to mutation, and hubs that were maintained despite the presence of mutation.

CC Drug free Drug bound
Systems Monomer A Monomer B Monomer A Monomer B
WT Hubs 67, 71, 72, 73, 74, 75, 76, 77, | 73, 76, 77, 101, 104, 105, 146, | 71, 72, 73, 75, 76, 79, 80, 81, | 67, 68, 69, 70, 71, 72, 73, 74,
78, 79, 101, 104, 105, 150, | 147, 150, 151, 155, 596, 597, 598, | 97, 98, 101, 102, 103, 104, | 75, 76, 77, 78, 79, 80, 87, 97,
151, 152, 155, 596, 597, 598, | 599, 600, 601, 603, 605, 768 =20 105, 137, 140, 141, 142, 145, | 101, 104, 105, 137, 140, 141,
599, 600, 601, 602, 603, 604, 146, 147, 150, 151, 152, 155, | 142, 145, 146, 147, 149, 150,
605, 768 =28 596, 597, 598, 599, 600, 601, | 151, 152, 153, 155, 595, 596,
602, 604, 605, 768 =36 599, 602, 603, 605 =38
C29R | Retained 67, 71, 72, 73, 74, 75, 76, 77, | 73, 76, 77, 101, 104, 146, 147, | 71, 72, 73,75, 76, 79, 80, 81, | 67, 68, 69, 70, 71, 72, 73, 74,
hubs 78, 79, 101, 104, 105, 150, | 150, 151, 155, 596, 597, 598, 599, | 97, 101, 102, 104, 105, 140, | 75, 76, 77, 78, 79, 80, 101,
151, 152, 155, 596, 597, 598, | 600, 601, 603, 605, 768 = 19 141, 142, 145, 146, 147, 150, | 104, 105, 140, 141, 142, 145,
599, 600, 601, 603, 604, 605 = 151, 152, 155, 596, 597, 598, | 146, 147, 149, 150, 151, 152,
26 599, 600, 601, 602, 604, 605, | 155, 595, 596, 599, 602, 603,
768 =33 605 =34
Gained 68, 69, 70, 80, 140, 142, 145, | 67, 68, 69, 70, 71, 72, 74, 75, 78, | 67, 68, 74, 77, 78, 149, 154, | 66, 81, 102, 154, 158, 159,
hubs 146, 147, 149, 153, 154, 158, | 79, 80, 81, 140, 141, 142, 145, | 158,595=9 593, 597, 598, 604, 606, 862,
859, 862,997 = 16 152, 154, 158, 602, 604, 997, 998 995,997 =15
=23
M166V | Retained 67,72, 73,75, 76, 78, 79, 101, | 73, 76, 77, 101, 104, 105, 147, | 71, 72, 73, 75, 76, 79, 80, 81, | 67, 68, 69, 70, 71, 72, 73, 74,
hubs 105, 150, 151, 152, 155, 597, | 150, 151, 155, 597, 598, 599, 601 | 97, 98, 101, 104, 105, 140, | 75, 76, 77, 78, 79, 80, 101,
598,599, 601, 605 =18 =14 141, 142, 145, 146, 147, 150, | 104, 105, 140, 142, 146, 147,
151, 152, 155, 596, 597, 598, | 149, 150, 151, 152, 155, 596,
599, 600, 601, 602, 604, 605 = | 599, 602, 605 =30
32
Gained 80, 81, 140, 142, 146, 147=6 | 68, 70, 71, 72, 74, 75, 78, 79, 80, | 67, 68, 70, 74, 77, 78, 148, | 81, 597, 598, 600, 997, 999 =
hubs 140, 142, 149, 152,997 = 14 149, 603,997 =10 6
Y186C | Retained 67, 71, 72, 73, 74, 75, 76, 77, | 73, 76, 77, 101, 104, 105, 146, | 71, 72, 73, 75, 76, 79, 80, 81, | 67, 68, 69, 70, 71, 72, 73, 74,
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hubs

78, 79, 101, 104, 105, 150,
151, 152, 155, 596, 597, 598,
599, 600, 601, 602, 603, 604,
605, 768 =28

147, 150, 151, 155, 596, 597, 598,
599, 600, 601, 603, 605, 768 = 20

97, 98, 101, 102, 104, 105,
137, 140, 141, 142, 145, 146,
147, 150, 151, 152, 155, 596,
597, 598, 599, 600, 601, 602,
604, 605, 768 = 35

75, 76, 717, 78, 79, 80, 87, 97,
101, 104, 105, 137, 140, 141,
142, 145, 146, 147, 149, 150,
151, 152, 153, 155, 595, 596,
599, 605 =36

Gained
hubs

68, 69, 70, 80, 81, 82, 97, 98,
102, 106, 132, 137, 138, 140,
141, 142, 143, 144, 145, 146,
147, 148, 149, 153, 154, 156,
158, 594, 595, 606, 767, 769,
821,997 =34

67, 68, 69, 70, 71, 72, 74, 775, 78,
79, 80, 81, 97, 98, 102, 106, 137,
140, 141, 142, 144, 145, 149, 152,
153, 154, 156, 158, 159, 595, 602,
606, 769, 821, 822, 956, 958, 995,
997 =139

65, 67, 68, 69, 70, 74, 77, 78,
82, 87, 143, 144, 148, 149,
153, 154, 156, 158, 595, 603,
606, 767, 769, 997 = 24

81, 82, 100, 102, 143, 144,
148, 154, 156, 158, 159, 597,
598, 600, 601, 604, 768, 769,
997 =19

S534N

Retained
hubs

67, 71, 72, 73, 74, 75, 76, 77,
78, 79, 101, 105, 150, 151,
152, 155, 596, 599, 601, 603,
604, 605 =22

76, 101, 146, 147, 150, 151, 155,
598, 600=9

71,72,73,75,76,79, 80, 101,
104, 105, 140, 142, 150, 151,
152, 155, 596, 598, 599, 600,
601 =21

68, 70, 72, 73, 75, 76, 77, 78,
79, 101, 105, 142, 147, 150,
151, 152, 155, 596, 599, 603 =
20

Gained
hubs

68, 70, 142, 146, 147, 158,
595, 858,997=9

72, 74, 75, 78, 79, 80, 81, 137,
140, 142, 145, 148, 149, 152, 153
=15

67,74,77,78, 82,149 =6

597, 598, 601,997 =4

1543V

Retained
hubs

67, 71, 72, 73, 74, 75, 76, 77,
78, 79, 101, 104, 105, 150,
151, 152, 155, 596, 597, 598,
599, 600, 601, 602, 603, 604,
605, 768 =28

73, 76, 77, 101, 104, 105, 146,
147, 150, 151, 155, 596, 597, 598,
599, 600, 601, 603, 605 =19

71, 72, 73, 75, 76, 79, 80, 81,
97, 98, 101, 102, 103, 104,
105, 137, 140, 141, 142, 145,
146, 147, 150, 151, 152, 155,
596, 597, 598, 599, 600, 601,
602, 604, 605, 768 = 36

67, 68, 69, 70, 71, 72, 73, 74,
75,76, 77, 78, 79, 80, 97, 101,
104, 105, 140, 141, 142, 145,
146, 147, 149, 150, 151, 152,
153, 155, 595, 596, 599, 602,
603, 605 = 36

Gained
hubs

68, 69, 70, 80, 81, 82, 85, 87,
98, 100, 102, 103, 137, 138,
139, 140, 141, 142, 143, 144,
145, 146, 147, 149, 153, 154,
156, 158, 595, 606, 769, 821,
997 =133

67, 68, 69, 70, 71, 72, 74, 75, 78,
79, 80, 81, 82, 98, 102, 103, 106,
140, 141, 142, 145, 152, 153, 154,
156, 158, 595, 602, 604, 821, 859,
860, 862, 954, 956, 997, 998, 999
=38

67, 68, 69, 70, 74, 77, 78, 82,
87, 100, 106, 149, 153, 154,
156, 158, 159, 595, 603, 769,
997 =21

65, 81, 82, 98, 102, 154, 156,
158, 597, 598, 600, 601, 604,
821,997,998 = 16

D949V

Retained
hubs

67, 71, 72, 73, 74, 75, 76, 77,
78, 79, 101, 104, 105, 150,
151, 152, 155, 596, 597, 598,

73, 76, 77, 101, 104, 105, 146,
147, 150, 151, 155, 596, 597, 598,

71, 72, 73, 75, 76, 79, 80, 81,
101, 105, 140, 142, 145, 146,
147, 150, 151, 155, 596, 597,

71, 72, 73, 75, 76, 80, 101,
104, 105, 142, 146, 155, 596,
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599, 600, 601, 602, 603, 604,
605 =27

599, 600, 601, 605 =18

598, 599, 601, 602, 605 = 25

599, 602, 605 =16

Gained
hubs

65, 68, 70, 80, 81, 97, 98, 102,
137, 140, 141, 142, 145, 146,
147, 148, 149, 153, 154, 156,
158, 159, 595, 821 =24

65, 67, 70, 71, 72, 74, 75, 78, 79,
102, 140, 142, 152, 153, 154, 158,
595, 602, 604, 997, 998, 999 = 22

67,70,74,77,78, 82,149 =7

81, 102, 597, 600, 768, 769 =
6
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Table S3.5.4. Averaged eigen centrality (EC) of potential hubs found in drug free and drug bound WT systems, hubs gained due to
mutation, and hubs that were maintained despite the presence of mutation.

EC Drug free Drug bound
Systems Monomer A Monomer B Monomer A Monomer B
WT Hubs 778,808 =2 121, 122, 190, 191, 192, 193, 194, | 100, 103, 104, 106, 108, 109, | 595, 707, 708, 710, 721, 732,
195, 196, 197, 198, 199, 200, 201, | 110, 111, 112, 113, 114, 115, | 734, 740, 741, 744, 775, 776,
202, 203, 204, 205, 206, 207, 211, | 116, 159, 665, 666, 667, 707, | 777, 778, 779, 781, 782, 790,
214, 215, 216, 217, 218, 224, 225, | 708, 710, 717, 718, 721, 724, | 792, 805, 808, 809, 810, 813 =
227, 248, 253, 279, 280, 281, 282, | 729, 732, 733, 734, 771, 772, | 24
283, 284, 469, 477, 478, 479, 480, | 773, 774, 775, 776, 777, 778,
482, 483, 491, 492, 493, 494, 495, | 779, 780, 781, 782, 790, 791,
496, 497, 498, 499, 500, 502, 503, | 792, 794, 796, 799, 802, 803,
732, 734, 774, 775, 777, 778, 779, | 804, 805, 806, 807, 808, 809,
781, 782, 790, 792, 805, 808, 809, | 810, 811, 813, 829, 830, 832,
810="71 833, 834, 835, 836, 837, 852,
926, 928, 929 = 69
C29R | Retained 0 121, 122, 190, 192, 193, 194, 195, | 100, 103, 104, 108, 109, 110, | 741 =1
hubs 196, 197, 198, 199, 200, 201, 202, | 111, 112, 113, 115, 116, 159,
203, 204, 205, 206, 207, 214, 216, | 732, 734, 774, 775, 776, 777,
253,279, 280, 281, 282, 283, 284, | 778, 779, 781, 782, 790, 791,
469, 477, 478, 479, 480, 482, 483, | 792, 796, 799, 802, 803, 804,
491, 492, 493, 494, 495, 496, 497, | 805, 806, 807, 808, 809, 810,
498, 499, 500, 502, 503 =47 813, 829, 832, 833, 836, 837,
926,928 =44
Gained 31, 197, 198, 199, 201, 202, | 92, 93, 120, 124, 125, 126, 462, | 93, 120, 122, 155, 156, 160, | 31 =1
hubs 282, 479, 480, 492, 493, 495, | 464, 470, 471, 481, 484, 485, 486, | 192, 193, 194, 195, 196, 197,

496,499 = 14

488, 489, 490, 501, 504 =19

198, 199, 200, 201, 202, 203,
204, 205, 206, 216, 280, 281,
282, 283, 469, 477, 478, 479,
480, 481, 482, 483, 484, 486,
491, 492, 493, 494, 495, 496,
497, 498, 499, 500, 502, 503 =
48
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M166V

Y186C

Retained 0 0 778 =1 734, 775, 777, 778, 779, 781,
hubs 782, 790, 792, 805, 808, 809,
810=13
Gained 92, 93, 120, 121, 122, 126, | 31=1 121, 122, 192, 193, 194, 195, | 774 =1
hubs 190, 192, 193, 194, 195, 196, 196, 197, 198, 199, 200, 201,
197, 198, 199, 200, 201, 202, 202, 203, 204, 205, 206, 207,
203, 204, 205, 206, 207, 209, 214, 216, 280, 281, 282, 462,
211, 214, 216, 217, 248, 253, 464, 469, 477, 478, 479, 480,
280, 281, 282, 283, 284, 285, 482, 483, 486, 489, 492, 493,
462, 464, 469, 470, 471, 476, 494, 495, 496, 497, 498, 499,
4717, 478, 479, 480, 481, 482, 500, 501, 502, 503, 504 = 47
483, 484, 486, 488, 489, 490,
491, 492, 493, 494, 495, 496,
497, 498, 499, 500, 501, 502,
503, 504 =68
Retained 0 198, 199, 201, 202, 280, 282, 469, | 707, 708, 710, 717, 718, 721, | 595, 710, 732, 734, 740, 741,
hubs 478, 479, 480, 482, 483, 492, 493, | 724, 729, 732, 733, 734, 771, | 775, 776, 777, 778, 779, 781,
494, 495, 496, 498, 499 772, 773, 774, 775, 776, 771, | 782, 790, 792, 805, 808, 809,
778, 779, 780, 781, 782, 790, | 810,813 =20
791, 792, 794, 796, 802, 804,
805, 806, 807, 808, 809, 810,
813,926,928 = 39
Gained 92, 93, 120, 121, 122, 123, | 31,486 =2 198, 595, 605, 735, 738, 740, | 605, 606, 608, 738, 763, 764,
hubs 125, 126, 192, 193, 194, 195, 765, 767, 768, 769, 770, 793, | 765, 766, 767, 769, 770, 771,

196, 197, 198, 199, 200, 201,
202, 203, 204, 205, 206, 207,
216, 280, 281, 282, 283, 284,
462, 464, 469, 471, 477, 478,
479, 480, 481, 482, 483, 484,
485, 486, 487, 488, 489, 490,
491, 492, 493, 494, 495, 496,
497, 498, 499, 500, 502, 503,
504 = 62

795=13

772,774 =14
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S534N

1543V

D949V

Retained | 778, 808 =2 734,774, 775, 777, 778, 779, 781, [ 0 0
hubs 782, 790, 792, 805, 808, 809, 810
=14
Gained 593, 594, 595, 606, 738, 739, | 545, 547, 549, 595, 606, 707, 708, | 92, 93, 120, 121, 122, 126, | 31 =1
hubs 740, 741, 742, 743, 744, 748, | 709, 710, 712, 717, 718, 720, 721, | 190, 192, 193, 194, 195, 196,
750, 764, 765, 766, 767, 768, | 724, 729, 731, 732, 733, 734, 735, | 197, 198, 199, 200, 201, 202,
769, 770, 771, 772, 773, 776 = | 738, 740, 741, 765, 766, 767, 768, | 203, 204, 205, 206, 207, 209,
24 769, 770, 771, 772, 773, 774, 775, | 214, 216, 217, 218, 248, 253,
776, 777, 779, 780, 781, 782, 783, | 280, 281, 282, 283, 284, 462,
784, 785, 790, 791, 792, 793, 794, | 464, 469, 470, 471, 477, 478,
795, 796, 799, 800, 801, 802, 803, | 479, 480, 481, 482, 483, 484,
804, 805, 806, 807, 809, 810, 811, | 485, 486, 488, 489, 490, 491,
812, 813, 814, 815, 816, 833, 837, | 492, 493, 494, 495, 496, 497,
925,926,927, 928,929,932 =76 | 498, 499, 500, 501, 502, 503,
504 =67
Retained | 778 = 1 732, 734, 774, 775, 777, 778, 779, | 0 0
hubs 781, 782, 790, 792, 805, 808, 809,
810 =15
Gained 192, 193, 194, 196, 197, 198, | 31, 666, 667, 668, 707, 708, 709, | 31 =1 92, 93, 120, 121, 122, 123,
hubs 199, 201, 202, 203, 280, 281, | 710, 717, 721, 724, 729, 731, 733, 125, 126, 127, 192, 193, 194,
282, 283, 284, 462, 464, 469, | 735, 773, 776, 780, 791, 793, 794, 195, 196, 197, 198, 199, 200,
471, 477, 478, 479, 480, 481, | 804, 806, 807, 812, 813, 814, 926, 201, 202, 203, 204, 205, 206,
482, 483, 484, 485, 486, 491, | 928 =29 207, 214, 216, 217, 218, 225,
492, 493, 494, 495, 496, 497, 226, 280, 281, 282, 283, 284,
498, 499, 500, 502, 503, 741 = 462, 464, 469, 470, 471, 477,
42 478, 479, 480, 481, 482, 483,
484, 485, 486, 487, 488, 489,
490, 491, 492, 493, 494, 495,
496, 497, 498, 499, 500, 501,
502, 503, 504 = 69
Retained | 778 = 1 192, 193, 194, 195, 196, 197, 198, | 734, 771, 772, 773, 774, 775, | 595, 734, 740, 741, 775, 776,
hubs 199, 200, 201, 202, 203, 204, 205, | 776, 777, 778, 779, 780, 781, | 777, 778, 779, 781, 782, 790,

206, 207, 214, 216, 217, 218, 280,
281, 282, 283, 284, 469, 477, 478,

782, 790, 792, 794, 804, 805,
806, 807, 808, 809, 810, 813,

792, 805, 808, 809, 810 =17
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479, 480, 482, 483, 491, 492, 493,
494, 495, 496, 497, 498, 499, 500,
502,503 =44

926, 928 =26

Gained
hubs

31

92, 120, 125, 126, 462, 464, 470,
471, 481, 484, 485, 486, 488, 489,
490, 501, 504 =17

192, 194, 195, 196, 197, 198,
199, 200, 201, 202, 203, 216,
280, 282, 479, 492, 493, 495,
496, 497, 499, 500, 593, 595,
605, 606, 735, 738, 740, 765,
767,768,769, 770, 795 = 35

596, 606, 738, 742, 764, 765,
766, 767, 768, 769, 770, 771,
772, 773, 774, 794, 795, 816,
817=19
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Table S3.5.5. Averaged katz centrality (KC) of potential hubs found in drug free and drug bound WT systems, hubs gained due to
mutation, and hubs that were maintained despite the presence of mutation.

