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Abstract

Malaria, caused by an obligate unicellular protozoan parasite of the genus Plasmodium, is a
disease of global health importance that remains a major cause of morbidity and mortality in
developing countries. The World Health Organization (WHO) reported nearly 247 million
malaria cases in 2021, causing 619,000 deaths, the vast majority ascribed to pregnant women
and young children in sub-Saharan Africa. A critical component of malaria mitigation and
elimination efforts worldwide is antimalarial drugs. However, resistance to available
antimalarial drugs jeopardizes the treatment, prevention, and eradication of the disease. The
recent emergence and spread of resistance to artemisinin (ART), the currently recommended
first-line antimalarial drug, emphasizes the need to understand the resistance mechanism and
apply this knowledge in developing new drugs that are effective against malaria. An insight
into ART's mechanism of action indicates that ferrous iron (Fe?") or heme, released when
hemoglobin is degraded, cleaves the endoperoxide bridge. As a result, free radicals are formed,
which alkylate many intracellular targets and result in plasmodial proteopathy. Aside from the
existing evidence that mutations in the Kelch 13 protein propeller domain affect ART
sensitivity and clearance rate by Plasmodium falciparum (Pf) parasites, recent investigations
raise the possibility that additional target loci may be involved, and these include a nonsense
(S69stop) and four missense variants (K255R, N257E, T343P, and D345QG) in falcipain 2 (FP-
2) protein. FP-2 and falcipain 3 (FP-3) are cysteine proteases responsible for hydrolyzing
hemoglobin in the host erythrocytic cycle, a key virulence factor for malaria parasite growth
and metabolism. Due to the obligatory nature of the hemoglobin degradation process, both
proteases have become potential antimalarial drug targets attracting attention in recent years
for the development of blood-stage antimalarial drugs. The alteration of the expression profile
of FP-2 and FP-3 through gene manipulation approaches (knockout) or compound inhibition
assays, respectively, induced parasites with swollen food vacuoles due to the accumulation of
undegraded hemoglobin. Furthermore, missense mutations in FP-2 confer parasites with
decreased ART sensitivity, probably due to altered enzyme efficiency and momentary
decreased hemoglobin degradation. Hence, understanding how these mutations affect FP-2
(including those implicated in ART resistance) and FP-3 is imperative to finding potentially

effective inhibitors.

The first aim of this thesis is to characterize the effects of missense mutations on the partial
zymogen complex and the catalytic domain of FP-2 and FP-3 using a range of computational

approaches and tools such as homology modeling, molecular dynamics (MD) simulations,



comparative essential dynamics, dynamic residue network (DRN) analysis, weighted residue

contact map analysis, amongst others.

The Pf genomic resource database (PlasmoDB) identified 41 missense mutations located in the
partial zymogen and catalytic domains of FP-2 and FP-3. Using structure-based tools, six
putative allosteric pockets were identified in FP-2 and FP-3. The effect of mutations on the
whole protein, the central core, binding pocket residues and allosteric pockets was evaluated.
The accurate 3D homology models of the WT and mutants were calculated. MD simulations
were performed on the various systems as a quick starting point. MD simulations have provided
a cornerstone for establishing numerous computational tools for describing changes arising
from mutations, ligand binding, and environmental changes such as pH and temperature. Post-
MD analysis was performed in two stages viz global and local analysis. Global analysis via
radius of gyration (Rg) and comparative essential dynamic analysis revealed the
conformational variability associated with all mutations. In the catalytic domain of FP-2, the
presence of M2451 mutation triggered the formation of a cryptic pocket via an exclusive
mechanism involving the fusion of pockets 2 and 6. This striking observation was also detected
in the partial zymogen complex of FP-2 and induced by A159V, M245I and E249A mutations.
A similar observation was uncovered in the presence of A422T mutation in the catalytic
domain of FP-3. Local DRN and contact map analyses identified conserved inter-residue
interaction changes on important communication networks. This study brings a novel
understanding of the effects of missense mutations in FP-2 and FP-3 and provides important

insight which may help discover new anti-hemoglobinase drugs.

The second aim is the identification of potential allosteric ligands against the WT and mutant
systems of FP-2 and FP-3 using various computational tools. Of the six potential allosteric
pockets identified in FP-2 and FP-3, pocket 1 was evaluated by SiteMap as the most druggable
in both proteins. This pipeline was implemented to screen pocket 1 of FP-2 and FP-3 against
2089 repositionable compounds obtained from the DrugBank database. In order to ensure
selectivity and specificity to the Plasmodium protein, the human homologs (Cat K and Cat L)
were screened, and compounds binding to these proteins were exempted from further analysis.
Subsequently, eight compounds (DB00128, DB00312, DB00766, DB00951, DB02893,
DB03754, DB13972, and DB14159) were identified as potential allosteric hits for FP-2 and
five (DB00853, DB00951, DB01613, DB04173 and DB09419) for FP-3. These compounds
were subjected to MD simulation and post-MD trajectory analysis to ascertain their stability in

their respective protein structures. The effects of the stable compounds on the WT and mutant



systems of FP-2 and FP-3 were then evaluated using DRN analysis. Attention has recently been
drawn towards identifying novel allosteric compounds targeting FP-2 and FP-3; hence this
study explores the potential allosteric inhibitory mechanisms in the presence and absence of

mutations in FP-2 and FP-3.