KC Drug free Drug bound
Systems Monomer A Monomer B Monomer A Monomer B
WT Hubs 103, 104, 108, 110, 111, 112, | 108, 110, 111, 155, 192, 193, | 103, 104, 108, 109, 110, 111, | 108, 110, 111, 155, 159, 595,
113, 116, 155, 159, 198, 199, | 194, 195, 196, 198, 199, 200, | 112, 113, 199, 203, 313, 350, | 707, 708, 710, 732, 734, 775,
200, 201, 202, 203, 282, 479, | 201, 202, 203, 206, 280, 282, | 605, 640, 641, 665, 666, 667, | 777, 778, 779, 781, 782, 790,
496, 499, 710, 732, 734, 775, | 479, 480, 492, 493, 495, 496, | 707, 710, 732, 734, 775, 776, | 792, 805, 808, 809, 810, 833 =
7717, 778, 779, 781, 782, 790, | 499, 500, 707, 710, 729, 732, | 778, 779, 781, 782, 790, 792, | 24
792, 805, 808, 809, 810, 832, | 734, 774, 775, 776, 7717, 778, | 805, 808, 809, 810, 813, 832,
833 779, 781, 782, 790, 792, 805, | 833, 836, 837,928 =40
808, 810, 832, 833
C29R | Retained 108, 110, 111, 112, 113, 116, | 108, 110, 111, 155, 198, 199, | 103, 104, 108, 109, 110, 111, | 108, 111, 155, 159, 732, 734,
hubs 155, 198, 199, 200, 201, 202, | 201, 202, 203, 206, 280, 282, | 112, 113, 199, 203, 732, 734, | 775, 777, 778, 779, 781, 782,
203, 282, 479, 496, 499, 775, | 479, 480, 492, 493, 495, 496, | 775, 776, 778, 779, 781, 782, | 790, 805, 808, 810, 833 =17
778, 779, 790, 792, 805, 808, | 499, 500, 710, 732, 734, 775, | 790, 792, 805, 808, 809, 810,
810, 832, 833 =27 777, 778, 779, 781, 782, 790, | 813, 832, 833, 836, 837, 928 =
805, 808, 810, 833 =33 30
Gained 197, 280, 469, 478, 480, 482, | 72, 104, 109, 112, 113, 116, 120, | 100, 116, 153, 155, 156, 159, | 112,740, 774,776 = 4
hubs 492,493,495, 497, 500 =11 122, 153, 154, 156, 158, 159, | 194, 197, 198, 201, 202, 282,
197, 205, 469, 478, 482, 483, | 478, 479, 480, 482, 486, 492,
486, 494, 497,498 = 23 493, 495, 496, 499, 554, 740,
774,777,807 = 26
M166V | Retained 108, 110, 111, 113, 155, 198, | 108, 110, 194, 198, 199, 200, | 108, 110, 111, 112, 113, 199, | 108, 110, 111, 155, 595, 710,
hubs 199, 200, 201, 202, 203, 282, | 201, 202, 203, 282, 479, 480, | 203, 605, 732, 734, 775, 776, | 732, 734, 775, 777, 778, 779,
479, 496, 499, 732, 734, 775, | 496, 732, 734, 774, 775, 777, | 778, 779, 781, 782, 790, 792, | 781, 782, 790, 792, 805, 808,
7717, 778, 779, 781, 782, 790, | 778, 779, 781, 782, 790, 792, | 805, 808, 809, 810, 832, 833 = | 809, 810, 833 =21
792, 805, 808, 810, 832, 833 = | 805, 808, 810, 832, 833 =28 24
30
Gained 197, 206, 280, 469, 478, 480, | 595, 740, 741, 809, 813 =5 194, 196, 198, 200, 201, 202, | 113, 605, 767, 769, 770, 771,
hubs 482, 483, 492, 493, 495, 500, 205, 206, 280, 282, 469, 478, | 774,776, 796, 813, 829, 832 =
503,772,774,776 =16 479, 480, 492, 493, 495, 496, | 12
499, 500, 503, 595, 740, 769,
777 =258
Y186C | Retained 103, 104, 108, 110, 111, 112, | 108, 110, 111, 155, 198, 199, | 104, 108, 109, 110, 111, 112, | 108, 110, 111, 155, 159, 595,
hubs 113, 116, 155, 159, 198, 199, | 201, 202, 280, 282, 479, 480, | 113, 199, 203, 710, 732, 734, | 707, 708, 710, 732, 734, 775,
200, 201, 202, 203, 282, 479, | 492, 493, 495, 496, 499, 710, | 775, 776, 778, 779, 781, 782, | 777, 778, 779, 781, 782, 790,
496, 499, 775, 777, 778, 779, | 732, 734, 774, 775, 776, 777, | 790, 792, 805, 808, 809, 810, | 792, 805, 808, 809, 810, 833 =
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781, 790, 808, 810, 832, 833 = | 778, 779, 781, 782, 790, 792, | 813, 832, 833 =26 24
30 805, 808, 810, 832, 833 =35
Gained 100, 109, 120, 122, 123, 125, | 103, 112, 113, 159, 469, 478, | 154, 155, 159, 198, 201, 282, | 100, 103, 104, 112, 113, 116,
hubs 127, 160, 194, 197, 206, 280, | 482, 483,486 =9 478, 479, 480, 482, 486, 492, | 138, 153, 156, 606, 608, 740,
469, 478, 480, 482, 483, 486, 495, 496, 499, 740, 770, 772, | 765,767,770, 813, 832 =17
492, 493, 494, 495, 497, 498, 774,777 = 20
500, 836 = 24
S534N | Retained | 108, 110, 155, 710, 732, 734, | 108, 110, 111, 155, 194, 198, | 103, 108, 110, 111, 112, 113, | 108, 110, 111, 732, 734, 775,
hubs 775, 777, 778, 779, 781, 782, | 199, 200, 201, 202, 203, 282, | 199, 203, 732, 734, 775, 776, | 778, 779, 781, 782, 790, 792,
790, 792, 805, 808, 809, 810, | 479, 480, 734, 775, 776, 777, | 778, 779, 781, 782, 790, 792, | 805, 808, 810, 833 = 16
833=19 778, 779, 781, 790, 805, 808, | 805, 808, 809, 810, 832, 833,
810, 833 =26 836 =25
Gained 740, 770, 771, 772, 773, 776, | 112, 113, 138, 153, 159, 478, | 116, 122, 155, 159, 194, 197, | 113,482,499, 813,832 =5
hubs 804, 807, 813, 928 = 10 482, 606, 740, 765, 769, 809 = | 198, 200, 201, 202, 205, 206,
12 280, 282, 469, 477, 478, 479,
480, 482, 483, 492, 493, 494,
495, 496, 498, 499, 500, 721,
777 =31
1543V | Retained | 108, 110, 111, 112, 198, 199, | 108, 110, 111, 194, 195, 196, | 108, 110, 111, 112, 113, 199, | 108, 110, 111, 155, 159, 734,
hubs 202, 203, 282, 479, 496, 499, | 199, 707, 710, 732, 734, 774, | 203, 666, 710, 732, 734, 775, | 775, 777, 778, 779, 781, 782,
734, 775, 777, 778, 779, 781, | 775, 776, 777, 778, 779, 781, | 778, 779, 781, 782, 790, 808, | 790, 805, 808, 810, 833 = 17
782, 790, 792, 805, 808, 810, | 782, 790, 792, 805, 808, 810, | 810, 833 = 20
832, 833 = 26 832, 833 =26
Gained 469, 478, 480, 482, 486, 492, | 103, 112, 225, 640, 641, 666, | 122, 155, 159, 194, 197, 198, | 112, 113, 122, 127, 196, 197,
hubs 495,498, 772,776,813 =11 | 667,708, 709, 733, 809 = 11 200, 201, 202, 282, 479, 480, | 198, 199, 200, 201, 202, 203,
482, 492, 493, 495, 496, 499, | 280, 282, 469, 478, 479, 480,
500, 554, 777 = 20 482, 483, 486, 491, 492, 493,
494, 495, 496, 497, 498, 499,
500, 774, 832 = 33
D949V | Retained | 108, 110, 111, 112, 155, 710, | 108, 155, 192, 194, 198, 199, | 108, 110, 111, 199, 203, 605, | 108, 110, 111, 155, 595, 732,
hubs 732, 734, 775, 777, 778, 779, | 201, 202, 203, 280, 282, 479, | 734, 775, 776, 778, 779, 781, | 734, 775, 777, 778, 779, 781,
781, 782, 790, 792, 805, 808, | 480, 492, 493, 495, 496, 499, | 782, 790, 792, 805, 808, 809, | 782, 790, 792, 805, 808, 809,
809, 810, 832, 833 =22 500, 732, 734, 775, 778, 779, | 810, 832, 833, 928 = 22 810, 833 =20
781, 782, 790, 792, 805, 808,
810 =31
Gained 554, 666, 740, 774, 776 = 5 197, 469, 478, 482, 483, 486, | 194, 196, 198, 200, 201, 202, | 202, 282, 478, 479, 480, 482,
hubs 549, 554, 572, 793, 809, 813, | 282, 479, 493, 495, 496, 499, | 486, 492, 495, 496, 499, 596,
814=13 595, 606, 740, 765, 769, 770, | 606, 740, 741, 765, 766, 767,

772,773,774, 777 = 22

769, 770, 772, 774, 776, 795,
816, 832 =26
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Table S3.6.1 A representation of residue interaction within the NADPH in Monomer A and Monomer B of activated (drug bound)

WT and mutants as extracted from contact-heat-map. In bold are the target residue and in brackets are all contacting residues.

Systems Drug bound

Subunits Monomer A Monomer B

WT A340:A-(G339A, G341A, A344A, 1348A, F363A, 1370A) A340:B-(G339B, G341B, A344B, 1348B, A437B, F438B, G439B)
T343:A-(A340A, G341A, D342A, A344A, D346A, C347) T343:B-(A340B, G341B, D342B, A337B)
K365:A-(F363ANR364A, G366A, N369A, P389A, F390A, T411A, | K365:B-(F363B, R364B, G366B, F390B, L391B, L418B)
T419A) R371:B-( G341B, D345B, 1370B)
R371:A-(N48B, G341A, 1370A, A372A) G484:B-(S443B, L461B, G480B, D481B, V482B, V483B, L485B,
G484:A-(L461A, G480A, D481A, V482A, V483A, L485A, A486A) | A486B)
A486:A-(G480A, G481A, G484A, L485A, N48BA, G491A, S492A) | A486:B-(G480A, G481A, G484A, L485A, N488A, G491A, S492A)
Gained residues connections Lost residues connections Gained residues connections Lost residues connections

C29R A340-(D342, R371, E421) A340-(A344,1341, F363,1370) | A340-(V337, F345, A348, 1361, | T343-(D346, C347)
T343-(S3006, A437) T343-(R235) F363, A348, A437) R364-(T419)
L365-(1370) R371-(N48) R371-(F390, T411, W419, A344) L365-(1370)
R371-(A340, 1370) G484-(1461) G484-(N487) R371-(D134)
G484-(N487) A486-(D481) A486-(D481, N494, D495) A486-(G479)
A486-(T31, G479, N494, D495) =8 =15 =6
=13

M166V A340-(R371, A372) A340-(1361,F363) A340-(F345, 1361, F363, 1370, | A340-(F438, G439)
T343-(A437) T343-( R235) A372) T343-(D346, C347)
R364-(P393) R371-(N48) T343-(N487) L365-(1370)
L365-(1370) G484-(1461)=5 R371-(F390, T411, W419) R371-(D134, G341)
R371-(A340, 1370) A486-(T31, D481, N494, D495) A486-(G479) =8
A486-(T31, D495)=9 =13

Y186C T343-(G399, A340, A347) T343-( R235) A340-(L338, 1361, F363) A340-(A344, S436, F438,
R364-(V362) R371-(N48, G341) T343-(F345, N481) G439)
R371-(L47) =3 R371-(F390, T411, W419, V373, | T343-(C347)
G484-(N487) E376) L365-(1370)
A486-(G479) G484-(1L285, G439, S440) R371-(1370, D134, G341)
=7 A486-(D481) =14 G484-(G480, V482)

A486-(G480) =13
S534N A340-(T343, A372, A437) T343-( R235) A340-(1361, F363, 1370, A372) A340-(F438, G439)
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T343-(S306, L340, A437)
R371-(340)

A486-(T31, G479, N494, D495)
=11

T343-(F345, D346, C347, A372,
V373, G376)

R371-(L461)

A486-(D481, N494, D495) = 14

T343-(C347)
L365-(1370)
R371-(1370, D134)
=6

1543V A340-(T343, 1361,M377) A340-(1361,1370) A340-(1361, 1370, A372) A340-(F438, G439)
T343-(A437) T343-( R235) T343-(E320, D346) L365-(1370)
R364-(F340) L365-(F390) R371-(F390, T411, W419) R371-(1370, D134, G341,
L365-(1370) R371-(G341) G484-(L461, N487) D342)
R371-(D46, L47, 1370) G484-(1461) A486-(T31, D481, N494, D495) | =7
G484-(N487) = 10 =6 =14

D949V T343-(A437) T343-( R235) A340-(V337, L338, T342, T343 | A340-(F438, G439)
R371-(A340) G484-(1461) A372) L365-(1370)
A486-(T31, D495) =2 T343-(3306, D346, C347) R371-(1370, D134)
=4 R371-(A340) A486-(G479)

G484-(S440, L461, N487)
A486-(T31, D481, N494, D495)
=16

=6
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Table S3.6.2 A representation of residue interaction within the FAD in Monomer A and Monomer B of activated (drug bound) WT

and mutants as extracted from contact-heat-map. In bold are the target residue and in brackets are all contacting residues.

Systems Drug bound
Subunits Monomer A Monomer B
WT A198:A-(L196, P197, S199, S201, C202, G828, G479, S492, V493, | A198:B-(P197, G198, S199, S201, C202, S492, G496, L497, A499)
G496) V129:B-(C126, G127, M128, C130, 1231, R235, L.236, T488, V490,
V129:A-(T125, C126, G127, V129, C130, L236) E491)
L219:A-(E218, Q220, G258, S260, L261) L219:B-(K218, Q220, G258, L259, S260, L285)
L226:A-(G225, S227, E230, 1231) L226:B-(A195, G196, P197, G224, G225, S227, S229, E230)
R235:A-(T231, P232, F234, 1236, T343, D346, C347) R235:B-(D61, M128, V129, 1231, P232, F234, 1L.234)
L261:A-(F193, 1219, S260, S262, M266, T267,V447, A450) L261:B-(F193, S260, S262, M266, T267, 1268, 1281, 1283, V447,
D481:A-(1283, G479, G480, V483, G484, A486, T489, V493) A450,K451)
R489:A-(D481, T488, V490, S492, V493) D481:B-(G282, 1283, G284, P286, V441, S443, D444, G480, V482,
G484)
T489:B-(L122, C126, G127, M128, P197, T488, V490, S492, D493)
Gained residues connections Lost residues connections Gained residues connections Lost residues connections
C29R A198-(L192, F280) A198-(G479, S492, V493) A198-(L192, F193, G194, F280, | A198-(S201, C202, V493,
K219-(1255, 1256) V129-(T125) G282, 1283, E491, G480, E491) L497)
R235-(G127) K219-(G258, L261) K219-(G194) K219-(L259)
L261-(F217, G218, L268, 1283) R235-(T343, C347) L226-(C126, 1231) L226-(A195)
D481-(N487) L261-(L219, T267) R235-(162, T65, D346) R235-(D61)
T486-(C126, V493) D481-(G479, T489) L261-(F217) L261-(R267)
=12 =12 D481-(K285, A486) D481-(G282, 1283)
=18 T489-(G127)
=11
M166V K219-(L259) V129-(T125, C126) A198-(G282, G479, G480, E491) A198-(S201, C202, V493,
R235-(G127) K219-(L261) V129-(T125) L497)
L261-(L268, L451) R235-(T343, D346, C343) K219-(G225) R235-(D61, M128, V129)
D481-(L461) L261-(L219) L226-(1231) L261-(1283)
T486-(L122, T125, C126, V493) D481-(G479, A486, T489) R235-(162, T65, D346) 481-(G282, 1283)
=9 =10 D481-(K285, A486) D T489-(G127)
=12 =11
Y186C V129-(A235) V129-(C126, L236) A198-(G194, G282, G479, G480, | A198-(V493, 1L497)
K219-(1194, S229) K219-(G258, L.261) E491) V129-(L226, S227)

L.226-(A195, G196, $229)
R235-(162)

R235-(T343, C347)
L261-(L219)

K219-(G194)
1.226-(P197)

L226-(G244)
R235-(D61, M128)
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L261-(L268, L451)
D481-(N487)
T486-(C126, V493)
=12

D481-(G479, T489, S492)
=10

D481-(K285, V483, L485, A486)
T486-(L226, S227)
=13

L261-(R267)
D481-(G282, 1283, N487)
D T489-(L122, V129)
=13

S534N A198-(L192, G225) A198-(G479, S492, V493) A198-(G194, A195 G282, G479, | A198-(L494, A499)
V129-(A235, T488) V129-(T125, C126) G480, E491) K219-(L259)
K219-(L259) R235-(T343, C347) K219-(G194) L.226-(G244, S229)
L.226-(S229) L261-(L219) L226-(C126, G194, P197,1231) | R235-(V129)
R235-(162, V129) D481-(G479) R235-(162, T65, D346) D481-(G282, 1283)
L261-(1283, L451) T489-(P197) L261-(F217) D T489-(L122, G127, V129)
D481-(L461) =10 D481-(K285, A486) =11
T486-( D342) =17
=12

1543V A198-(L192, F280) A198-(G479, S492, V493) A198-(G194, G282, G479, G480, | A198-(V493, L497)
V129-(T489) V129-(T125) E491) V129-(G196)
K219-(1255, 1256) K219-(G258, L261) L226-(C126, 1231) K219-(L259)
R235-(162, V129) R235-(T343, C347) R235-(T65, D346) D481-(G282, 1283)
L261-(F217, E218, 1283) L261-(L219, T267) L261-(F217) D T489-(L122, V493)
D481-(N487) D481-(G479, T489) D481-(K285, A486) =8
T486-( C126, G127, V129, C130, | =12 T486-(G196)

V493) = N16 =13

D949V A198-(G194, 1200, G225) A198-(S492, V493) A198-(G282, G479, G480, E491, | A198-(L494, A499)

V129-(A235, T490) V129-(T125, C126) D495) V129-(1L226)

K219-(L259)
L.226-(G196, S229)
R235-(162, V129)
L261-(1283, L451)
D481-(L461)
T486-( C126, D342)
=15

R235-(T343, C347)
L261-(L219)
D481-(G479)
T489-(P197)

=9

V129-(162, K63)

K219-(L261)

L226-(C126, P197, 1231, T489)
R235-(162, T65, D346)
D481-(K285, A486)
T486-(L226)

=18

L226-(A195, G244, $229)
R235-(D61, V129)
D481-(G282, 1283)

=10
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Table S3.6.3 A representation of residue interaction within the FMN in Monomer A and Monomer B of activated (drug bound) WT

and mutants as extracted from contact-heat-map. In bold are the target residue and in brackets are all contacting residues.

Systems Drug bound
Subunits Monomer A Monomer B
WT K574:A-(S550, A551, A554, T555, T573, T575, F567, 1613, S614, | K574:B-(S550, A554, T555, T573, T575, S577, S614, K616, S640)
S640) T575:B-(5550, K574, F576, S614, S640, 1641, M642, N668)
T575:A-(S550, L574, F576, 1613, S614, S640, 1641, M642, N668) G767:B-(S606, F607, S766, T768, A769, 1770, G794, G796)
G767:A-(E666, 1667, N668, 1669, F707, A708, 1710, T733, N736) T793:B-(A549, T733, A792,G794,1797, G814, C816)
T793:A-(A549, T733, T735, A792, G794, 1796, L813, Q814, C816) C816:B-(A549, A551, S766, G767, T768, 1770, T793, G794, G795,
C816:A-(A549, AS551, G767, T768, 1770, R771, A774, G794, G795, | 1796, Q814, V815, S817)
1796, G814, V815, S817) C817:B-(A551, F607, S766, G767, C816, A818, 1819, K820)
C817:A-(A551, F607, S766, T768, C816, A818, E820, N&821)
Gained residues connections Lost residues connections Gained residues connections Lost residues connections
C29R G767-(R771) G767-(S817) L574-(A551) K709-(5670)
=1 S817-(F607, S766, G767) T575-(613) =1
=4 G767-(S605)
C816-(S801)
=3
M166V G767-(R771) T575-(1613) T575-(1613) L574-(K616)
T793-(A734) G767-(C816, S817) G767-(S605) K709-(L669, S670)
G795-(S817) T793-(L813) C816-(S801) =3
C817-(F607) =4 S817-(F607, S766, G767) =3
=17
Y186C G767-(R771) T575-(1613) T575-(1613) L574-(K616)
T793-(A734) G767-(C816) G767-(S605) K709-(S670)
G795-(S817) 793-(1796, L813) C816-(S801) S817-(G767)
C817-(Q604) C816-(G676) =3 =3
=4 S817-(F607, S766)
=7
S534N K709-(S670) T575-(1613) T575-(1613) K709-(L669, S670)
T793-(S817) G767-(C816) G767-(S605) =2
G795-(S817) 793-(1796, L813) C816-(S801)
C817-(F607)=4 =4 =3
1543V K574-(K616) K574-(S614) T575-(1613) K709-(S670)

K709-(T793)
G767-(R771)

G767-(C816)
793-(1796, L813)

G767-(S605, S817)
=4

K709-(L669, S670)
G767-(F607, 1796)
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T793-(K709, A734)
G795-(S817) = 6

C816-(G676)
=5

=5

D949V

K709-(S670, F707)
T793-(V815)
G795-(S817)
C817-( F607)

=5

G767-(C816)
T793-(L813)
C816-(S766, G676)
S817-(V821)

=5

L574-(A551)
T575-(1613)
G767-(S605)
G C816-(S801)
=4

L574-(K616)
C816-(S766, A511)
=3
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Table S3.6.4 A representation of residue interaction within the 5-FU in Monomer A and Monomer B of activated (drug bound) WT

and mutants as extracted from contact-heat-map. In bold are the target residue and in brackets are all contacting residues

Systems Drug bound

Subunits Monomer A Monomer B

WT N609:A-(R589, 1590, F607, L608, 1610, E611, G763, G764) N609:B-(R589, 1590, F607, L608, 1610, E611, G736, G764)
E611:A-(T552, R589, 1590, N609, 1610, L612) E611:B-(T552, R589, 1590, A609, 1610, L612)

L612:A-(N685, K589, 1590, A609, 1610, E611, P672, H673, F935) L612:B-(N685, R589, 1590, A609, 1610, E611, 1613, P672, H673,
N668:A-(T575, S640, 1641, M642, E666, L667, L669, K709) F935)
S670:A-(L669, C671, A683, C684, G685, Q686) N668:B-(T575, S640, 1641, M642, E666, L667, 1669, K709)
S671:A-(S670, P672, H673, G674, A683) S670:B-(L669, C671, A683, C684, G685, Q686)
N736:A-(S670,L709, L710, T711, P712, T735, T737) S671:B-(S670, P672, H673, G674, A683)
T737:A-(A736, V738, G764, V765, S766) N736:B-(S670, K709, L710, T711, P712, T735, T737)

T737:B-( N736, V738, G764, V765, S766)
Gained residues connections Lost residues connections Gained residues connections Lost residues connections

C29R N609-(T552) L612-(H673) N609-(T552) L612-(H673)
L612-(1610, F935) S670-(G685) E611-(N585) N609-(S670)
N668-(S670) L612-(1610, F935)

S670-(M642, N668) L612-(1610, F935)
S670-(M642, N663)
C671-(M642,N668, T711)

M166V E611-(N585) E611-(T552, C671) N668-(S670) E611-(T552)
N668-(S670) L612-(H673) S670-(M642, N663) L612-(V583, P672, H673)
S670-(M642, N668) C671-(M642, N668, N736) N609-(S670)

Y186C E611-(N585) L612-(H673) E611-(C989) L612-(V583, N585, H673)
L612-(1610, F935) S670-(C684, G686) L612-(1610, F935)

N668-(S670) N668-(S670)
S670-(N668) C671-(N668, T711)

S534N E611-(N585) E611-(T552, C671) E611-(N585) E611-(1590)
L612-(F935) L612-(H673) L612-(1610, F935) L612-(P672, H673)
N668-(S670) S670-(C684, G686) N668-(5550, S670, C671)

S670-(N668) S670-(N668, K709, L710)
C671-( N668, K709, L710, T711)
1543V E611-(N585) N609-(S670) E611-(N585, C989) N609-(F607)
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L612-(F935)
N668-(S670)
S670-(N668)

E611-(C671)
L612-(H673)
S670-(A683, G685)

N668-(S670)
S$670-(M642, N668)

C671-(M642, N668, T711, N736)

E611-(T552)
L612-(N585, P672, H673)

D949V

E611-(N585)
L612-(1610, F935)
N668-(S670)
S670-(M642, N668)

N609-(S670)
E611-(T552, C671)
L612-(H673)
S670-(A683, G685)

E611-(N585)
N668-(S670, C671)

S670-(N668, K709, L710)
C671-(M642, N668, K709, L710,

T711, N736)

N609-(F607)
L612-(P672, H673)
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Table S4.1. DPD missense mutation associated with people of African population as identified by 1000 genomes and Exom
sequencing project (ESP MAF), Variants were classified as rare or common based on their minor allele frequency (MAF) of 0.001.
Prediction of the effect of 12 missense mutations on DPD structure and function using VAPOR web servers

Variant | SNP ID DPD P value | Exom sequencing project |
activity + (ESP MAF) Functional impact Stability Reference
SD change
HUMA-VAPOR
African African Polyphen-2 | Provean PhD- MUpro PHARMGKB
American SNP
S201R  1s72549308 0.01 30 x na na Probably Disease Neutral Decreases Doi: 10.1158/0008-
+0.04 107 damaging 5472.CAN-13-2482
K259E  rs45589337 0.93 0.63 0.00114 0 Benign Disease Neutral Decreases Doi:10.1016/j.ejca.2018.07.00
+0.19 9
D342N  rs183385770  0.17 1.9 x 0.0020 na probably Disease Neutral Decreases Doi: 10.1158/0008-
+0.03 10-6 damaging 5472.CAN-13-2482
D432N  rs142512579  1.22 0.26 0.00023 na Benign Disease Neutral Decreases Doi: 10.1158/0008-
+0.11 5472.CAN-13-2482
S492L rs72549304 0.18 23 X na na Probably Tolerated  Disease Increases Doi: 10.1158/0008-
+0.04 104 damaging 5472.CAN-13-2482
R886C  rs147545709  0.99 0.95 0.00045 0 Probably Tolerated  Disease Decreases Doi: 10.1158/0008-
+0.12 damaging 5472.CAN-13-2482
L993R  rs139459586  0.94 0.51 0.00113 0.0041 Probably Tolerated  Disease Decreases Doi: 10.1158/0008-
+0.11 damaging 5472.CAN-13-2482
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Table S4.2. Estimated center of mass (COM) distances (A) from the location of the missense mutant to either the nearest cofactors or
the substrate. The calculations were based on the modeled native human DPD 3D structure.

Variant Location COM distance to the nearest co-factor (A) COM distance to the substrate (A)
(Domain)
Monomer A Monomer B Monomer A Monomer B
S201R FAD binding domain (IT) 17.7 15.2 64.3 64.7
K259E FAD binding domain (II) 15.5 14.4 76.4 78.6
D342N NADPH binding domain (III) 5.8 5.4 78.3 .65.4
D432N NADPH binding domain (III) 19.0 21.6 72.7 63.7
S4921L, FAD binding domain (II) 9.3 9.8 60.5 62.5
R&86C 4% Fe-S cluster binding domain (V)  31.7 329 47.8 48.3
L993R 4" Fe-S cluster binding domain (V) 10.2 8.4 19.5 20.0
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Table S4.3. Validation scores from the ERRAT, ProSA, and PROCHECK webservers for 13 drug free and drug bound modeled
human DPD 3D structures. Both the drug free and drug bound models received the same score.

Protein ERRAT ProSA PROCHECK
Model 2
Overall quality | Monomers z-Score Ramachandran (residues location) (%)

factor (%)

A B Favored Allowed Disallowed
Template (PDB ID: 1H7X) 85.79 -13.56 -13.47 93.5 6.4 0.1
Wild type 88.86 -14.53 -14.27 89.1 10.7 0.2
S201R 88.86 -14.53 -14.27 89.1 10.7 0.2
K259E 88.86 -14.53 -14.27 89.1 10.7 0.2
D342N 88.86 -14.53 -14.27 89.1 10.7 0.2
D432N 88.86 -14.53 -14.27 89.1 10.7 0.2
S492L 88.86 -14.53 -14.27 89.1 10.7 0.2
R886C 88.86 -14.53 -14.27 89.1 10.7 0.2
L993R 88.86 -14.53 -14.27 89.1 10.7 0.2
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Table S4.4.1. Monomer A drug free Rg calculation including mean, standard deviation (std), median, upper quartile, lower quartile

and inter-quartile range (IQR)

WT S201R K259E D342N D432N S492L R886C L993R

Count 60001 60001 60001 60001 60001 60001 60001 60001
(nm)

Mean 3.458547 | 3.48827 | 3.481433 | 3.472513 | 3.458602 | 3.470903 | 3.503307 | 3.490343
std 0.009235 | 0.022534 | 0.021647 | 0.020118 | 0.008827 | 0.016636 | 0.019154 | 0.025978
Min 3.37021 | 3.37629 | 3.35675 | 3.37447 | 3.38976 3.3792 3.37597 3.38306
25% 3.45335 | 3.47715 | 3.47457 | 3.46323 | 3.45335 | 3.46115 | 3.49774 3.48154
50% 3.45873 | 3.48856 | 3.48564 | 3.47569 | 3.45873 3.4692 3.50677 3.49293
75% 3.46415 | 3.50332 | 3.49549 | 3.48587 | 3.46415 | 3.48149 | 3.51431 3.50466
IQR 0.01080 | 0.02617 | 0.02092 | 0.02354 0.0108 0.02034 | 0.01657 0.02312
Max 3.49143 | 3.54589 | 3.53139 | 3.52905 | 3.49143 | 3.52824 | 3.54925 3.54988
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Table S4.4.2. Monomer B drug free Rg calculation including mean, standard deviation (std), median, upper quartile, lower quartile

and inter-quartile range (IQR)

WT S201R K259E D342N D432N S492L R886C L993R

Count 60001 60001 60001 60001 60001 60001 60001 60001
(nm)

Mean 3.47683 | 3.494551 3.46336 | 3.505296 | 3.481653 | 3.457184 3.49508 3.498773
std 0.015793 | 0.026024 | 0.011669 | 0.029508 | 0.018163 | 0.008834 | 0.020954 0.016073
Min 3.37285 3.37724 3.38499 3.37537 3.36735 3.38463 3.38093 3.39459
25% 3.47321 3.48144 3.45777 3.50072 3.47044 3.45263 3.48343 3.48938
50% 3.47957 3.49629 3.46535 3.51167 3.48151 3.45752 3.49657 3.49896
75% 3.48548 3.51403 3.47111 3.52105 3.49532 3.46253 3.5088 3.50972
IQR 0.01227 0.03259 0.01334 0.02033 0.02488 0.0099 0.05617 0.02034
Max 3.5139 3.5568 3.49657 3.58046 3.54037 3.4891 3.55566 3.54355
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Table S4.4.3. Monomer A drug bound Rg calculation including mean, standard deviation (std), median, upper quartile,
quartile and inter-quartile range (IQR)

WT S201R K259E D342N D432N S492L R886C L993R

Count 60001 60001 60001 60001 60001 60001 60001 60001
(nm)

Mean 3.437466 | 3.488114 3.47683 3.48063 3.460421 | 3.471856 | 3.459176 3.479314
std 0.011474 | 0.022117 | 0.015793 0.0228 0.01201 0.012913 | 0.013518 | 0.020331
min 3.37241 3.37181 3.37285 3.37046 3.39378 3.37634 3.38707 3.37055
25% 3.43024 3.48413 3.47321 3.47627 3.45187 3.46413 3.45184 3.47065
50% 3.43688 3.49531 3.47957 3.48673 3.46077 3.47217 3.46038 3.48328
75% 3.44516 3.50175 3.48548 3.49472 3.46917 3.48012 3.46862 3.49219
IQR 0.01492 0.01762 0.01222 0.01845 0.0173 0.01599 0.01678 0.02154
Max 3.48157 3.53729 3.5139 3.52555 3.49918 3.52106 3.50161 3.53062
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Table S4.4.4. Monomer B drug bound Rg calculation including mean, standard deviation (std), median,

and inter-quartile range (IQR)

upper quartile, lower quartile

WT S201R K259E D342N D432N S492L R886C L993R

Count 60001 60001 60001 60001 60001 60001 60001 60001
(nm)

Mean 3.440881 | 3.507418 | 3.485343 | 3.484837 | 3.494781 | 3.498371 | 3.458602 3.498773
std 0.011206 | 0.021664 | 0.019188 | 0.022969 | 0.014771 0.01537 0.008827 0.016073
Min 3.37899 3.38327 3.37254 3.37912 3.38786 3.38092 3.38976 3.39459
25% 3.4345 3.50262 3.47583 3.47412 3.48982 3.4886 3.45335 3.48938
50% 3.44169 3.51265 3.48773 3.49038 3.49655 3.49973 3.45873 3.49896
75% 3.44829 3.5201 3.49926 3.50045 3.50326 3.50927 3.46415 3.50972
IQR 0.01379 0.01748 0.02343 0.02633 0.00353 0.02067 0.0108 0.02034
Max 3.48117 3.54815 3.52733 3.54707 3.53442 3.54451 3.49143 3.54355
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Table S4.5.1.Representation of Drug bound (Complex) systems indicating equilibrated areas where samples were extracted.

System Monomer A Monomer B
Drug Exit Exit DRN calculation | Drug | Exit Exit DRN calculation
exit time frame Monomer A | exit time frame monomer B
(Y/N) (s) frame range (Y/N) (ns) frame range
WT N N/A N/A 55000-58000 N N/A N/A 55000-58000
S201R N N/A N/A 44000-47000 N N/A N/A 44000-47000
K259E N N/A N/A 53000-56000 N N/A N/A 53000-56000
D342N | N N/A N/A 48000-51000 N N/A N/A 48000-51000
D432N | N N/A N/A 45000-48000 N N/A N/A 45000-48000
S492L N N/A N/A 25000-28000 N N/A N/A 25000-28000
R886C N N/A N/A 53000-56000 N N/A N/A 53000-56000
L993R N N/A N/A 480000-51000 N N/A N/A 480000-51000
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Table S4.5.2. Illustration of equilibrated areas of Drug free (Holo) systems where samples were obtained for follow-up calculations

System

Monomer A

DRN calculation Monomer A frame range

DRN calculation monomer B frame range

WT

55000-58000

55000-58000

S201R

44000-47000

44000-47000

K259E

53000-56000

53000-56000

D342N

48000-51000

48000-51000

D432N

45000-48000

45000-48000

S492L

25000-28000

25000-28000

R886C

53000-56000

53000-56000

L993R

480000-51000

480000-51000
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Table S4.6.1. Betweenness centrality (BC) hubs found in drug free and drug bound systems; hubs gained due to mutation, and hubs
that were maintained despite the presence of mutation.

BC

Drug free

Drug bound

Systems

Monomer A

Monomer B

Monomer A

Monomer B

WT

Hubs

38, 61, 64, 66, 67, 71, 73, 74,
75, 76, 77, 80, 95, 97, 101,
102, 104, 108, 116, 117, 120,
121, 132, 133, 136, 137, 142,
145, 146, 152, 153, 155, 235,
350, 370, 372, 373, 386, 493,
597, 598, 599, 603, 768, 775,
799, 802, 803, 826, 862 =50

62, 63, 65, 66, 86, 90, 101, 102,
105, 108, 114, 117, 121, 127,
130, 131, 132, 133, 137, 139,
142, 143, 144, 147, 149, 155,
160, 361, 367, 370, 372, 373,
376, 599, 601, 603, 604, 816,
818, 826, 955, 991 = 42

61, 65, 80, 85, 97, 101, 102,
108, 114, 116, 117, 121, 122,
123, 125, 126, 130, 132, 133,
137, 140, 142, 155, 200, 227,
231, 234, 310, 372, 373, 374,
375, 597, 598, 599, 604, 605,
768, 775, 776, 797, 799, 803,
804, 816, 825, 958, 962, 996,
997 = 50

22, 44, 62, 69, 76, 77, 92, 95, 97,

101, 102, 113, 116, 120, 124,
127, 131, 133, 135, 137, 138,
142, 145, 149, 155, 228, 231,
370, 372, 373, 374, 380, 383,
602, 603, 605, 775, 799, 822,
856 = 45

125,
141,
234,
595,
853,

S201R

Retained
hubs

64, 67, 73,77, 101, 102, 108,
116, 120, 132, 137, 146, 153,
155, 373, 599, 775, 894 = 18

108, 114, 117, 130, 131, 133,
137, 142, 147, 155, 372, 373,
599 =13

61, 85, 108, 123, 132, 137,
140, 142, 155, 310, 366, 372,
373, 375, 599, 604, 996, 997 =
18

76, 101, 124, 125, 138, 142,

145,

155,372,373, 383, 599, 605 =13

Gained
hubs

70, 123, 125, 138, 140, 147,
156, 157, 158, 201, 374, 375,
591, 595, 596, 771, 772, 797,
853,995,997 =21

74, 75, 76, 78, 80, 123, 125,
146, 150, 153, 156, 380, 381,
596, 767, 770, 817, 822, 958,
962,994 =21

44,45, 67,70, 71, 74, 75, 131,
145, 146, 147, 370, 379, 382,
601, 606, 765, 767, 829 =19

65, 68, 70, 74, 75, 79, 80, &1,
113, 117, 121, 123, 132, 147,
151, 157, 158, 345, 375, 376,
596, 599, 604, 768, 771, 772,
826, 832, 958, 995 = 34

108,
150,
382,
819,

K259E

Retained
hubs

75, 77, 97, 108, 116, 121,
132, 153, 155, 373, 597, 605,
799, 802, 803 =15

65, 66, 102, 108, 113, 127, 131,
132, 142, 155, 160, 370, 373,
376 =14

80, 108, 116, 120, 123, 125,
130, 133, 140, 155, 372, 373,
375, 599, 604, 768, 797, 799,
958, 962, 997 = 21

76, 77, 93, 97, 101, 113, 116,
125, 133, 135, 137, 138, 141,
155,372,373,374, 803 =20

124,
142,

Gained
hubs

63, 82, 85, 128, 130, 138,
141, 157, 375, 381, 384, 493,
596, 829,995 =15

43, 67, 76, 77, 81, 116, 120,
122, 124, 141, 146, 150, 152,
156, 157, 159, 164, 235, 236,
243, 346, 371, 375, 386, 493,
553, 591, 598, 819, 855, 958,
962 = 32

25, 63, 66, 68, 70, 74, 75, 77,
82, 91, 100, 112, 124, 131,
135, 138, 141, 145, 153, 157,
158, 232, 345, 367, 379, 380,
381,493, 595, 998 = 30

63, 65, 68, 70, 76, 91, 93, 110,
126, 128, 129, 146, 147, 150,
160, 375, 376, 493, 528, 599,
803, 818, 958, 962, 997 = 28

117,
157,
604,

D342N

Retained
hubs

61, 67, 75, 77, 80, 101, 102,
104, 116, 120, 132, 137, 142,
145, 146, 155, 373, 493, 599,
605, 775, 799, 803 = 23

66, 102, 108, 142, 144, 147,
155, 370, 372, 373, 599, 604,
816 =13

101, 108, 116, 130, 132, 140,
141, 142, 153, 155, 375, 597,
598, 599, 958 = 15

97, 101, 102, 113, 116, 125,

135,

138, 155, 372, 775, 799, 962 = 13
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Gained
hubs

72, 83, 91, 130, 138, 140,
143, 150, 368, 381, 591,
595, 601, 604, 804, 863, 958,
962 =18

44, 46, 47, 60, 72, 82, 85, 103,
116, 120, 122, 123, 125, 129,
132, 141, 150, 157, 374, 528,
553, 598, 765, 775, 797, 853,
863, 958, 995 = 29

44, 45, 46, 68, 70, 76, 77, 82,
85, 95, 104, 120, 138, 146,
150, 159, 382, 493, 553, 797 =
20

22,25, 38, 43, 44, 45, 63, 65, 74, 75,
122, 140, 146, 151, 164, 528, 596,
598, 600, 767, 803, 804, 826, 958 =
24

D432N

Retained
hubs

61, 67, 97, 101, 102, 108,
116, 117, 120, 132, 142, 146,
153, 155, 372, 373, 386, 493,
768,799, 826 =21

63, 65, 117, 130, 131, 132, 133,
137, 142, 147, 155, 370, 372,
373,599, 604 =16

61, 97, 108, 121, 130, 133,
137, 155, 200, 234, 597, 598,
599, 799, 958 = 15

95, 116, 133, 138, 141, 142, 155,
595=8

Gained
hubs

44, 68, 70, 79, 82, 91, 114,
124, 125, 130, 138, 141, 150,
157, 234, 375, 384, 595, 596,
598, 604, 797, 817, 863,
958, 962 =26

68, 70, 76, 82, 85, 95, 97, 116,
120, 125, 150, 151, 153, 158,
159, 366, 490, 495, 600, 958,
962,997 =22

44, 63, 66, 73, 85, 114, 116,
117, 120, 134, 138, 146, 147,
353, 374, 596, 602, 820, 826,
829, 832, 859, 956, 962, 966 =
25