Overall, the results presented in this thesis provide (i) an understanding of the role mutations
in the partial zymogen complex play in the activation of the active enzyme, (ii) an insight into
the possible allosteric mechanisms induced by mutations on the active enzymes, and (iii) a
computational pipeline for the development of novel allosteric modulators for malaria

inhibition studies.
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Chapter 1

1.1 Introduction

Pathogenic organisms develop resistance to currently available drugs due to several factors,
including excessive use of drugs (e.g. antibiotics, antimalarials), insufficient controls on drug
prescription, inadequate compliance with treatment regimens, and improper dosing [1,2].
Despite the huge advances being made to curb these factors, it is also imperative to understand
the resistance mechanism in these pathogenic organisms to curtail the spread of resistance and

devise innovative therapeutic measures to combat multidrug-resistant organisms [3].

One of the most important tropical parasitic diseases, malaria, is caused by multidrug-resistant
Plasmodium species [4]. Among the different Plasmodium species, five are known to infect
humans: Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale, Plasmodium
malariae, and Plasmodium knowlesi [5]. P. falciparum is the most prevalent species,
accounting for approximately 80% of malaria infections and serious complications resulting in
death [6]. In most malaria-endemic areas, particularly in sub-Saharan Africa, P. falciparum
accounted for 99.7% of estimated cases in 2018, as well as 71% in the World Health
Organization (WHO) regions of Eastern Mediterranean, 65% in the Western Pacific, and 50%
in South-East Asia, [7]. A range of strategies has been implemented across the globe to mitigate
and eliminate malaria, including early disease detection, antimalarial drugs, and vector control
[8]. Antimalarial drugs are an integral part of this strategy. Among the most extensively used
antimalarial drugs are quinolones (amodiaquine, chloroquine, mefloquine, piperaquine,
primaquine and quinine), antifolate drugs (chloroguanide proguanil, dapsone, paludrine,
pyrimethamine, sulfadoxine and sulfalene), and artemisinin [9,10]. However, the progression
of antimalarial drug resistance compromises the prevention, treatment, and eradication of
malaria [11]. With the onset and spread of chloroquine resistance in Southeast Asia and South
America in the late 1950s, Papua New Guinea in the 1960s, and East Africa in the late 1970s,
Plasmodium parasites have continuously developed complex mechanisms to resist almost any
antimalarial drug, diminishing the effectiveness of all eradication efforts [12—15]. Artemisinin
(ART), the current first-line antimalarial drug recommended by the WHO, has recently
developed resistance, underscoring the need to investigate and develop novel antimalarial

drugs [16].



1.2 The erythrocytic cycle of Plasmodium falciparum

Malaria eradication strategies can take advantage of numerous potential targets throughout the
Plasmodium life cycle [17]. A prominent stage in the life cycle of the parasite is the pre-
erythrocytic stage, in which the parasite is transmitted as sporozoites which infect the liver of
the human host [18,19] (Figure 1.1). The sporozoites multiply asexually to form multiple
merozoites, which are released into the bloodstream, where they activate the erythrocytic stage
[20,21]. During the erythrocytic cycle, the parasite population multiplies substantially through
periodic cycles of invasion of merozoites into the red blood cells (RBCs), degradation of
hemoglobin, rupture of the schizonts, the release of the merozoites, and re-invasion into non-
infected erythrocytes [6,22,23]. The repetitive cycle of asexual multiplication and toxic

material emitted from infected RBCs are responsible for the clinical manifestation of malaria

[6].

Figure 1.1: Schematic representation of the role of proteases in the intra-erythrocytic
cycle of the malaria parasites. The asexual life cycle begins with (a) the release of the
merozoite into the host red blood cell (RBC), where they mature through a variety of stages (b)
ring, (c) trophozoite, (d) schizont, and the rupture of erythrocytes and release of new merozoites
which perpetuates the asexual life cycle. (Adapted from [24,25]).