47,48, 61, 63, 64, 65, 66, 67, 68, 70,
71,75, 82, 102, 117, 121, 128, 140,
143, 144, 150, 151, 157, 158, 375,
376, 377, 381, 384, 385, 596, 597,
598, 772, 825, 995, 998 = 37

S492L

Retained
hubs

75,76, 77, 97, 101, 102, 104,
108, 116, 117, 121, 132, 133,
137, 142, 153, 155, 372, 373,
598, 799, 803 = 22

108, 117, 121, 130, 131, 142,
147, 155, 372, 599, 603, 604 =
12

65, 97, 116, 117, 121, 130,
151, 153, 155, 200, 372, 373,
597, 598, 599, 803, 832 =17

62,717,113, 116, 135, 155, 372, 373,
605, 799, 962 =11

Gained
hubs

58,59, 60, 85,91, 127, 138,
140, 141, 147, 150, 156, 344,
375, 553, 554, 595, 597, 604,
804, 863, 962, 998 = 23

45, 60, 61, 67, 70, 73, 75, 82,
85, 87, 91, 95, 97, 103, 106,
116, 120, 150, 153, 157, 342,
493, 595, 598, 768, 797, 859,
860, 862, 954, 962, 996, 997,
998 =34

24, 28, 44, 45, 63, 64, 73, 77,
81, 82, 83, 91, 104, 113, 128,
131, 141, 144, 150, 346, 376,
602, 772, 861, 962, 998 =26

62, 69, 76, 77, 92, 95, 97, 101, 102,
113, 116, 120, 124, 125, 127, 131,
133, 135, 137, 138, 141, 142, 145,
149, 155, 228, 231, 234, 370, 372,
373, 374, 380, 383, 595, 602, 603,
605, 775, 799, 822, 853, 856, 962 =
44

R886C

Retained
hubs

66, 67, 71, 73, 76, 77, 95,
108, 117, 121, 142, 145, 146,
155, 235, 386, 598, 599, 775,
799 =20

62, 63, 65, 101, 102, 108, 113,
117, 121, 131, 142, 147, 155,
160, 367, 370, 372, 373, 599,
818,821 =21

66, 67,71, 73, 76, 77, 95, 108,
117, 121, 142, 145, 146, 155,
235,386, 599, 799 =18

62, 63, 65, 101, 102, 108, 117, 121,
131, 142, 147, 155, 160, 367, 370,
372,373,599, 818 =19

Gained
hubs

22,43, 62, 63, 68, 70, 81, 93,
113, 124, 141, 144, 150, 160,
232, 240, 346, 367, 375, 591,
595, 596, 605, 879, 997,
1001 =26

60, 73, 80, 82, 95, 97, 110, 124,
125, 134, 138, 140, 145, 146,
597, 598, 602, 767, 799, 802,
822, 859, 863, 958, 962, 966 =
26

22,43, 62, 63, 70, 81, 93, 113,
124, 141, 144, 150, 160, 232,
240, 346, 375, 591, 595, 596,
598, 605, 879, 997, 1001 = 26

60, 73, 80, 82, 95,97, 110, 113, 124,
125, 134, 138, 140, 145, 146, 597,
598, 602, 767, 799, 802, 821, 822,
859, 863, 958, 962, 966 = 28

L993R

Retained
hubs

64, 75, 77,97, 101, 102, 108,
116, 117, 120, 146, 155, 373,
493, 595, 598, 599 = 17

62, 63, 66, 101, 102, 108, 117,
121, 130, 131, 132, 147, 149,
155, 372, 373, 376, 599, 601,
818, 826, 995 = 22

64, 75,97, 101, 102, 108, 116,
117, 120, 153, 155, 373, 493,
599 = 14

63, 66, 101, 102, 108, 117, 121, 130,
131, 132, 137, 138, 147, 149, 155,
372, 373, 376, 599, 601, 818, 826,
995 =23
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Gained
hubs

65, 70, 78, 105, 130,
147, 151, 153, 346,
596, 797, 832, 999 = 15

131,
375,

67, 74, 75, 79, 91, 95, 97, 98,
137, 138, 146, 150, 153, 598,
799, 825, 883, 891,958 =19

65, 70, 78, 105, 130, 131, 147,
151, 346, 375, 595, 596, 598,
797, 832,999 = 16

67, 74, 75, 79, 91, 95, 97, 98, 146,
150, 153, 598, 799, 825, 883, 891,
958 =17
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Table S4.6.2. Degree centrality (DC) hubs found in drug free and drug bound systems; hubs gained due to mutation, and hubs that
were maintained despite the presence of mutation.

DC

Drug free

Drug bound

Systems

Monomer A

Monomer B

Monomer A

Monomer B

WT

Hubs

72, 90, 108, 110, 113, 116,
138, 155%, 159, 198, 199,
200, 201, 202, 203, 207, 218,
282, 314, 356, 435, 482, 499,
548, 576, 625, 710, 740, 778,
779, 781, 790, 807, 808, 813,
832, 833, 837, 928 = 39

108, 110, 155*, 192, 193, 200,
202, 203, 225, 282, 335, 337,
482, 496, 499, 554, 625, 653,
654, 694, 707, 711, 729, 732,
778, 779, 781, 790, 808, 813,
833,990 =32

72, 108, 110, 113, 116, 155%
157, 194, 199, 200, 203, 206,
207, 218, 232, 313, 314, 335,
350, 351, 478, 480, 483, 542,
554, 595, 605, 625, 628, 641,
653, 654, 665, 666, 707, 710,
714, 729, 732, 740, 776, 778,
779, 781, 790, 807, 808, 813,
816, 833, 837, 928 = 52

31, 65, 67, 72, 108, 110, 113,

139, 153, 154, 155%, 157, 159,

200, 202, 203, 282, 314, 469,
480, 495, 496, 499, 542, 554,
589, 625, 653, 654, 710, 732,
767, 778, 781, 790, 808, 813,
837 =44

116,
198,
479,
568,
740,
833,

S201R

Retained
hubs

72, 90, 108, 110, 138, 155%,
198, 199, 202, 203, 218, 282,
314, 356, 499, 625, 778, 779,
781, 790, 808, 832, 837 = 23

108, 110, 155*, 200, 202, 203,
282, 337, 482, 548, 625, 653,
729, 732, 778, 779, 781, 790,
808, 833 =20

108, 110, 113, 155*, 157, 199,
203, 206, 542, 554, 595, 625,
628, 654, 729, 732, 740, 765,
778, 779, 781, 790, 807, 808,
813,837 =26

72, 108, 110, 113, 138, 155%,
203, 337, 356, 605, 625, 628,

653, 654, 710, 729, 732, 778,

159,
641,
779,

781, 790, 807, 808, 813, 832, 833 =

28

Gained
hubs

190, 194, 195, 206, 313, 337,
347, 348, 359, 437, 469, 479,
480, 482, 495, 496, 503, 554,
568, 595, 653, 691, 695, 729,
732,740, 835 =27

72, 113, 125, 127, 138, 140,
153, 157, 159, 194, 198, 199,
201, 218, 344, 347, 356, 403,
437, 469, 479, 480, 495, 496,
499, 554, 589, 595, 691, 695,
740, 770, 807, 832, 835, 928 =
36

90, 127, 153, 201, 202, 216,
282, 310, 314, 318, 337, 347,
356, 359, 437, 493, 495, 499,
503, 568, 569, 691, 695, 716,
724,835 =26

198, 199, 201, 202, 216, 282,
403, 431, 437, 479, 493, 495,
499, 554, 595, 607, 667, 669,
695, 724, 740, 835, 837 = 26

347,
496,
691,

K259E

Retained
hubs

90, 108, 110, 113, 116, 138,
155*, 159, 206, 548, 710,
740, 778, 779, 781, 790, 808,
832, 833,928 =20

108, 110, 155, 203, 337, 482,
625, 653, 694, 729, 732, 778,
779, 781, 790, 808, 813, 833 =
18

72, 108, 110, 155*, 199, 200,
207, 554, 625, 628, 641, 653,
654, 710, 729, 732, 740, 778,
779, 781, 790, 807, 808, 813,
833, 837,928 =27

72, 108, 110, 138, 155%, 159,
337, 356, 478, 625, 653, 707,
778, 779, 781, 790, 807, 808,
818, 833 =23

203,
710,
816,

Gained
hubs

199, 203, 207, 218, 282, 493,
542, 554, 568, 628, 687, 732,
767=13

43, 67, 72, 204, 216, 499, 568,
595, 710, 740, 837,928 =12

67, 90, 125, 126, 138, 158,
198, 214, 282, 337, 344, 347,
437,694,810 =15

158, 190, 198, 199, 201, 202,
282, 344, 479, 480, 482, 495,
499, 554, 568, 740, 766, 767,
810, 815,837 =14

214,
496,
775,

D342N

Retained
hubs

108, 110, 113, 116, 138, 155,
198, 199, 203, 282, 356, 482,
499, 808, 833, 928 = 16

72, 110, 155, 116, 125, 194,
203, 225, 337, 482, 499, 554,
625, 732, 778, 779, 781, 790,
808, 833 = 20

72, 108, 110, 113, 116, 155,
203, 335, 478, 542, 554, 628,
641, 653, 707, 710, 729, 732,
740, 776, 778, 779, 781, 790,

72, 108, 110, 155, 159, 203,
625, 654, 707, 710, 732, 775,
778, 779, 781, 790, 807, 808,
833,928 = 23

568,
776,
813,
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808, 813, 833, 837 =28

Gained
hubs

122, 139, 335, 337, 344, 437,
469, 478, 479, 480, 486, 492,
495, 554, 662, 775, 778, 779,
781, 790, 813 =21

108, 218, 227, 238, 241, 344,
356, 595, 641, 653, 654, 667,
710, 734, 767, 775, 810, 837 =
18

120, 125, 138, 159, 202, 282,
356, 372, 434, 469, 479, 482,
490, 493, 495, 499, 568, 765,
770, 774, 832, 835, 990 = 23

138, 153, 198, 199, 201, 218, 282,
482, 499, 554, 606, 608, 641, 666,
740, 754,765, 767, 777, 837 = 20

D432N

Retained
hubs

72, 108, 110, 122, 206, 282,
314, 356, 499, 710, 778, 779,
781, 790, 807, 808, 832, 833,
928=19

108, 110, 155, 554, 625, 653,
707, 778, 779, 790, 807, 808,
833=13

72, 108, 110, 113, 116, 155,
157, 159, 194, 199, 200, 203,
206, 207, 218, 282, 335, 478,
479, 480, 542, 554, 595, 625,
628, 654, 707, 710, 740, 778,
779, 781, 790, 807, 808, 813,
833=37

72, 108, 110, 113, 138, 139, 153,
155, 159, 203, 207, 225, 241, 337,
356, 478, 568, 595, 603, 605, 625,
653, 654, 694, 707, 710, 729, 732,
776, 778, 779, 781, 790, 796, 807,
808, 813, 816, 832, 833, 928, 962 =
42

Gained
hubs

67, 138, 155, 159, 198, 199,
201, 202, 203, 350, 479, 482,
493, 495, 554, 568, 595, 628,
732, 740, 768, 962 = 22

113, 122, 126, 127, 153, 159,
197, 337, 493, 595, 740, 928 =
12

72, 108, 110, 113, 138, 139,
155, 207, 337, 595, 625, 710,
732, 778, 779, 781, 790, 796,
807, 808, 833, 928 = 22

31, 67, 90, 137, 198, 201, 206, 218,
282, 314, 469, 479, 480, 482, 495,
499, 548, 554, 606, 607, 734, 740,
775, 816, 829, 837 =26

S492L

Retained
hubs

139, 155, 159, 356, 710, 740,
778,779, 781, 790, 807, 808,
810, 832,833 =15

72, 155, 202, 203, 282, 482,
495, 499, 554, 625, 653, 654,
729, 778, 779, 790, 808, 813,
833=19

72, 108, 110, 113, 116, 155,
200, 203, 207, 314, 542, 554,
625, 628, 653, 654, 665, 710,
740, 778, 779, 781, 790, 807,
808, 813, 833, 837, 928 = 29

72, 108, 110, 113, 138, 139, 155,
159, 337, 625, 653, 654, 710, 729,
732, 778, 779, 781, 790, 808, 813,
833,928 =23

Gained
hubs

72, 108, 110, 113, 116, 138,
160, 344, 469, 554, 595, 605,
628, 707, 770, , 835, 928 =
17

108, 110, 113, 127, 138, 139,
159, 197, 198, 199, 201, 205,
207, 218, 356, 595, 740, 765,
796, 807, 837 =21

93, 104, 120, 122, 125, 138,
154, 159, 160, 198, 199, 201,
202, 228, 282, 315, 356, 431,
490, 493, 496, 499, 548, 660,
662, 767, 832, 961, 990 = 29

90, 116, 199, 201, 202, 218, 282,
335, 482, 554, 698, 740, 770, 837 =
14

R886C

Retained
hubs

72, 108, 110, 113, 155, 159,
200, 203, 207, 218, 314, 625,
740, 778, 779, 781, 790, 808,
835=19

108, 110, 203, 220, 282, 625,
653, 707, 729, 732, 778, 779,
781, 790, 808, 813, 832 = 17

72, 108, 113, 155, 199, 203,
206, 207, 218, 478, 480, 554,
595, 605, 625, 628, 641, 654,
666, 710, 729, 740, 778, 779,
781, 790, 807, 808, 813, 928 =
30

72, 108, 110, 113, 138, 153, 155,
159, 207, 337, 356, 478, 595, 625,
653, 654, 710, 729, 778, 779, 781,
790, 807, 808, 813 =25

Gained
hubs

122, 125, 138, 195, 335, 431,
554, 568, 589, 595, 605, 628,
654, 698, 729, 732, 810, 833,
928 =19

72, 100, 138, 139, 140, 155,
159, 356, 482, 554, 568, 595,
605, 710, 740, 767, 807, 810,
833=19

31, 67, 122, 125, 159, 198,
202, 282, 356, 403, 434, 479,
482, 490, 493, 495, 496, 499,
589, 606, 607, 691, 724, 837 =
24

116, 158, 190, 198, 199, 201, 202,
214, 242, 282, 335, 344, 437, 479,
480, 482, 486, 495, 496, 499, 641,
667, 685, 691, 740, 835, 837 = 27
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L993R | Retained | 72, 90, 108, 110, 113, 116, | 108, 110, 155, 200, 202, 203, | 72, 108, 110, 113, 116, 155, | 72, 108, 110, 113, 138, 155, 159,
hubs 138, 155, 159, 206, 207, 218, | 337, 482, 490, 493, 495, 496, | 157, 199, 200, 201, 203, 206, | 337, 356, 359, 568, 595, 625, 653,
282, 337, 347, 482, 499, 554, | 499, 554, 595, 625, 628, 653, | 207, 478, 480, 554, 595, 605, | 654, 710, 729, 732, 778, 779, 781,
568, 569, 595, 625, 710, 835 | 654, 729, 732, 778, 779, 781, | 625, 628, 666, 729, 732, 740, | 790, 808, 813, 837,928 =26

=24 790, 808, 813, 832, 835 =29 778, 779, 781, 790, 807, 808,
813,837=32
Gained 122, 125, 194, 198, 199, 200, | 113, 122, 125, 153, 160, 198, | 31, 93, 120, 122, 125, 159, | 67,90, 111, 116, 122, 125, 194, 195,
hubs 201, 202, 203, 356, 437, 469, | 199, 201, 206, 207, 218, 282, | 198, 202, 282, 337, 344, 347, | 198, 199, 200, 201, 202, 203, 206,

479, 480, 486, 493, 495, 496, | 314, 347, 352, 356, 359, 437, | 348, 356, 403, 431, 437, 469, | 207, 218, 282, 344, 347, 348, 437,
542, 628, 653, 654, 691, 695, | 469, 478, 479, 480, 542, 568, | 479, 482, 490, 493, 495, 496, | 469, 479, 480, 482, 486, 493, 495,
724,729, 732, 740, 778, 779, | 691, 695, 710, 724, 734, 740, | 499, 568, 653, 673, 691, 695, | 496, 499, 542, 554, 572, 589, 606,
781, 790, 807, 808, 832 =35 | 774,792,807, 832,833 =35 708, 724, 810, 832, 835 =35 628, 657, 666, 667, 669, 691, 695,
724, 740, 832, 835 =47
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Table S4.6.3. Closeness centrality (CC) hubs found in drug free and drug bound systems; hubs gained due to mutation, and hubs that
were maintained despite the presence of mutation.

CC

Drug free

Drug bound

Systems

Monomer A

Monomer B

Monomer A

Monomer B

WT

Hubs

71, 72, 75, 76, 79, 80, 101,
102, 104, 105, 137, 140, 141,
142, 145, 146, 147, 150, 151,
152, 155, 596, 597, 598, 599,
600, 601, 604, 605, 768 = 30

67, 69, 70, 71, 72, 73, 74, 75,
76, 77, 78, 79, 80, 101, 104,
105, 137, 140, 142, 145, 147,
149, 150, 151, 152, 155, 595,
596, 599, 602, 603, 605 = 32

71, 72, 75, 76, 79, 80, 101,
102, 104, 105, 137, 140, 141,
142, 145, 146, 147, 150, 151,
152, 155, 596, 597, 598, 599,
600, 601, 604, 605, 768 = 30

67,69,70,71,72,73,74,75,76, 77,
78, 80, 101, 104, 105, 137, 140, 142,
145, 149, 150, 151, 152, 155, 595,
596, 599, 602, 603, 605 = 30

S201R

Retained
hubs

67,71,72,73,74,75,76, 77,
78, 79, 101, 104, 105, 150,
151, 152, 155, 596, 597, 598,
599, 600, 601, 602, 603, 604,
605, 768 = 28

73, 76, 77, 101, 104, 105, 146,
150, 151, 155, 596, 597, 598,
599, 600, 601, 605 =17

71, 72, 75, 76, 79, 80, 101,
102, 104, 105, 140, 141, 142,
145, 146, 147, 150, 151, 152,
155, 596, 597, 598, 599, 600,
601, 604, 605, 997 =29

67,69,70,71,72,73,74, 75,76, 77,
78, 80, 101, 104, 105, 137, 140, 142,
145, 149, 150, 151, 152, 155, 595,
596, 599, 602, 603 =29

Gained
hubs

68, 69, 70, 80, 81, 82, 102,
137, 140, 141, 142, 145, 146,
147, 148, 149, 153, 154, 156,
158, 594, 595, 769, 797, 997
=25

67, 70, 71, 72, 74, 75, 78, 79,
80, 81, 82, 97, 98, 102, 106,
137, 140, 141, 142, 145, 147,
148, 149, 152, 153, 154, 156,
158, 594, 595, 604, 769, 997 =
33

67, 68, 70, 73, 74, 77, 78, 82,
149, 592, 595, 602, 603, 606,
768,769 =16

66, 68, 79, 81, 146, 147, 153, 154,
156, 158, 159, 597, 598, 600, 601,
604, 605, 768, 769, 821, 861, 862,
997, 999 =24

K259E

Retained
hubs

71,72,73,74,75,76,717,78,
79, 150, 151, 152, 155, 596,
597, 598, 599, 601, 602, 603
=20

73, 76, 77, 101, 146, 150, 155,
598 =8

71, 72, 75, 76, 79, 80, 101,
104, 105, 140, 141, 142, 146,
147, 150, 151, 152, 155, 596,
597, 598, 599, 600, 601, 604,
605 =26

67,69,70,71,72,73,74, 75,76, 77,
78, 80, 101, 104, 105, 137, 140, 142,
149, 150, 151, 152, 155, 599, 602,
603, 605 =27

Gained
hubs

81, 97, 98, 101, 104, 105,
140, 142, 147, 605 = 10

67, 68, 71, 72, 74, 75, 78, 79,
142=9

67, 68, 70, 73, 74, 77, 78, 81,
82, 153, 158, 593, 595, 602,
603, 768, 997 = 17

68, 79, 81, 97, 102, 146, 147, 153,
154, 156, 158, 159, 595, 596, 597,
598, 600, 601, 604, 821, 997 = 21

D342N

Retained
hubs

67,71,72,73,74,75, 76, 77,
78, 79, 101, 104, 105, 150,
151, 152, 155, 596, 768 = 19

73,76, 77, 101, 104, 105, 146,
150, 151, 155, 596, 597, 598,
599, 600, 601, 603, 605 =18

71, 72, 75, 76, 79, 80, 101,
104, 105, 137, 140, 141, 142,
145, 146, 147, 150, 151, 152,
155, 597, 598, 599, 600, 601,
604, 605, 768 = 28

67,69,70,71,72,73,74, 75,76, 71,
78, 101, 104, 150, 151, 152, 155,
595, 596, 599, 602, 603, 605 = 23

Gained
hubs

68, 69, 70, 80, 81, 82, 85, 87,
98, 100, 102, 103, 137, 138,
139, 140, 141, 142, 143, 144,
145, 146, 147, 149, 153, 154,

66, 67, 68, 69, 70, 71, 72, 74,
75, 78, 79, 80, 81, 82, 98, 102,
103, 106, 140, 141, 142, 145,
147, 152, 153, 154, 156, 158,

67, 68, 69, 70, 73, 74, 77, 78,
81, 82, 87, 97, 138, 149, 153,
154, 156, 158, 603, 997, 999 =
21

65, 68, 79, 146, 153, 154, 158, 597,
598, 600, 601 =11
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156, 158, 595, 597, 598, 599,
600, 601, 602, 603, 604, 605,
606, 769, 821,997 = 42

595, 602, 604, 821, 859, 860,
862, 954, 956, 997, 998, 999 =
40

D432N

Retained
hubs

67,71,72,73,74,75, 76, 77,
78, 79, 101, 104, 105, 150,
151, 155, 596, 597, 598, 599,
600, 601, 602, 603, 604, 605,
768 =27

76,77, 101, 104, 105, 150, 151,
155, 596, 597, 598, 599, 600,
601, 602 =15

71, 72, 75, 76, 101, 104, 105,
146, 147, 150, 151, 152, 155,
596, 597, 598, 599 =17

67, 71, 72, 73, 74, 75, 76, 80, 101,
104, 105, 137, 140, 142, 149, 150,
151, 155, 596, 599 =20

Gained
hubs

68, 70, 80, 81, 140, 142, 595
=17

70, 72, 75, 79, 80, 81, 82, 140,
142, 145, 147, 149, 152, 604,
997=15

73,78, 595,997 = 4

68,79, 81, 82, 141,604 =6

S492L

Retained
hubs

67,71,72,73,74,75,76, 77,
78, 79, 101, 104, 105, 155 =
14

73, 74, 75, 76, 105, 146, 150,
151, 155, 597, 598, 599, 600,
601, 603, 605, 768 =17

71, 72, 75, 76, 79, 80, 101,
104, 105, 140, 142, 150, 151,
152, 155, 598, 599, 601 =18

73, 74,75, 76, 77, 78, 80, 101, 105,
140, 142, 149, 150, 151, 152, 155,
599, 603, 605 =19

Gained
hubs

70, 80, 81, 82, 97, 102, 137,
140, 141, 142, 145, 146, 147,
149, 150, 151, 152, 153, 154,
156, 595, 596, 597, 598, 599,
600, 601, 602, 603, 604, 605
=31

67, 68, 69, 70, 71, 72, 77, 78,
79, 80, 81, 82, 87, 97, 98, 101,
102, 103, 104, 106, 137, 140,
141, 142, 145, 147, 149, 152,
153, 154, 595, 596, 602, 604,
797, 859, 954, 956, 995, 997,
998, 999 = 42

65, 67, 68, 69, 70, 73, 74, 77,
78, 81,97, 153, 154, 158, 595,
596, 597, 602 = 18

79, 141, 146, 598, 600, 601, 604 =7

R886C

Retained
hubs

67,71,72,73,74,75,76, 77,
78, 79, 101, 104, 105, 150,
151, 152, 155, 596, 597, 598,
599, 601, 603, 604, 605 = 25

73, 76, 77, 101, 104, 146, 150,
151, 155, 596, 597, 598, 599,
600, 601, 602, 605 =17

71, 72, 75, 76, 79, 80, 101,
102, 104, 105, 140, 142, 145,
146, 147, 149, 150, 151, 152,
155, 596, 597, 598, 599, 600,
601, 604, 605, 768 = 28

67,70,71,72,73,74,75,76,77,78,
80, 101, 104, 105, 137, 140, 142,
145, 149, 150, 151, 152, 155, 595,
596, 599, 602, 603 =28

Gained
hubs

68, 70, 80, 81, 142, 145, 595,
997=8

71,72, 74, 75, 79, 80, 140, 142,
145,147 =10

67, 68, 70, 73, 74, 77, 78, 143,
144, 154, 158, 595, 602, 603,
821 =15

79, 81, 82, 87, 97, 138, 141, 146,
147, 153, 154, 156, 158, 597, 598,
600, 601, 604, 605 =19

L993R

Retained
hubs

65,71, 72,73,74,75, 76,77,
78, 79, 101, 104, 105, 106,
150, 151, 152, 155, 596, 597,
598, 599, 600, 601, 602, 604,
605, 768 =28

67, 68, 69, 70, 71, 72, 76, 77,
101, 104, 105, 146, 150, 151,
155, 596, 597, 598, 599, 600,
601, 602, 603, 605, 768 = 25

71, 72, 73, 74, 75, 76, 79, 80,
101, 104, 105, 140, 142, 146,
147, 150, 151, 155, 598, 599,
600, 601, 605, 606, 768 = 25

67,69,70,71,72,73,74,75,76, 77,
78, 80, 104, 105, 137, 140, 142, 145,
149, 150, 151, 152, 155, 595, 596,
599, 602, 603, 605 =29

Gained
hubs

67, 70, 80, 81, 97, 98, 100,
102, 140, 141, 142, 145, 146,
147, 148, 149, 153, 154, 156,
158, 594, 595, 769, 821, 999
=25

73, 74, 75, 78, 79, 80, 81, 87,
97,98, 100, 102, 137, 140, 142,
145, 147, 148, 149, 152, 153,
154, 158, 595, 604, 821, 862,
995,997 =29

67, 68, 69, 70, 77, 78, 81, 97,
158, 594, 595, 596, 597, 602,
603, 604, 769, 862, 997 = 19

66, 68, 79, 81, 82, 97, 98, 101, 102,
107, 141, 144, 146, 147, 148, 154,
156, 158, 597, 598, 600, 601, 604,
768,769, 821,997 = 17
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Table S4.6.4. Eigen centrality (EC) hubs found in drug free and drug bound systems; hubs gained due to mutation, and hubs that were
maintained despite the presence of mutation.

EC Drug free Drug bound
Systems Monomer A Monomer B Monomer A Monomer B
WT Hubs 121, 122, 190, 191, 192, 193, | None 100, 103, 104, 106, 108, 109, | 595, 710, 732, 734, 740, 741, 744, 775,
194, 195, 196, 197, 198, 199, 110, 111, 112, 113, 114, 115, | 776, 777, 778, 779, 781, 782, 790, 792,
200, 201, 202, 203, 204, 205, 116, 159, 665, 666, 667, 707, | 805, 808, 809, 810 =20
206, 207, 214, 216, 217, 225, 708, 710, 717, 718, 721, 724,
248, 253, 280, 281, 282, 283, 729, 732, 733, 734, 771, 772,
469, 477, 478, 479, 480, 482, 773, 774, 775, 776, 777, 7178,
483, 491, 492, 493, 494, 495, 779, 780, 781, 782, 790, 791,
496, 497, 498, 499, 500, 502, 792, 796, 799, 802, 803, 804,
503, 734, 775, 777, 778, 779, 805, 806, 807, 808, 809, 810,
781, 782, 790, 792, 805, 808, 813, 829, 830, 832, 833, 834,
810=61 835, 836, 837, 852, 926, 928,
929 =67
S201R Retained | 198, 479, 480, 495, 496, 499 | 120, 121, 122, 123, 124, 125, | 708, 710, 717, 721, 724, 732, | 710, 732, 734, 772, 775, 776, 777, 778,
hubs =6 126, 127, 192, 193, 194, 195, | 734, 774, 775, 776, 777, 778, | 779, 781, 782, 790, 792, 805, 808, 809,
196, 197, 198, 199, 200, 201, | 779, 780, 781, 782, 790, 792, | 810 =17
202, 203, 204, 205, 206, 207, | 805, 808, 809, 810 =22
214, 216, 217, 218, 224, 225,
227, 244, 245, 248, 280, 281,
282, 283, 284, 462, 464, 469,
471, 477, 478, 479, 480, 481,
482, 483, 486, 489, 490, 491,
492, 493, 494, 495, 496, 497,
498, 499, 500, 503 = 64
Gained 31=1 None 740,74 =2 640, 641, 665, 666, 667, 668, 669, 684,
hubs 685, 691, 692, 694, 695, 698, 706, 707,
708, 709, 711, 717, 718, 720, 721, 723,
724,727,729, 731, 733, 735, 771, 773,
774, 780, 791, 802, 804, 806, 807, 813,
926,928 =42
K259E | Retained | 734, 775, 777, 778, 779, 781, | None 734, 775, 7717, 778, 779, 782, | 732,734, 775,776, 7717, 778, 779, 781,
hubs 782, 790, 792, 805, 808, 810 790, 792, 805, 808, 809, 810 = | 782, 790, 792, 805, 808, 809, 810 =15

=12

12
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Gained
hubs

100, 103, 104, 106, 108, 109,
110, 804, 806, 807, 809, 813,
829, 830, 832, 833, 834, 835,
836, 837, 852, 926, 928, 929
=24

100, 103, 104,
110, 111, 112, 113, 114, 115,
116, 155, 156, 158, 159, 160,
163, 710, 717, 718, 721, 732,
733, 735, 740, 767, 768, 769,
770, 771, 772, 773, 774, 776,
780, 783, 791, 793, 794, 795,
796, 799, 801, 802, 803, 804,
806, 807, 809, 813, 829, 830,
832, 833, 834, 835, 836, 837,

852,926, 928, 929 = 64

106, 108, 109,

781 =1

196, 197, 198, 199, 200, 201, 202, 203,
205, 206, 280, 281, 282, 469, 477, 478,
479, 480, 482, 483, 486, 492, 493, 495,
496, 497, 498, 499, 500, 767, 774, 791,
,813=33

D342N

Retained
hubs

192, 193, 194, 197, 198, 199,
202, 203, 280, 281, 282, 283,
469, 477, 478, 479, 480, 482,
483, 491, 492, 493, 494, 495,
496, 497, 498, 499, 500, 502,
503 =31

None

103, 108, 109, 110, 111, 112,
113, 116, 159, 707, 708, 710,
717, 721, 732, 733, 734, 771,
772, 773, 774, 775, 776, 777,
778, 779, 780, 781, 782, 790,
791, 792, 796, 799, 802, 803,
804, 805, 806, 807, 808, 809,
810, 813, 829, 832, 833, 836,
926 = 49

710, 732, 734, 740, 741, 775, 776, 777,
778,779, 781, 782, 790, 792, 805, 808,
809, 810=18

Gained
hubs

284,464, 481,484,486 =5

31, 666, 667, 707, 708, 709,
710, 717, 721, 729, 732, 733,
734, 735, 774, 775, 776, 777,
778, 779, 780, 781, 782, 790,
791, 792, 793, 804, 805, 806,
807, 808, 809, 810, 813, 926 =
36

479, 712, 735, 738, 740, 741,
765, 767, 770, 793, 794, 795, ,
814,928 = 14

606, 608, 738, 739, 764, 765, 767, 770,
771,772,773, 774, 813 =13

D432N

Retained
hubs

121, 122, 126, 127, 155, 159,
192, 193, 194, 195, 196, 197,
198, 199, 200, 201, 202, 203,
204, 205, 206, 207, 214, 216,
217, 248, 253, 280, 281, 282,
283, 469, 477, 478, 479, 480,
482, 483, 491, 492, 493, 494,
495, 496, 497, 498, 499, 500,
502, 503 = 50

None

None

92, 93, 120, 121, 122, 126, 127, 192,
193, 194, 195, 196, 197, 198, 199, 200,
201, 202, 203, 204, 205, 206, 207, 214,
216, 217, 218, 245, 248, 253, 280, 281,
282, 283, 284, 285, 462, 464, 469, 470,
471, 477, 478, 479, 480, 481, 482, 483,
484, 485, 486, 487, 488, 489, 490, 491,
492, 493, 494, 495, 496, 497, 498, 499,
500, 502, 503, 504 = 77

Gained
hubs

93, 104, 108, 109, 110, 111,
112, 113, 116, 120, 284, 462,
464, 470, 471, 481, 484, 486,
489, 490, 504, 833 = 22

None

31

Il
J—

None
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S492L Retained | 734, 777, 778, 779, 781, 782, | None 108, 109, 110, 111, 112, 113, | 778 =1
hubs 790, 792, 808, 810 =10 114, 115, 116, 117, 159, , 734,
774, 775, 777, 778, 779, 782,
790, 792, 799, 804, 805, 807,
808, 809, 810, 813, 829, 8§32,
833,836=32
Gained 595, 770, 773, 774, 775, 776 | 120, 122, 126, 127, 192, 193, | 67, 72, 75, 76, 93, 100, 101, | None
hubs =6 194, 195, 196, 197, 198, 199, | 103, 104, 120, 121, 122, 123,
200, 201, 202, 203, 204, 205, | 124, 125, 126, 127, 130, 151,
206, 207, 214, 216, 218, 225, | 152, 153, 154, 155, 156, 157,
226, 280, 281, 282, 283, 469, | 158, 160, 196, 197, 198, 199,
477, 478, 479, 480, 482, 489, | 200, 201, 202, 203, 204, 205,
490, 491, 492, 493, 494, 495, | 206, 244, 282, 489, 490, 492,
496, 497, 498, 499, 500, 502, | 493, 494, 495, 496, 497, 499,
503, 595, 605, 740, 765, 767, | 500,781 =51
769, 770, 771, 774, 775, 7717,
778, 790, 794, 795, 805, 808,
810="77
R886C | Retained | 734, 775,777,778, 779, 781, | None None None
hubs 782, 790, 792, 805, 808, 810
=12
Gained 595, 605, 707, 708, 710, 717, | 108, 109, 110, 111, 112, 113, | 120, 121, 122, 126, 190, 192, | None
hubs 718, 721, 732, 733, 735, 738, | 159, 595, 605, 606, 707, 708, | 193, 194, 195, 196, 197, 198,
740, 741, 765, 769, 770, 771, | 710, 717, 718, 720, 721, 724, | 199, 200, 201, 202, 203, 204,
772,773, 774, 776, 780, 791, | 729, 732, 733, 734, 735, 738, | 205, 206, 207, 209, 211, 214,
793, 794, 795, 796, 802, 804, | 740, 741, 765, 767, 769, 770, | 216, 217, 218, 248, 253, 280,
806, 807, 809, 813, 926, 928 | 771, 772, 773, 774, 775, 776, | 281, 282, 283, 284, 462, 464,
=36 777, 778, 779, 780, 781, 782, | 469, 470, 471, 477, 478, 479,
790, 791, 792, 793, 794, 796, | 480, 481, 482, 483, 486, 489,
802, 803, 804, 805, 806, 807, | 490, 491, 492, 493, 494, 495,
808, 809, 810, 811, 813, 814, | 496, 497, 498, 499, 500, 502,
832, 833, 926, 928, 929 = 65 503, 504 =90
L993R | Retained | 734, 775, 777, 778, 779, 780, | None None None
hubs 781, 782, 790, 791, 792, 805,

808,810 =14
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Gained 100, 103, 104, 106, 108, 109, | 595, 710, 717, 721, 732, 734, | 31=1 92, 93, 116, 120, 121, 122, 123, 125,
hubs 110, 111, 112, 113, 114, 115, | 738, 740, 741, 742, 743, 744, 126, 127, 192, 193, 194, 195, 196, 197,
116, 155, 156, 158, 159, 160, | 750, 765, 769, 770, 773, 774, 198, 199, 200, 201, 202, 203, 204, 205,
163, 710, 717, 718, 721, 732, | 775, 776, 777, 778, 779, 780, 206, 207, 214, 216, 217, 218, 224, 225,
733, 735, 740, 767, 768, 769, | 781, 782, 790, 792, 805, 808, 244, 248, 280, 281, 282, 283, 284, 462,
770, 771,772, 773, 774, 776, | 809, 810 =32 464, 469, 471, 477, 478, 479, 480, 481,
783, 793, 794, 795, 796, 799, 482, 483, 484, 485, 486, 487, 488, 489,
801, 802, 803, 804, 806, 807, 490, 491, 492, 493, 494, 495, 496, 497,
809, 813, 829, 830, 832, 833, 498, 499, 500, 502, 503 =79
834, 835, 836, 837, 852, 926,
928,929 =62
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Table S4.6.5. Katz centrality (KC) hubs found in drug free and drug bound systems; hubs gained due to mutation, and hubs that were
maintained despite the presence of mutation.

KC Drug free Drug bound
Systems Monomer A Monomer B Monomer A Monomer B
WT Hubs 103, 104, 108, 110, 111, 112, | 108, 110, 111, 155, 192, 193, | 103, 104, 108, 109, 110, 111, | 108, 110, 111, 155, 159, 595, 707,
113, 116, 155, 159, 198, 199, | 194, 195, 196, 198, 199, 200, | 112, 113, 199, 203, 313, 350, | 708, 710, 732, 734, 775, 778, 779,
201, 202, 203, 282, 479, 496, | 201, 202, 203, 206, 280, 282, | 605, 640, 641, 665, 666, 667, | 781, 782, 790, 792, 805, 808, 810,
499, 710, 732, 734, 775, 777, | 479, 480, 492, 493, 495, 496, | 707, 710, 732, 734, 775, 776, | 833 =22
778,779, 781, 782, 790, 792, | 499, 500, 707, 710, 729, 732, | 778, 779, 781, 782, 790, 792,
805, 808, 809, 810, 832, 833 | 734, 774, 775, 776, 777, 778, | 805, 808, 809, 810, 813, 832,
=36 779, 781, 782, 790, 792, 805, | 833, 836, 837,928 =40
808, 810, 832, 833 =46
S201R Retained | 108, 155, 198, 199, 202, 203, | 108, 110, 111, 155, 194, 195, | 108, 110, 111, 112, 113, 199, | 108, 110, 155, 159, 708, 710, 732,
hubs 282, 479, 496, 499, 732, 734, | 196, 199, 200, 201, 202, 203, | 203, 710, 732, 734, 775, 778, | 734, 775, 778, 779, 781, 782, 790,
775,778, 779, 781, 782, 790, | 280, 282, 479, 480, 493, 495, | 779, 781, 782, 790, 792, 805, | 792, 805, 808, 810, 833 =19
792, 805, 808, 810 =22 496, 499, 732, 734, 774, 775, | 808, 810, 832, 833 =22
7717, 778, 779, 781, 790, 808,
810, 832, 833 =33
Gained 194, 280, 337, 347, 348, 469, | 112, 113, 122, 123, 125, 127, | 155, 159, 198, 202, 337, 347, | 198, 199, 201, 202, 282, 479, 493,
hubs 478, 480, 482, 492, 495, 691 | 157, 159, 197, 198, 469, 478, | 493, 496, 595, 691, 695, 708, | 495, 496, 641, 665, 666, 667, 669,
=12 482, 595,691, 724 =15 721,724,740, 777 =16 691, 695, 724, 729,777 =19
K259E | Retained | 103, 104, 108, 110, 111, 112, | 108, 155, 710, 732, 734, 774, | 108, 110, 111, 112, 710, 732, | 155,200 =2
hubs 113, 116, 155, 159, 732, 734, | 775, 777, 778, 779, 781, 782, | 734, 775, 776, 777, 778, 779,
775,771,778, 779, 781, 782, | 790, 792, 805, 808, 810, 833 = | 781, 782, 790, 792, 805, 808,
790, 792, 805, 808, 809, 829, | 18 809, 810, 832, 833 =22
832,833 =26
Gained 109, 138, 710, 767, 770, 771, | 595, 721, 724, 740, 741, 770, | 104, 155, 159, 710, 732, 734, | 108, 110, 112, 198, 199, 200, 201,
hubs 772,774, 776, 810, 813, 836, | 809,813 =8 775, 7717, 178, 779, 781, 782, | 202, 203, 282, 478, 479, 480, 482,
928 =13 790, 792, 805, 808, 810, 833 = | 495, 496, 499, 606, 766, 767, 774,
18 776, 809, 813, 816, 818 =26
D342N | Retained | 108, 110, 111, 112, 198, 199, | 108, 110, 111, 196, 199, 707, | 103, 104, 108, 109, 110, 111, | 108, 155, 198, 710, 732, 734, 775,
hubs 202, 203, 282, 496, 499, 734, | 710, 732, 734, 774, 775, 776, | 112, 113, 710, 732, 734, 775, | 778, 779, 781, 782, 790, 792, 805,
775,777,718, 779, 781, 782, | 777, 778, 779, 781, 782, 790, | 776, 777, 778, 779, 781, 782, | 808, 810, 813 =17
790, 792, 805, 808, 810, 832, | 792, 805, 808, 810, 832, 833 = | 790, 792, 805, 808, 809, 810,
833 =25 24 813, 832, 833, 836 =28
Gained 469, 478, 479, 480, 482, 486, | 103, 112, 194, 195, 640, 641, | 155, 200, 116, 120, 155, 159, | 153, 199, 282, 479, 499, 608, 740,
hubs 492,495,498, 772,776 =11 | 666, 667, 708, 709, 733, 809 = | 202, 282, 469, 478, 479, 480, | 765, 767,774,776, 777 = 12