It is imperative to understand the mechanism of action of past and current antimalarials in order
to develop new compounds that target the parasite’s erythrocytic stage [22,26]. The
development of Plasmodium parasite relies on the degradation of hemoglobin in the food
vacuole, which provides a source of free amino acids for protein synthesis and nutritional
requirements for growth and maturation [27]. A toxic heme is released, which is subsequently
sequestered as hemozoin [22]. The quinoline group of antimalarials appear to interfere with
heme sequestration, which, in spite of widespread resistance to chloroquine, is still a viable
target for the development of new antimalarial drugs [22,28,29]. An insight into the mechanism
of action of ART suggests the involvement of Fe?" or heme in the cleavage of the endoperoxide
bridge of ART, leading to the generation of free radicals, which in turn alkylate a wide range

of potential intracellular targets, resulting in the death of the parasite [30,31].

1.3 Proteases: An attractive antimalarial drug target

Proteases are a group of enzymes ubiquitously expressed in many living systems and regulate
several physiological processes, including enzymatic activation, induction of cellular
signalling, and protein degradation [32,33]. Proteases are one of the major virulence factors in
diseases ranging from cardiovascular disorders to cancer, as well as various parasitic diseases
such as African sleeping sickness, Chagas disease, leishmaniasis, malaria, and schistosomiasis
[34-36]. In addition to their implication in parasite pathogenesis, proteases are involved in the
invasion of host cells, hemoglobin degradation, immune evasion, and activation of
inflammation [34]. Consequently, they are essential for both the survival of pathogenic
organisms and the transmission of diseases, and due to their attractive nature, they are crucial
for drug discovery [32]. A number of drugs that inhibit the activity of proteases have been
successfully developed to combat coagulopathies [37], hepatitis C virus (HCV) [38], and
human immunodeficiency virus (HIV) [39]. Proteases are grouped into six distinct classes
based on their mechanism of action, and this includes aspartic, serine, cysteine, glutamic,
metallo and threonine proteases [40]. Aspartic, glutamic and metallo proteases utilize an
activated water molecule which acts as a nucleophile attack on the peptide bond of the substrate
[40]. The nucleophiles of serine, cysteine, and threonine proteases are amino acid residues
found in the active site of the enzyme (cysteine, serine, or threonine) [40]. According to the
MEROPS protease database [41], the Plasmodium genome encodes ~170 predicted proteases,
but only one-third of them have been identified and analyzed [42]. Considering the malaria

parasite’s limited ability for de novo amino acid biosynthesis, the parasite depends on



hemoglobin degradation as a source of free amino acid for protein biosynthesis and energy
metabolism [43,44]. Malaria parasites express a multitude of proteases in the food vacuole for
hemoglobin degradation, including a group of aspartic proteases (plasmepsins I, I, III, and IV),
a group of cysteine proteases (falcipains 2, 2°, and 3), a metalloprotease (falcilysin), dipeptidyl
peptidase 1, and aminopeptidase [43]. The hemoglobin degradation occurs sequentially, with
plasmepsins cleaving native hemoglobin into smaller peptides, followed by secondary cleavage
by falcipains [43]. The sequence of cleavage is debatable as an alternative pathway that
documents the involvement of falcipains in the initial cleavage of hemoglobin has been
recorded [43]. In turn, falcilysin and dipeptidyl peptidase 1 cleave the small peptides into
shorter oligopeptides which are hydrolysed by aminopeptidases to free amino acids [43,45,46].
Due to the obligate nature of the hemoglobin degradation process, proteases have become
potential antimalarial drug targets, attracting augmented attention in recent years for the
development of blood-stage antimalarial drugs [42,43,46—49]. This study is focused on

cysteine proteases.

1.4 Plasmodium falciparum cysteine proteases

Cysteine proteases are enzymes named due to the function of their catalytic cysteine, which
facilitates protein hydrolysis via a nucleophilic attack on the carbonyl carbon of a susceptible
peptide bond [50]. Cysteine proteases are subdivided into clans that differ in sequence or
structural identity and probably evolved independently but utilize cysteine residue for their
enzymatic activity [51]. Clans are grouped into families based on sequence identities and
similarities [41,52]. The clan CA, family C1 (papain-family), is the largest clan of cysteine
proteases characterized by the presence of Cysteine (Cys), Histidine (His), and Asparagine
(Asn) in their catalytic triad [6,51]. The nucleophilicity of cysteine is increased by the catalytic
histidine residue, which also serves as a proton donor [53]. These are the most studied cysteine
proteases of Plasmodium [50]. The genome sequence analysis of P. falciparum suggests that
clan CA cysteine proteases include four falcipains, three dipeptidyl peptidases, nine serine-rich
antigen (SERA) related proteins, and a homolog of calpain [50]. This thesis is focused on
falcipains, including falcipain 2 (FP-2) and falcipain 3 (FP-3). Clan CD is the second clan of
interest in Plasmodium with a caspase-like fold which utilizes Histidine and Cysteine dyad for
its catalytic activity [50]. They consist of families C11, C13, C14, C15 and C50, and sequence

analysis indicates that members of families C13, C14 and C50 are present in Plasmodia



[50,54]. Clan CE is also represented in the P. falciparum genome and is distinguished by
catalytic residues His, Glu (or Asp), and Cys [50].