12

482, 492, 493, 495, 496, 499,
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740, 770, 772, 773, 774 = 23

D432N

Retained
hubs

103, 104, 108, 110, 111, 112,
113, 155, 159, 198, 199, 201,
202, 203, 282, 479, 496, 499,
732, 734, 775, 776, 777, 778,
779, 781, 782, 790, 792, 805,
808, 809, 810, 832, 833 = 35

108, 110, 111, 155, 493, 775,
776, 771, 778, 779, 781, 782,
790, 805, 808, 810, 832, 833 =
18

108, 110, 111, 112, 710, 732,
734, 775, 776, 7717, 778, 779,
781, 782, 790, 792, 805, 808,
809, 810, 832, 833 =22

108, 110, 155, 159, 710, 732, 734,
775, 778, 779, 781, 782, 790, 792,
805, 808, 810, 833 =18

Gained
hubs

67, 72, 109, 122, 154, 158,
192, 194, 197, 200, 206, 280,
469, 478, 480, 482, 492, 493,
495, 500, 503, 595, 772, 836
=24

113, 122, 127, 159, 197, 595,
740, 809, 928 =9

155,200=2

104, 112, 108, 110, 111, 112, 113,
199, 200, 201, 202, 203, 282, 478,
479, 480, 482, 495, 496, 499, 606,
766, 767, 774, 776, 777, 809, 813,
816,818 =30

S492L

Retained
hubs

108, 775, 775, 777, 778, 779,
781, 782, 790, 805, 808, 809,
810, 832,833 =15

108, 110, 111, 155, 192, 194,
196, 198, 199, 200, 201, 202,
203, 206, 280, 282, 479, 480,
492, 493, 495, 496, 499, 500,
734, 774, 775, 776, 777, 778,
779, 781, 782, 790, 792, 805,
808, 810, 832, 833 = 40

103, 104, 108, 109, 110, 111,
112, 113, 199, 203, 775, 776,
778, 779, 781, 782, 790, 792,
805, 808, 809, 810, 813, 832 =
24

108, 110, 111, 112, 155, 159, 710,
732, 734, 774, 775, 777, 778, 779,
781, 782, 790, 792, 805, 808, 810 =
21

Gained
hubs

109, 110, 111, 112, 113, 116,
155, 159, 595, 605, 606, 740,
770,772,773, 774,792 =17

109, 112, 113, 126, 127, 159,
197, 205, 216, 482, 595, 605,
606, 740, 765, 767, 768, 769,
770, 771, 772, 773, 794, 795,
796, 809, 813, 816 =28

93, 116, 120, 122, 123, 124,
125, 126, 127, 153, 154, 155,
156, 159, 160, 197, 198, 201,
202, 200, 490, 493, 494, 496,
497,732,734,774, 777, 833 =
30

104,113,116, 813,833 =5

R886C

Retained
hubs

108, 110, 111, 112, 113, 155,
159, 200, 203, 710, 732, 734,
775, 777, 778, 779, 781, 782,
790, 792, 805, 808, 809, 810,
832,833 =26

108, 110, 111, 155, 710, 732,
734, 774, 775, 776, 177, 778,
779, 781, 782, 790, 792, 805,
808, 810, 832, 833 =23

103, 108, 109, 110, 111, 112,
113, 199, 203, 732, 734, 775,
778, 779, 781, 782, 790, 792,
805, 808, 810, 813, 833 =23

108, 110, 112, 155, 159, 708, 710,
732, 734, 775, 778, 779, 781, 782,
790, 792, 805, 808, 810 =19

Gained
hubs

595, 717, 740, 772, 774, 776,
836=7

100, 103, 104, 109, 112, 113,
159, 721, 740, 809, 813 =11

122, 155, 159, 192, 194, 196,
197, 198, 200, 201, 202, 205,
206, 216, 280, 282, 469, 478,
479, 480, 482, 492, 493, 495,
496, 499, 500 = 27

104, 198, 199, 201, 202, 282, 469,
478, 479, 480, 482, 486, 492, 495,
496,499,777 =17

L993R

Retained
hubs

108, 110, 111, 112, 113, 116,
155, 159, 198, 199, 201, 202,
203, 282, 479, 496, 499, 732,
734, 778, 781, 790, 792, 808
=24

108, 110, 194, 195, 196, 199,
200, 201, 202, 203, 280, 282,
479, 480, 492, 493, 495, 496,
499, 500, 710, 732, 734, 774,
777, 778, 781, 790, 792, 805,

108, 110, 111, 112, 113, 199,
200, 201, 203, 732, 734, 778,
790, 808, 810 = 15

108, 110, 111, 155, 159, 708, 710,
732, 734, 778, 781, 790, 808, 810,
833=15
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808, 810 =32

Gained
hubs

120, 122, 123, 125, 126, 127,
192, 194, 195, 196, 197, 200,
206, 216, 280, 469, 478, 480,
482, 483, 486, 490, 491, 492,
493, 494, 495, 497, 498, 500
=30

31, 122, 125, 197, 198, 469,
478, 482,708 =9

31, 93, 116, 120, 122, 123,
125, 126, 127, 155, 156, 159,
197, 198, 202, 282, 469, 478,
479, 480, 482, 489, 490, 492,
493, 494, 495, 496, 497, 499,
500, 691, 781 = 33

93, 100, 112, 113, 116, 120,
123, 125, 126, 156, 160, 192,
195, 196, 197, 198, 199, 200,
202, 203, 206, 216, 280, 282,
478, 479, 480, 482, 483, 486,
490, 491, 492, 493, 494, 495,

122,
194,
201,
469,
489,
496,

497, 498, 499, 500, 724, 832 = 48
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Table S5.1. DPD missense mutation associated with people of African population as identified by 1000 genomes and Exom
sequencing project (ESP MAF), Variants were classified as rare or common based on their minor allele frequency (MAF) of 0.001.
Prediction of the effect of 12 missense mutations on DPD structure and function using VAPOR web servers

Variant SNP ID DPD P value | Exom sequencing project |
activity + (ESP MAF) Functional impact Stability Reference
SD change
HUMA-VAPOR
African African Polyphen-2 | Provean PhD- MUpro PHARMGKB
American SNP
R592Q rs138616379 n/a n/a 0.00023 0.00012  Probably Disease Disease Decreases Do0i:10.1158/0008-5472.CAN-
damaging 13-2482
A664S rs138545885  0.92 0.26 0.00045 0.065 Probably Disease Neutral Decreases Doi: 10.1158/0008-
+0.05 damaging 5472.CAN-13-2482
G674D rs137999090  0.092+0. 0.065 0.00023 nr Probably Disease Disease Decreases Doi:10.1158/0008-5472.CAN-
05 damaging 13-2482
A721T rs145548112 092 0.52 0.00045 0.065 Possibly Tolerated  Disease Decreases Doi: 10.1158/0008-
+0.05 damaging 5472.CAN-13-2482
V732G rs60511679  0.00318 0O 0.0020 0 Possibly Tolerated  Disease Decreases Doi: 10.1158/0008-
damaging 5472.CAN-13-2482
T768K rs56005131 na na 0.00023 0 Possibly Tolerated  Disease Decreases Do0i:10.1124/dmd.118.081737
damaging
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Table S5.2. Estimated center of mass (COM) distances (A) from the location of the missense mutant to either the nearest cofactors or
the substrate. The calculations were based on the modeled native human DPD 3D structure.

Variant Location COM distance to the nearest co-factor (A) COM distance to the substrate (A)
(Domain)
Monomer A Monomer B Monomer A Monomer B
R592Q 5-FU binding domain (II) n/a n/a 18.6 18.3
A664S 5-FU binding domain (II) n/a n/a 21.6 21.8
G674D 5-FU binding domain (II) n/a n/a 16.1 13.6
AT21T 5-FU binding domain (II) n/a n/a 28.6 28.3
V732G 5-FU binding domain (II) n/a n/a 30.7 30.5
T768K 5-FU binding domain (II) n/a n/a 20.6 19.8
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Table S5.3. Validation scores from the ERRAT, ProSA, and PROCHECK webservers for 13 drug free and drug bound modeled
human DPD 3D structures. Both the drug free and drug bound models received the same score.

Protein ERRAT ProSA PROCHECK
Model 2
Overall quality | Monomers z-Score Ramachandran (residues location) (%)

factor (%)

A B Favored Allowed Disallowed
Template (PDB ID: 1H7X) 85.79 -13.56 -13.47 93.5 6.4 0.1
Wild type 88.86 -14.53 -14.27 89.1 10.7 0.2
R592Q 88.86 -14.53 -14.27 89.1 10.7 0.2
A664S 88.86 -14.53 -14.27 89.1 10.7 0.2
G674D 88.86 -14.53 -14.27 89.1 10.7 0.2
A721T 88.86 -14.53 -14.27 89.1 10.7 0.2
V732G 88.86 -14.53 -14.27 89.1 10.7 0.2
T768K 88.86 -14.53 -14.27 89.1 10.7 0.2
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Table S5.4. The protonation states of the residues in the human DPD protein model that participate in the electron transfer channel. In
both monomers, HIS was protonated as delta nitrogen (HID), epsilon nitrogen (HIE), or fully positively (+) charged (HIP). In both
monomers of each system, protonated cysteine (CYM) glutamine (GLN), and aspartic acid (ASN) were discovered.

Residue AMBER protonated Residue number
residue name (DPD PDB)
HIS THIP 426 and 323
’HIE 23,38, 62 and 976
SHID 92,233,502, 671, 805 and 857
ASN *ASH 420, 577 and 657
CYS SCYM 27, 47, 50, *79, *82, *87, *91, 124, *130, *136, *140,

200, 255, 320, 322, 354, 383, 620, 642, 669, 682, 694,
874, 829, *953, *956, *959, *962, 969, *986, *989, *992,
*996 and 999

GLN SGLH *156

*Represents residues coordinating to the Fe?>"4S*;4 clusters; 'HIP, 2HIE, *HID represent the protonation state of histidine (HIS), “ASH represents the protonation
state of aspartic acid (ASN), *CYM represents the protonation state of cysteine (CYS), and * GLH represents the protonation state of glutamine (Gln).
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Table S5.5 MD simulations revealed the dynamics of 5-FU (1) retention, (2) release within the active site, and the 30 ns of

equilibrated frame areas of Monomer A and Monomer B in activated (drug bound) systems.

System | Monomer A Monomer B

Drug | Exit | Exit DRN Drug | Exit Exit DRN

exit time | frame calculation exit time frame calculation

(Y/N) Monomer A | (Y/N) monomer B

(ns) 6 (ns)
rame range frame range

WT N N/A | N/A 55000 -60000 | N N/A N/A 55000 -60000
R592Q |Y N/A | N/A 15000-18000 | N 220 220000 | 15000-18000
A664S |Y 180 180000 | 27000-30000 | N N/A N/A 27000-30000
G674D | Y 160 160000 | 10000-13000 | N N/A N/A 10000-13000
A721T | N N/A | N/A 19000-22000 | N N/A N/A 19000-22000
V732G | N N/A | N/A 34000-37000 | N N/A N/A 34000-37000
T768K | N N/A | N/A 32000-35000 | N N/A N/A 32000-35000
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Table S5.6 A representation of the 30 ns of equilibrated frame areas of Monomer A and Monomer B in inactivated (drug free)
systems.

System Monomer A Monomer B
DRN calculation Monomer A frame | DRN calculation monomer B frame range
range

WT 55000 -60000 55000 -60000

R592Q | 150000-180000 150000-180000

A664S | 27000-30000 27000-30000

G674D | 10000-130000 10000-130000

A721T | 19000-22000 19000-22000

V732G | 34000-37000 34000-37000

T768K | 32000-35000 32000-35000
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Table S5.7.1. Betweenness centrality (BC) hubs found in drug free and drug bound systems; hubs gained due to mutation, and hubs
that were maintained despite the presence of mutation.

BC Drug free Drug bound
Systems Monomer A Monomer B Monomer A Monomer B
WT Hubs 38, 61, 64, 66, 67,71, 73, 74, | 62, 63, 65, 66, 86, 90, 101, 102, | 61, 65, 80, 85, 97, 101, 102, | 22, 44, 45, 62, 69, 76, 77, 92, 95, 97,
75, 76, 77, 80, 95, 97, 101, | 105, 108, 113, 114, 117, 121, | 108, 114, 116, 117, 121, 122, | 101, 102, 113, 116, 120, 124, 125,
102, 104, 108, 112, 116, 117, | 127, 130, 131, 132, 133, 137, | 123, 125, 126, 130, 132, 133, | 127, 131, 133, 135, 137, 138, 141,
120, 121, 132, 133, 136, 137, | 139, 142, 143, 144, 147, 149, | 137, 140, 142, 155, 200, 227, | 142, 145, 149, 155, 228, 231, 234,
142, 145, 146, 152, 153, 155, | 155, 160, 361, 367, 370, 372, | 231, 234, 310, 372, 373, 374, | 370, 372, 373, 374, 380, 383, 595,
235, 350, 370, 372, 373, 386, | 373, 376, 599, 601, 603, 604, | 375, 597, 598, 599, 604, 605, | 602, 603, 605, 775, 799, 822, 853,
493, 597, 598, 599, 603, 605, | 816, 818, 826, 955,991 =43 768, 775, 776, 797, 799, 803, | 856 =46
768, 775, 799, 802, 803, 826, 804, 816, 825, 958, 962, 996,
862, 894 =53 997 =50
R592Q | Retained | 67, 80, 101, 102, 104, 108, | 63, 117, 120, 121, 137, 142, | 85, 114, 117, 123, 125, 133, | 95, 101, 102, 116, 120, 131, 137,
hubs 116, 117, 120, 132, 142, 153, | 146, 147, 149, 155, 370, 372, | 142, 155, 372, 373, 597, 598, | 155, 373, 374, 775, 799, 822, 955 =
155,372, 373, 386, 493, 597, | 373 =13 599, 605, 958,962,997=17 | 14
598,599, 768, 799 =22
Gained 73, 70, 83, 85, 130, 131, 147, | 67, 70, 76, 77, 91, 116, 126, | 44, 46, 47, 60, 67, 70, 76, 82, | 63, 65, 83, 85, 91, 93, 98, 117, 123,
hubs 157, 158, 159, 345, 374, 375, | 129, 133, 150, 153, 156, 381, | 120, 124, 141, 144, 146, 147, | 130, 136, 143, 146, 493, 597, 598,
376, 595, 596, 600, 604, 797, | 493, 595, 596, 598, 599, 767, | 150, 153, 159, 160, 367, 595, | 599, 772, 803, 804, 958, 962, 995 =
798, 822,996, 997 = 23 799, 821 =21 596, 832, 861 =23 23
A664S Retained | 64, 66, 67, 95, 108, 116, 117, | 62, 63, 65, 102, 108, 114, 117, | 61, 80, 85, 97, 108, 116, 137, | 44, 45, 116, 125, 142, 372, 373, 595
hubs 121, 132, 146, 155, 370, 493, | 142, 155,599 =10 138, 140, 142, 155, 231, 372, | =8
597,598,599, 775 =17 373,598, 599, 604 =17
Gained 44, 45, 62, 63, 65, 70, 128, | 22, 73, 75, 76, 77, 80, 82, 97, | 38, 44, 46, 63, 74, 76, 81, 82, | 38, 42, 43, 63, 64, 65, 68, 70, 71, 73,
hubs 131, 151, 346, 347, 367, 594, | 98, 116, 120, 125, 146, 150, | 130, 132, 141, 144, 146, 147, | 83, 110, 117, 143, 144, 146, 147,
595, 596, 883,962,997 =18 | 151, 349, 493, 768, 832, 859, | 493, 596, 601 =17 158, 235, 376, 598, 599, 797, 826,
962, 995, 996, 998 = 24 829, 861, 958, 997 =28
G674D | Retained | 38, 64, 73, 75, 95, 108, 116, | 101, 102, 108, 113, 114, 117, | 65, 85, 108, 114, 116, 117, | 62, 65, 70, 76, 101, 102, 116, 120,
hubs 117, 121, 133, 142, 155, 373, | 121, 132, 137, 142, 147, 149, | 121, 130, 142, 155, 200, 372, | 131, 142, 155, 370, 372, 373, 799 =
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591,599 =15

155, 160, 599 = 15

375, 598, 599, 799, 958, 997
=18

15

Gained
hubs

68, 70, 113, 114, 131, 138,
147, 150, 151, 157, 158, 160,
234, 368, 370, 372, 604, 797,
821, 832, 962, 997 = 22

22, 23, 58, 70, 75, 80, 85, 95,
110, 153, 164, 243, 384, 597,
598, 799, 815, 832, 853, 883,
887, 891, 958, 962, 966, 995,
996, 997 =28

63, 70, 82, 104, 113, 124,
138, 141, 146, 147, 150, 153,
157, 160, 235, 236, 346, 386,
493, 591, 802, 826, 829, 832,
995 =25

80, 85, 108, 130, 132, 147, 151, 153,
363, 367, 493, 598, 958, 962, 996,
998 =16

AT21T

Retained
hubs

67,76, 77, 80, 108, 112, 116,
120, 121, 132, 142, 153, 155,
493, 595, 597, 599, 768, 797,
799, 803 =21

63, 66, 101, 105, 113, 127, 130,
131, 132, 133, 142, 155, 372,
373,599,995 =16

65, 80, 101, 102, 122, 126,
132, 133, 142, 155, 372, 373,
597, 598, 599, 604, 775, 803,
804, 958, 962 = 21

62, 76, 77, 101, 102, 113, 124, 125,
138, 141, 142, 155, 372, 373, 595,
799, 853 =17

Gained
hubs

63, 78, 81, 91, 95, 123, 130,
147, 150, 151, 154, 156, 345,
375,376,381, 602 =17

109, 112, 113, 116, 125, 572,
605, 606, 641, 666, 766, 767,
769, 770, 774, 794, 796, 813,
814,816=20

44,62, 63, 68, 70, 74, 77, 82,
96, 119, 120, 127, 131, 138,
143, 144, 146, 150, 153, 158,
346, 370, 528, 596, 603, 821,
862, 994, 995 =29

61, 63, 81, 91, 95, 98, 108, 110, 114,
117, 121, 129, 140, 146, 147, 150,
152, 153, 156, 160, 361, 376, 600,
604, 765, 956, 998 =27

V732G

Retained
hubs

76, 77, 95, 101, 102, 110,
116, 120, 132, 133, 137, 142,
153, 155, 370, 373, 493, 600,
603, 803 =21

65, 66, 113, 117, 121, 142, 144,
155,372, 373, 376, 599 = 12

65, 101, 102, 114, 116, 117,
121, 130, 132, 133, 137, 142,
155, 373, 598, 605, 803 = 17

76, 101, 116, 125, 127, 131, 133,
137, 142, 155, 370,372,373 = 13

Gained
hubs

43, 44, 61, 63, 65, 113, 126,
127, 130, 131, 144, 146, 150,
157, 159, 160, 374, 376, 604,
837, 804, 958, 995 = 23

58, 67, 68, 73, 76, 77, 78, 82,
95, 110, 116, 120, 125, 129,
141, 146, 150, 157, 158, 159,
345, 348, 375, 381, 493, 528,
595, 596, 742, 803, 837, 995 =
32

23, 60, 63, 67, 73, 77, 104,
131, 143, 147, 149, 150, 159,
198, 367, 490, 493, 494, 597,
603, 604, 765, 766, 832, 861,
863,958 =27

63, 66, 81, 82, 108, 117, 123, 132,
144, 146, 150, 152, 154, 156, 157,
160, 345, 368, 597, 598, 599, 772 =
22

T7698K

Retained
hubs

61, 66, 67, 71, 73, 75, 97,
108, 116, 120, 132, 137, 155,
370,372, 373,493 = 17

65, 101, 108, 127, 131, 132,
142, 144, 147, 155, 367, 370,
373, 599, 603, 604 = 16

97, 108, 116, 117, 123, 130,
142, 155, 372, 373, 598, 599,
604, 775,797,996 = 16

22, 62, 97, 116, 120, 125, 138, 140,
142, 144, 155, 370, 372, 373, 605,
799 = 16

Gained
hubs

62, 72, 98, 130, 131, 141,
144, 147, 156, 771, 797, 958,
996 =13

63,67,76,77,91, 97, 116, 129,
138, 140, 141, 153, 156, 157,
231, 346, 375, 387, 595, 596,

22,43, 58, 61, 67, 68, 70, 71,
72, 73, 81, 82, 91, 120, 131,
135, 138, 141, 143, 144, 146,

61, 63, 67, 91, 108, 123, 140, 147,
150, 151, 349, 367, 591, 598, 599,
600, 863, 958,962 =19

387




598, 605, 799 =23

147, 232, 370, 493, 589, 772,
862, 863, 995 =30
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Table S5.7.2. Degree centrality (DC) hubs found in drug free and drug bound systems; hubs gained due to mutation, and hubs
were maintained despite the presence of mutation.

that

DC Drug free Drug bound
Systems Monomer A Monomer B Monomer A Monomer B
WT Hubs 72, 90, 108, 110, 113, 116, | 108, 110, 155, 192, 193, 200, | 72, 108, 110, 113, 155, 157, | 72, 108, 110, 113, 138, 139, 153,
138, 155, 159, 198, 199, 200, | 202, 203, 225, 282, 335, 337, | 199, 200, 203, 206, 207, 218, | 155, 159, 203, 207, 225, 241, 337,
201, 202, 203, 207, 218, 282, | 482, 496, 499, 554, 625, 653, | 232, 313, 314, 335, 350, 351, | 356, 478, 568, 595, 603, 605, 625,
314, 356, 435, 482, 499, 548, | 654, 694, 707, 711, 729, 732, | 478, 480, 554, 605, 628, 641, | 653, 654, 694, 707, 729, 732, 778,
576, 625, 710, 740, 778, 779, | 778, 779, 781, 790, 808, 813, | 653, 654, 666, 677, 729, 732, | 779, 781, 790, 807, 808, 832, 833,
781, 790, 808, 813, 833, 837, | 833,990 =32 740, 778, 779, 781, 790, 807, | 928,962 =37
928 =37 808, 813, 833, 837,928 =41
R592Q | Retained | 108, 110, 113, 116, 155, 159, | 108, 110, 155, 202, 203, 337, | 72, 108, 110, 155, 199, 203, | 108, 110, 113, 138, 155, 478, 605,
hubs 198, 199, 201, 202, 218, 282, | 482, 496, 554, 653, 654, 778, | 554, 605, 707, 732, 740, 778, | 625, 707, 732, 778, 779, 781, 790,
482, 499, 576, 625, 710, 740, | 781, 790, 808 = 15 779, 781, 790, 808, 833, 837, | 807, 808, 833 =17
778,779, 781, 790, 808, 813, 928 =29
832, 833, 837,928 =28
Gained 67, 478, 480, 486, 554, 568, | 67, 111, 113, 116, 139, 159, | 125, 146, 193, 241, 337, 344, | 67, 154, 198, 199, 218, 282, 344,
hubs 595, 606, 628, 653, 707, 732, | 198, 199, 207, 218, 282, 344, | 403, 542, 595, 625, 665, 710 = | 435, 480, 482, 486, 495, 499, 554,
768,774 =14 356, 479, 480, 493, 495, 589, | 12 595, 653, 710, 740, 767, 775, 813,
595, 672, 710, 734, 740, 767, 816, , 837,928 =24
775, 835,928, 961 =28
A664S Retained | 108, 110, 113, 116, 155, 159, | 108, 110, 155, 202, 203, 225, | 72, 108, 110, 113, 155, 199, | 108, 110, 113, 139, 153, 155, 159,
hubs 198, 199, 218, 282, 356, 482, | 554, 625, 778, 779, 781, 790, | 200, 203, 480, 628, 641, 653, | 203, 282, 568, 625, 653, 654, 778,
499, 625, 740, 778, 779, 781, | 808, 833 =14 654, 732, 740, 778, 779, 781, | 781, 790, 808, 833 =28
790, 808, 833, 837,928 =23 790, 808, 813, 833,928 =23
Gained 203, 335, 431, 542, 554, 568, | 72, 113, 116, 151, 159, 198, | 90, 122, 138, 139, 146, 159, | 31, 65, 72, 116, 154, 157, 198, 200,
hubs 589, 595, 628, 641, 732,767, | 199, 201, 207, 218, 348, 493, | 198, 202, 282, 335, 337, 356, | 314, 469, 480, 495, 496, 499, 542,
775,835=14 495, 595, 628, 721, 740, 770, | 431, 479, 482, 486, 493, 495, | 554,710, 740, 767, 813, 837 =22
810, 813, 832,,837=22 499, 554, 568, 691, 710, 770,
810, 835 =26
G674D | Retained | 108, 155, 199, 201, 203, 356, | 108, 110, 155, 203, 337, 554, | 108, 110, 113, 155, 200, 203, | 72, 108, 110, 113, 139, 155, 159,
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hubs 625, 710, 740, 778, 779, 781, | 625, 653, 694, 729, 732, 778, | 207, 218, 314, 554, 628, 653, | 203, 207, 356, 625, 778, 779, 781,
790, 808, 813, 833,928 =17 | 779, 781, 790, 833 = 16 729, 732, 740, 778, 779, 781, | 790, 808, 833 = 17
790, 807, 808, 813, 833, 928 =
24
Gained | 72, 122, 206, 403, 431, 589, | 113, 207, 216, 314, 344, 347, | 122, 138, 159, 160, 194, 198, | 116, 198, 199, 201, 202, 214, 218,
hubs 595, 628, 641, 653, 654, 657, | 437, 480, 595, 605, 767, 810, | 199, 201, 202, 282, 344, 347, | 282, 314, 479, 480, 482, 486, 493,
681, 694, 729, 732, 807, 832, | 815,816 = 14 437, 482, 486, 490, 495, 496, | 495, 496, 499, 554, 721, 724, 767,
835=19 499, 568, 589, 595, 625, 691, | 813 =22
710 = 25
A721T | Retained | 108, 110, 113, 116, 159, 199, | 108, 110, 155, 282, 337, 482, | 72, 108, 110, 155, 199, 203, | 72, 108, 110, 138, 155, 203, 356,
hubs 203, 282, 314, 482, 499, 625, | 499, 625, 653, 654, 778, 781, | 218, 554, 740, 775, 778, 779, | 568, 625, 653, 778, 781, 790, 808,
710, 740, 778, 779, 781, 790, | 790, 808 = 14 781, 790, 807, 808, 813, 833, | 928 = 15
808, 813, 833, 837, 928 = 22 837,928 =20
Gained | 122, 434, 478, 479, 480, 486, | 67, 113, 139, 198, 199, 201, | 90, 356, 499, 625, 718, 815 = | 90, 201, 202, 469, 554, 606, 710,
hubs 554, 568, 595, 654, 662, 687, | 206, 356, 495, 595, 606, 618, | 6 734,767,775, 813, 816, 835 = 13
691,732,792, 807 = 16 683, 691, 710, 734, 740, 767,
775, 816 = 20
V732G | Retained | 72, 108, 113, 155, 159, 198, | 108, 110, 155, 200, 201, 202, | 108, 110, 155, 199, 203, 218, | 72, 108, 110, 113, 155, 159, 203,
hubs 199, 200, 202, 203, 218, 282, | 203, 282, 482, 496, 499, 554, | 554, 653, 707, 778, 779, 781, | 337, 595, 625, 653, 654, 729, 778,
356, 499, 576, 625, 740, 778, | 625, 654, 729, 778, 781, 790, | 790, 807, 808, 813, 832, 833, | 779, 781, 790, 807, 808, 833 = 20
779, 781, 790, 808, 833, 837, | 808, 833 =20 928 =19
928,938 = 26
Gained | 160, 194, 361, 431, 479, 493, | 67, 113, 138, 159, 194, 195, | 90, 122, 139, 198, 282, 314, | 116, 125, 218, 238, 241, 344, 362,
hubs 495, 496, 589, 595, 606, 628, | 198, 199, 206, 218, 356, 437, | 482, 548, 563, 589, 628, 665, | 464, 554, 710, 740, 770, 813, 816,
654,767,962 = 15 479, 480, 606, 685, 691, 710, | 710,792, 835=15 835,837,928 = 17
807, 810, 837 = 21
T768K | Retained | 90, 108, 110, 113, 138, 155, | 108, 110, 155, 200, 202, 203, | 108, 110, 113, 155, 199, 200, | 108, 110, 138, 155, 159, 203, 337,
hubs 159, 198, 199, 201, 202, 203, | 282, 337, 482, 496, 499, 554, | 203, 206, 207, 218, 478, 480, | 356, 595, 605, 625, 653, 710, 729,

218, 282, 314, 482, 499, 625,
740, 778, 779, 781, 790, 808,
813, 837,928 =27

625, 653, 707, 729, 732, 778,
779, 781, 790, 808, 813 = 14

499, 554, 605, 625, 628, 653,
654, 729, 732, 740, 778, 779,
781, 790, 808, 813, 837, 928 =
30

732, 778, 779, 781, 790, 807, 808,
832, 833, 928 =24
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Gained
hubs

31, 122, 125, 156, 157, 206,
337, 344, 347, 437, 469, 478,
479, 480, 493, 495, 496, 542,
554, 568, 595, 605, 628, 653,
654, 667, 673, 691, 695, 707,
729,732, 807, 832, 835 =35

67, 72, 90, 93, 125, 138, 153,
194, 198, 199, 201, 206, 344,
347, 356, 437, 469, 478, 479,
480, 486, 490, 493, 495, 595,
605, 628, 667, 669, 691, 695,
710, 724, 740, 807, 835, 837 =
37

31, 116, 122, 138, 159, 198,
201, 202, 282, 337, 347, 348,
356, 437, 469, 479, 482, 486,
493, 495, 496, 568, 589, 595,
691, 695, 724, 810, 832, 835 =
30

31, 72, 93, 116, 120, 122, 125, 198,
199, 201, 202, 206, 218, 282, 314,
344, 347, 437, 469, 479, 480, 482,
490, 493, 495, 496, 499, 589, 628,
691, 695, 740, 813, 835 = 34
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Table S5.7.3. Closeness centrality (CC) hubs found in drug free and drug bound systems; hubs gained due to mutation, and hubs that
were maintained despite the presence of mutation.

CcC

Drug free Drug bound
Systems Monomer A Monomer B Monomer A Monomer B
WT Hubs 67,71,72,73,74,75,76,71, | 73,76, 101, 104, 105, 146, 150, | 71, 72, 75, 76, 79, 80, 101, | 67,69, 70,71, 72,73,74,75,76, 77,
78, 79, 101, 104, 105, 150, | 151, 155, 596, 597, 598, 599, | 102, 104, 105, 137, 140, 141, | 78, 80, 101, 104, 105, 137, 140, 142,
151, 155, 596, 597, 598, 599, | 600, 601, 603, 605, 768 =18 142, 145, 146, 147, 150, 151, | 145, 147, 149, 150, 151, 152, 155,
600, 601, 602, 603, 604, 605, 152, 155, 596, 597, 598, 599, | 595, 596, 599, 602, 603, 605 = 31
768 =27 600, 601, 604, 605, 768 = 30
R592Q | Retained | 67,71, 72,73, 74,75,76,77, | 73,76, 101, 104, 105, 146, 150, | 71, 72, 75, 76, 79, 80, 101, | 67, 71, 72, 73, 74, 75, 76, 77, 78,
hubs 78, 79, 101, 104, 105, 150, | 151, 155, 596, 597, 598, 599, | 104, 105, 140, 141, 142, 145, | 101, 104, 105, 137, 142, 145, 147,
151, 155, 596, 597, 598, 599, | 600, 601, 602, 605 =17 146, 147, 150, 151, 152, 155, | 150, 151, 152, 155, 596, 599, 605 =
600, 601, 602, 603, 604, 605, 596, 597, 598, 599, 600, 601, | 23
768 =27 605 =26
Gained 66, 68, 70, 80, 81, 82, 87,98, | 67, 68, 69, 70, 71, 72, 74, 75, | 67, 68, 69, 70, 73, 74, 77, 78, | 79, 102, 146, 153, 154, 597, 598,
hubs 102, 103, 107, 137, 140, 141, | 77, 78, 79, 80, 81, 82, 97, 102, | 81, 82, 143, 144, 148, 149, | 600 =8
142, 145, 146, 147, 148, 149, | 140, 141, 142, 145, 147, 148, | 154, 158, 595, 602, 997 =19
152, 153, 154, 156, 158, 159, | 149, 152, 153, 154, 156, 158,
593, 595, 606, 797,997 =31 | 595, 603, 821, 997 = 32
A664S Retained | 67, 71, 72, 73, 74, 75, 76, 77, | 73, 76, 101, 104, 105, 146, 150, | 71, 72, 75, 76, 79, 80, 101, | 67,69, 70, 71, 72,73, 74,75, 76, 77,
hubs 78, 105, 150, 151, 155, 597, | 151, 155, 596, 597, 598, 599, | 102, 104, 105, 140, 141, 142, | 78, 80, 101, 104, 105, 137, 140, 142,
598, 599, 603, 604, 605, 768 | 600, 603, 605, 768 =16 145, 146, 147, 150, 151, 152, | 145, 147, 149, 150, 151, 152, 155,
=20 155, 596, 597, 598, 599, 600, | 595, 596, 599, 602, 603, 605 = 32
601, 604, 605, 768 =19
Gained 65, 68, 69, 70, 146, 147, 154, | 67, 70, 71, 72, 74, 75, 77, 78, | 65, 67, 68, 69, 70, 73, 74, 77, | 43, 64, 65, 66, 68, 79, 81, 87, 97, 98,
hubs 594, 595, 596, 769,997 =12 | 79, 80, 81, 82, 87, 97, 98, 102, | 78, 81, 82, 85, 86, 87, 88, 97, | 102, 103, 106, 141, 143, 144, 146,
140, 141, 142, 149, 152, 153, | 98, 99, 100, 103, 106, 112, | 148, 153, 154, 156, 157, 158, 159,
595, 602, 769, 995 = 26 136, 137, 138, 139, 143, 144, | 597, 598, 600, 601, 604, 606, 768,
148, 149, 153, 154, 156, 158, | 769, 797, 798, 861, 862, 954, 956,
159, 595, 602, 603, 606, 769, | 958, 996, 997, 998 = 42
797, 821, 822 =45
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G674D

Retained
hubs

71,72,73,74, 75,76, 77,78,
79, 101, 104, 105, 150, 151,
155,599, 600, 601 = 18

76, 150, 598,599 =4

71, 72, 75, 76, 79, 80, 101,
102, 104, 105, 140, 141, 142,
145, 146, 147, 150, 151, 152,
155, 596, 598, 599, 600, 601,
604, 605 =27

67,70, 71, 72,73, 74, 75, 76, 77, 78,
80, 101, 104, 105, 140, 142, 147,
150, 151, 152, 155, 596, 599, 602,
603, 605 = 26

Gained
hubs

70, 80, 81, 140, 141,
147,152,997=9

142,

70,71,72,73,74,75,997 =7

67, 68, 69, 70, 73, 74, 77, 78,
81, 82, 97, 98, 103, 106, 149,
153, 154, 158, 602, 603, 997 =
21

65, 68, 79, 81, 82, 97, 98, 102, 141,
153, 154, 158, 598, 600, 601, 821,
997,998 =18

AT21T

Retained
hubs

67,71,72,73,74,75,76, 77,
78, 79, 101, 104, 105, 150,
151, 155, 596, 597, 598, 599,
600, 601, 602, 603, 604, 605,
768 =27

73,76, 101, 104, 105, 146, 150,
151, 155, 596, 597, 598, 599,

600, 601, 603, 605 =17

71, 72, 75, 76, 79, 80, 101,
105, 155, 596, 597, 598, 599,
601, 604 =15

71, 72,74, 75, 76, 77, 78, 101, 105,
140, 142, 147, 150, 151, 152, 155,
599 =17

Gained
hubs

68, 69, 70, 80, 81, 82, 97, 98,
100, 102, 106, 132, 137, 140,
141, 142, 143, 145, 146, 147,
148, 149, 156, 158, 159, 594,
595, 606, 797, 821,997 = 31

66, 67, 68, 69, 70, 71, 72, 74,
75, 717, 78, 79, 80, 81, 82, 87,
97, 98, 102, 140, 141, 142, 143,
144, 145, 152, 153, 154, 156,
158, 159, 595, 604, 861, 958,

995, 997, 998, 999 = 39

70,73,74,717,78,150 =6

79, 598, 600, 601= 4

V732G

Retained
hubs

67, 72, 73, 75, 76, 77, 78,
101, 150, 151, 155, 596, 597,
598, 599, 600, 601, 602, 603,
604, 605 =21

73,76, 101, 104, 105, 146, 150,
151, 155, 596, 597, 598, 599,

600, 601 =15

71, 72, 75, 76, 79, 80, 104,
140, 142, 147, 150, 151, 155,
596, 597, 598, 599, 600, 601,
604, 605 =21

70,71,72,73,74,75,76, 77,78, 80,
101, 104, 105, 140, 142, 145, 147,
149, 150, 151, 152, 155, 599, 603 =
22

Gained
hubs

142, 146, 147, 152, 153, 158
=6

67, 68, 69, 70, 71, 72, 74, 75,
77, 78, 79, 140, 142, 147, 152,

154, 158, 595, 604 =17

67, 73, 74, 77, 78, 149, 603 =
7

67, 68, 79, 81, 146, 154, 597, 598,
601,997 =10

T768K

Retained
hubs

67,71, 72, 73, 74, 75, 76, 77,
78, 79, 101, 104, 105, 150,
151, 155, 596, 597, 598, 599,
600, 601, 602, 604, 605, 768
=26

73,76, 101, 104, 105, 146, 150,
151, 155, 596, 597, 598, 599,

600, 601, 603, 605, 768 =18

71, 72, 75, 76, 79, 80, 101,
104, 105, 140, 141, 142, 146,
147, 150, 151, 152, 155, 595,
596, 597, 598, 599, 600, 601,
604, 605, 768 = 28

67,70, 71,72, 73, 74,75, 76, 77, 78,
80, 101, 104, 140, 142, 145, 147,
149, 150, 151, 152, 155, 595, 596,
599, 600, 602, 603, 605 = 29
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Gained
hubs

68, 69, 70, 80, 81, 82, 97, 98,
100, 102, 103, 106, 137, 140,
141, 142, 143, 144, 145, 146,
147, 148, 149, 152, 153, 154,
156, 158, 159, 595, 769, 797,
821,822,997 = 35

67, 68, 69, 70, 71, 72, 74, 75,
77, 78, 79, 80, 81, 82, 85, 87,
97, 98, 102, 106, 137, 138, 140,
141, 142, 143, 144, 145, 147,
148, 149, 152, 153, 154, 156,
158, 159, 593, 594, 595, 602,
604, 606, 769, 997 = 45

67, 68, 69, 70, 73, 74, 77, 78,
81, 82, 97, 98, 158, 602, 603,
995, 997, 998, 999 =19

68, 79, 81, 82, 97, 141, 144, 146,
158, 597, 598, 601, 604, 768, 769,
997 =16
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Table S5.7.4. Eigen centrality (EC) hubs found in drug free and drug bound systems; hubs gained due to mutation, and hubs that were
maintained despite the presence of mutation.

EC Drug free Drug bound
Systems Monomer A Monomer B Monomer A Monomer B
WT Hubs 778 =1 121, 122, 190, 191, 192, 193, | 103, 104, 108, 109, 110, 111, 112, | 929, 595, 710, 732, 734, 740, 741,
194, 195, 196, 197, 198, 199, | 113, 114, 115, 159, 665, 666, 667, | 744, 775, 777, 778, 779, 781, 782,
200, 201, 202, 203, 204, 205, | 707,708, 710, 717, 721, 724, 729, | 790, 792, 805, 808, 809, 810 =20
206, 207, 214, 216, 217, 225, | 732,733,734, 771,772,773, 774,
248, 253, 280, 281, 282, 283, | 775,776,777, 778, 779, 780, 781,
469, 477, 478, 479, 480, 482, | 782,790, 791, 792, 796, 799, 802,
483, 491, 492, 493, 494, 495, | 803, 804, 805, 806, 807, 808, 809,
496, 497, 498, 499, 500, 502, | 810, 813, 829, 832, 833, 834, 835,
503, 734, 775, 778, 779, 781, | 836,837, 852,926,928 =61
790, 808, 810 =57
R592Q | Retained | 778 =1 194, 197, 198, 199, 200, 201, | 775,776, 778, 779, 781, 782,790, | 710, 732, 733, 734, 774, 775, 777,
hubs 202, 203, 280, 281, 282, 469, | 805, 808, 809, 810 =11 778, 779, 781, 782, 790, 792, 808,
4717, 478, 479, 480, 482, 483, 809,810=16
491, 492, 493, 494, 495, 496,
497, 498, 499, 500, 734, 775,
778,790 =32
Gained 734,770, 771, 773, 774, 775, | 22, 481, 486, 740, 774, 777, | 595, 605, 606, 740, 741, 769 = 6 549, 595, 605, 606, 707, 708, 717,
hubs 776,771,779, 781, 782, 790, | 792 =7 718, 721, 724, 735, 765, 766, 767,
792, 805, 808, 810 =16 768, 769, 770, 771, 772, 773, 776,
780, 791, 793, 794, 795, 796, 802,
803, 804, 805, 806, 807, 811, 813,
814, 815, 816, 926, 928, 929 =41
A664S Retained | 778 =1 734, 775, 778, 779, 781, 790, | 72, 108, 110, 113, 155, 199, 200, | 108, 110, 113, 139, 153, 155, 159,
hubs 808,810=38 203, 480, 628, 641, 653, 654, 732, | 203, 282, 568, 625, 653, 654, 778,
740, 778, 779, 781, 790, 808, 813, | 781, 790, 808, 833 =18
833,928 =23
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Gained
hubs

100, 103, 108, 109, 110, 111,
112, 113, 114, 115, 116, 159,
732, 734, 772, 774, 775, 776,
777,779, 781, 782, 790, 791,
792, 799, 802, 803, 804, 805,
806, 807, 808, 809, 810, 813,
829, 832, 833, 834, 835, 836,
837, 852, 926, 928 = 46

100, 103, 104, 108, 109,
111, 112, 113, 114, 115,
155, 159, 740, 741, 744,

776, 7717, 782, 792, 799,

110,
116,
774,
804,

805, 809, 829, 832, 833, 836 =

30

92, 93, 120, 121, 122, 125, 126,
127, 192, 193, 194, 195, 196, 197,
198, 199, 200, 201, 202, 203, 204,
205, 206, 207, 214, 216, 218, 225,
244,248, 253, 280, 281, 282, 283,
284, 461, 462, 464, 469, 470, 471,
477, 478, 479, 480, 481, 482, 483,
484, 485, 486, 487, 488, 489, 490,
491, 492, 493, 494, 495, 496, 497,
498, 499, 500, 502, 503, 504 = 69

I
—_

31

G674D

Retained
hubs

778 =1

734, 775, 778, 779, 780,
808, 810=28

781,

108, 110, 113, 155, 200, 203, 207,
218, 314, 554, 628, 653, 729, 732,
740, 778, 779, 781, 790, 807, 808,
813,833,928 =12

72, 108, 110, 113, 139, 155, 159,
203, 207, 356, 625, 778, 779, 781,
790, 808, 833

Gained
hubs

595, 605, 606, 666, 707, 708,
709, 710, 711, 712, 717, 718,
720, 721, 724, 729, 731, 732,
733, 734, 735, 738, 740, 741,
765,767, 768, 769, 770, 771,
772,773,774, 775, 776, 777,
779, 780, 781, 782, 783, 784,
790, 791, 792, 793, 794, 795,
796, 802, 803, 804, 805, 806,
807, 808, 809, 810, 811, 813,
926, 928, 929, 932 = 64

595, 605, 606, 710, 717,
732, 733, 740, 741, 742,
744, 750, 765, 767, 768,
770, 771, 772, 773, 774,
777, 782, 792, 794, 805,
807, 790, 791, 809, 813,
815, 816, 926, 928 =40

721,
743,
769,
776,
806,
814,

31=1

92, 93, 120, 122, 126, 127, 192,
193, 194, 195, 196, 197, 198, 199,
200, 201, 202, 203, 204, 205, 206,
207, 214, 216, 280, 281, 282, 283,
284, 462, 464, 469, 471, 477, 478,
479, 480, 481, 482, 483, 484, 485,
486, 487, 488, 489, 490, 491, 492,
493, 494, 495, 496, 497, 498, 499,
500, 502, 503 - 79

A721T

Retained
hubs

778 =1

734, 775, 778, 779, 781,
808, 810=28

790,

710, 717,721, 732,733, 734, 771,
772,773,774, 775,776,777, 778,
779, 780, 781, 782, 790, 791, 792,
796, 802, 803, 804, 805, 806, 807,
808, 809, 810, 813,926, 928 = 34

605, 606, 712, 721, 735, 738, 739,
740, 743, 750, 764, 765, 766, 767,
768, 769, 770, 771, 772, 773, 774,
776, 791, 793, 794, 795, 796, 802,
804, 806, 807, 813, 816, 817, 926,
928 =36

Gained
hubs

595, 707, 708, 710, 711, 712,
717, 718, 720, 721, 724, 732,
733, 734, 735, 738, 740, 765,

593, 595, 605, 606, 607,
672, 683, 708, 710, 711,
713, 717, 721, 732, 733,

608,
712,
735,

595, 606, 712, 718, 735, 738, 740,
741, 764, 765, 767, 768, 769, 770,
783, 784, 793, 794, 795, 929 = 10

595, 710, 732, 734, 741, 744, 775,
777, 778, 779, 780, 781, 782, 790,
792, 805, 808, 809, 810 = 19
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767, 768, 769, 770, 771, 772, | 736, 737, 738, 739, 740, 741,
773,774,775, 776, 777, 779, | 742, 743, 744, 762, 763, 764,
780, 781, 782, 783, 790, 791, | 765, 766, 767, 768, 769, 770,
792, 793, 794, 795, 796, 802, | 771, 772, 773, 774, 776, 771,
803, 804, 805, 806, 807, 808, | 780, 782, 791, 792, 793, 794,
809, 810, 811, 813, 926, 928, | 796, 804, 805, 806, 807, 809,
929 =155 813, 816, 926, 928 =58
V732G | Retained | 72, 108, 113, 155, 159, 198, | 121, 122, 192, 193, 194, 195, | 734,772,773, 774, 775,776,777, | 790, 792, 805, 808, 809, 810 =6
hubs 199, 200, 202, 203, 218, 282, | 196, 197, 198, 199, 200, 201, | 778,779, 781, 782, 790, 792, 805,
356, 499, 576, 625, 740, 778, | 202, 203, 204, 205, 206, 207, | 808, 809, 810 =17
779, 781, 790, 808, 833, 837, | 214, 216, 217, 225, 248, 253,
928,938 =26 280, 281, 282, 283, 469, 477,
478, 479, 480, 482, 483, 491,
492, 493, 494, 495, 496, 497,
498, 499, 500, 502, 503 = 67
Gained 198, 199, 201, 202, 282, 479, | 218, 284, 462, 464, 481, 484, | 595, 605, 740, 741, 769, 929 = 6 103, 108, 109, 110, 111, 112, 113,
hubs 492, 493,495,496,499=11 | 48=7 159, 547, 548, 549, 572, 595, 605,
606, 666, 667, 707, 708, 709, 710,
712, 717, 718, 721, 724, 729, 731,
732, 733, 734, 735, 738, 740, 765,
766, 767, 768, 769, 770, 771, 772,
773, 774, 775, 776, 777, 778, 779,
780, 781, 782, 783, 791, 793, 794,
795, 796, 799, 801, 802, 803, 804,
806, 807, 811, 812, 813, 814, 815,
816, 829, 832, 833, 836, 837, 926,
928,929="79
T768K | Retained | 90, 108, 110, 113, 138, 155, | 121, 122, 192, 193, 194, 195, | 108, 110, 113, 155, 199, 200, 203, | 108, 110, 138, 155, 159, 203, 337,
hubs 159, 198, 199, 201, 202, 203, | 196, 197, 198, 199, 200, 201, | 206, 207, 218, 478, 480, 499, 554, | 356, 595, 605, 625, 653, 710, 729,
218, 282, 314, 482, 499, 625, | 202, 203, 204, 205, 206, 216, | 605, 625, 628, 653, 654, 729, 732, | 732, 778, 779, 781, 790, 807, 808,

740, 778, 779, 781, 790, 808,
813, 837,928 =27

225, 248, 280, 281, 282, 283,
469, 477, 478, 479, 480, 482,
483, 491, 492, 493, 494, 495,
496, 497, 498, 499, 500, 502,

740, 778, 779, 781, 790, 808, 813,
837,928 =30

832,833,928 =12
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503 =43

Gained
hubs

31, 198, 201, 202, 282, 479,
480, 492, 493, 495, 496, 499
=12

92,93, 120, 123, 125, 126, 227,
284, 464, 481, 484, 485, 486,
488, 489, 490 = 36

31, 122, 196, 197, 198, 199, 200,
201, 202, 203, 280, 282, 469, 478,
479, 480, 482, 483, 486, 490, 491,
492, 493, 494, 495, 496, 497, 498,
499, 500 =30

93, 120, 121, 122, 192, 194, 196,
197, 198, 199, 200, 201, 202, 203,
205, 206, 280, 281, 282, 469, 477,
478, 479, 480, 482, 483, 486, 489,
490, 491, 492, 493, 494, 495, 496,
497, 498, 499, 500 = 39
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Table S5.7.5. Katz centrality (KC) hubs found in drug free and drug bound systems; hubs gained due to mutation, and hubs that were

maintained despite the presence of mutation.

KC Drug free Drug bound
Systems Monomer A Monomer B Monomer A Monomer B
WT Hubs 103, 104, 108, 109, 110, | 108, 110, 111, 155, 159, 595, | 103, 104, 108, 110, 111, 112, | 108, 110, 111, 155, 192, 193, 194,
111, 112, 113, 199, 203, | 707, 708, 710, 732, 734, 775, | 113, 116, 155, 159, 198, 199, | 195, 196, 198, 199, 200, 201, 202,
313, 350, 351, 605, 640, | 777, 778, 779, 781, 782, 790, | 201, 202, 203, 282, 479, 496, | 203, 206, 280, 282, 479, 480, 492,
641, 665, 666, 667, 707, | 792, 805, 808, 809, 810, 832, | 499, 710, 732, 734, 775, 778, | 493, 495, 496, 499, 500, 707, 710,
710, 732, 734, 775, 776, | 833 =25 779, 781, 782, 790, 792, 805, | 729, 732, 734, 774, 775, 776, 777,
777, 778, 779, 781, 782, 808, 809, 810, 832, 833 =35 778, 779, 781, 782, 790, 792, 805,
790, 792, 805, 807, 808, 808, 810, 832, 833 =23
809, 810, 813, 832, 833,
836, 837,928 =42
R592Q | Retained | 108, 110, 111, 203, 605, | 108, 110, 111, 155, 595, 710, | 103, 108, 110, 111, 112, 113, | 108, 110, 111, 155, 198, 199, 201,
hubs 710, 732, 734, 775, 776, | 732, 734, 775, 777, 778, 779, | 159, 198, 199, 201, 202, 282, | 202, 203, 282, 479, 480, 492, 493,
777, 778, 779, 781, 782, | 781, 782, 790, 792, 805, 808, | 479, 496, 499, 732, 734, 775, | 495, 496, 499, 710, 732, 734, 774,
790, 792, 805, 808, 809, | 809, 810, 813, 832, 836 =23 776, 778, 779, 781, 782, 790, | 775, 776, 777, 778, 779, 781, 790,
810, 832, 833,836=2 792, 805, 808, 809, 810, 832, | 792, 805, 808, 810, 832, 833 =34
833 =33
Gained 200, 595=2 67, 198, 199, 201, 202, 282, 478, | 280, 478, 480, 482, 486, 492, | 103, 104, 109, 112, 113, 116, 159,
hubs 479, 480, 482, 486, 492, 493, | 495, 595, 606, 768, 770, 771, | 469, 478, 482, 483, 595, 735, 740,
495, 496, 499, 605, 606, 721, | 772,773,774, 777 = 36 741,765,770, 773 = 38
767, 769, 770, 774, 796, 816 =
24
A664S Retained | 108, 110, 111, 112, 113, | 108, 110, 155, 159, 734, 775, | 103, 108, 110, 111, 112, 113, | 108, 110, 111, 155, 198, 199, 200,
hubs 199, 203, 710, 732, 734, | 777, 778, 781, 805, 808, 810 = | 116, 159, 198, 282, 499, 732, | 201, 202, 203, 493, 495, 496, 499,
775, 771, 778, 779, 781, | 12 734, 775, 778, 779, 781, 782, | 732, 734, 775, 776, 777, 778, 779,
782, 790, 792, 805, 808, 790, 792, 805, 808, 809, 810, | 781, 782, 790, 792, 805, 808, 810,
810, 832, 833 =23 832,833 =126 832,833 =30
Gained 104, 122, 155, 159, 196, | 67, 72, 104, 113, 153, 154, 157, | 740, 776, 777, 813, 829, 836, | 100, 103, 104, 109, 112, 113, 116,
hubs 197, 198, 200, 201, 202, | 158, 198, 202, 282, 479, 480, | 837=17 152, 159, 595, 740, 770, 809, 813 =
206, 280, 282, 469, 478, | 495, 496,499, 790, 813 =18 7
479, 480, 482, 483, 486,
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492, 493, 494, 495, 496,
497, 498, 499, 500, 735,

774 =31
G674D | Retained | 108, 110, 111, 112, 113, | 108, 110, 111, 155, 159, 775, | 108, 110, 111, 155, 201, 710, | 108, 110, 203, 732, 734, 774, 775,
hubs 199, 203, 666, 710, 732, | 777, 778, 779, 781, 790, 805, | 732, 734, 775, 778, 779, 781, | 776, 777, 778, 779, 781, 782, 790,
734, 775, 777, 778, 779, | 808, 810, 832, 833 =16 782, 790, 792, 805, 808, 809, | 792, 805, 808, 809, 810, 833 =10
781, 782, 790, 792, 805, 810, 832,833 =21

808, 809, 810, 833 =12

Gained 122, 155, 159, 194, 196, | 112, 113, 122, 196, 197, 198, | 641, 707, 721, 724, 729, 770, | 549, 554, 572, 595, 605, 767, 813,
hubs 197, 198, 200, 201, 202, | 199, 201, 202, 203, 280, 282, | 772, 773, 774, 776, 777, 813, | 815=8

282, 479, 480, 482, 492, | 469, 478, 479, 480, 482, 483, | 928 =13
493, 495, 496, 499, 500, | 486, 491, 492, 493, 494, 495,

554,572,774 =23 496, 499, 500, 734, 774 = 27
A721T | Retained | 108, 110, 111, 199, 734, | 108, 110, 111, 155, 159, 595, | 108, 110, 111, 112, 113, 116, | 108, 110, 155, 198, 199, 282, 479,
hubs 775, 771, 778, 719, 781, | 707, 710, 732, 734, 775, 777, | 159, 199, 282, 479, 499, 710, | 480, 495, 499, 710, 732, 734, 774,
782, 790, 792, 805, 808, | 778, 779, 781, 782, 790, 792, | 732, 734, 775, 778, 7719, 781, | 775, 777, 778, 779, 781, 782, 790,
809, 810, 832, 833 =39 805, 808, 809, 810, 832, 833 = | 782, 790, 792, 805, 808, 809, | 792, 805, 808, 810, 833 =26
24 810, 832, 833 =27
Gained 155,197,198, 282,482 =5 | 109, 112, 113, 116, 125, 572, | 478, 480, 482, 495, 771, 772, | 113, 482, 595, 606, 738, 739, 740,
hubs 605, 606, 641, 666, 766, 767, | 773,774,776,777,813 =11 741,764,765, 767, 770, 809 = 13
769, 770, 774, 794, 796, 813,
814,816 =20
V732G | Retained | 108, 110, 111, 155, 734, | 794,796 =2 108, 155, 159, 198, 199, 201, | 108, 110, 155, 192, 194, 195, 196,
hubs 775, 777, 178, 779, 781, 202, 203, 282, 479, 496, 499, | 198, 199, 200, 201, 202, 203, 206,
782, 790, 792, 805, 808, 734, 775, 778, 779, 781, 790, | 280, 282, 479, 480, 492, 493, 495,
809, 810, 832, 833 =19 792, 808, 810, 833 =22 496, 499, 500, 710, 732, 734, 775,
778, 779, 781, 782, 790, 808, 810,
833 =38

Gained | 197, 198,199, 282,482 =5 | 100, 103, 104, 108, 109, 110, | 194, 197, 200, 280, 480, 492, | 159, 216, 478, 482, 666, 708 = 6
hubs 111, 112, 113, 116, 125, 155, | 493,495, 500, 777 = 10
159, 572, 595, 605, 606, 641,
666, 707, 710, 732, 734, 766,
767, 769, 770, 774, 775, 777,
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778, 779, 781, 782, 813, 814,
816, 832, 833 =39

T768K

Retained | 103, 108, 109, 110, 111, | 108, 110, 111, 155, 159, 708, | 90, 108, 110, 113, 138, 155, | 108, 110, 155, 200, 202, 203, 282,
hubs 112, 113, 199, 203, 732, | 710, 732, 734, 778, 781, 790, | 159, 198, 199, 201, 202, 203, | 337, 482, 496, 499, 554, 625, 653,
734, 775, 778, 779, 781, | 808, 810, 833 = 15 218, 282, 314, 482, 499, 625, | 707, 729, 732, 778, 779, 781, 790,
790, 808, 810, 832, 833 = 740, 778, 779, 781, 790, 808, | 808, 813 =23
22 813, 837, 928 = 27
Gained | 93, 100, 116, 120, 122, 123, | 93, 112, 113, 116, 120, 122, 194, | 31, 122, 125, 156, 157, 206, | 67, 72, 90, 93, 125, 138, 153, 194,
hubs 126, 155, 156, 159, 160, | 196, 197, 198, 199, 200, 201, | 337, 344, 347, 437, 469, 478, | 198, 199, 201, 206, 344, 347, 356,
197, 198, 200, 201, 202, | 202, 203, 206, 280, 282, 469, | 479, 480, 493, 495, 496, 542, | 437, 469, 478, 479, 480, 486, 490,
206, 280, 282, 469, 478, | 478, 479, 480, 482, 483, 486, | 554, 568, 595, 605, 628, 653, | 493, 495, 595, 605, 628, 667, 669,
479, 480, 482, 483, 486, | 490, 492, 493, 494, 495, 496, | 654, 667, 673, 691, 695, 707, | 691, 695, 710, 724, 740, 807, 835,
490, 491, 492, 493, 494, | 497, 498, 499, 500, 691 = 36 729,732, 807, 832,835=35 | 837=37
495, 496, 497, 498, 499,
500, 691 = 38
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