1.4.1 Functions of Plasmodium cysteine proteases

Inhibition studies on cysteine proteases have been used to characterize their functions in
malaria parasites [50]. The effects of leupeptin and E-64 against cultured P. falciparum parasite
were extensively characterized, and both inhibitors were effective against both the trophozoites
and schizonts phases of the parasite’s life cycle, confirming the role of cysteine proteases FP-
2 and FP-3 in hemoglobin degradation [55-57]. The best-characterized functions of
Plasmodium cysteine proteases are hemoglobin hydrolysis, erythrocyte invasion, and
erythrocyte rupture [58]. During the erythrocytic cycle, malaria parasites multiply asexually,
resulting in clinical manifestations [50]. As part of this process, erythrocyte cytosol is absorbed
by parasites through a specialized organelle known as the cytostome before being transported
to an acidic food vacuole where hemoglobin is degraded [28,50]. During the degradation
process, the heme component of hemoglobin is broken down into hemozoin pigment while the
globin component is hydrolysed to its constituent amino acids [50]. The hydrolysis of
hemoglobin provides amino acids necessary for parasite protein synthesis [28,59]. The
mechanism of hemoglobin hydrolysis appears to be mediated by a cooperative process
involving proteases of many catalytic classes, such as aspartic, cysteine, and metallo proteases
[28,50]. Inhibition of cysteine proteases disrupted the hemoglobin degradation process. This
led to the accumulation of large quantities of undigested hemoglobin and the enlargement of
the food vacuole [57,60]. Additionally, inhibition of cysteine proteases prevents the rupture of
erythrocytes associated with the end of the erythrocytic cycle [50]. Consequently, cysteine
protease activity appears to be essential to facilitate the release of merozoites, which swiftly
invade other erythrocytes to restart the asexual cycle [50]. Earlier research showed that malaria
parasite cultures treated with leupeptin accumulated mature schizonts [61-63]. Likewise, in the
mature schizont stage parasite, E-64 inhibited the lysis of the parasitophorous vacuole
membrane surrounding the intraerythrocytic parasite [64]. Another research using different
methods demonstrated that cysteine protease inhibitors, leupeptin and antipain inhibited
erythrocyte membrane lysis [65]. These studies suggest the involvement of cysteine proteases

in the release of merozoites [50].



1.5 Falcipain cysteine proteases

The best characterized cysteine proteases in P. falciparum are four papain-family (clan CA,
family C1) cysteine proteases known as falcipains [50]. Falcipains are the best biochemical
and genetically characterized Plasmodium cysteine proteases [24]. These proteases are
falcipain 1 (FP-1), falcipain 2 (FP-2), falcipain 2’ (FP-2’), and falcipain 3 (FP-3"). The P.
falciparum genome sequence reveals that FP-1 is encoded in chromosome 14, and the three
other proteases (FP-2, FP-2’, and FP-3) are encoded within a 12kb stretch of chromosome 11
[50]. The sequence identity (<40%) and function of FP-1 are distantly related to those of the
other falcipains [66]. Although the physiological function of FP-1 is not fully understood, a
new study raises the possibility that it plays a role in the development of oocysts in the mosquito
midgut during the development of parasites [67]. FP-2, FP-2’, and FP-3 are closely related and
have been identified as the most important hemoglobinases in the acidic food vacuole [68—70].
Among the falcipains, FP-2 has been studied extensively through biochemical characterization,
cellular localization, recombinant expression, structural analysis, and biological functions
[50,66]. FP-2 and FP-2’ share a 93% sequence identity (at the amino acid level) and differ by
three amino acid substitutions close to the active site [69]. FP2’ has not been previously
characterized; however, its physiological role and function as a hemoglobinase have been
attributed to its high sequence identity with FP-2 [71]. FP-2 and FP-3 share the following
properties: 68% sequence identity (Figure 1.2A) and a similarly sized prodomain (Figure
1.2B). Additionally, they possess a unique amino acid extension of the catalytic domain, viz.,
a nose region consisting of ~ 17 amino acids and a § arm region of ~ 14 amino acids (Figure
1.2B) [50]. These unique features are functionally conserved among Plasmodium cysteine

proteases but not found in the human homologs cathepsins K (Cat K) and L (Cat L) [72].
1.5.1 Expression of falcipains by erythrocytic parasites

Purification of FP-2 by affinity chromatography protocol confirms that FP-2 is responsible for
at least 93% of the cysteine protease activity that is identified in trophozoite lysates with
standard peptidyl substrates (which is used to study cysteine protease activity) [68]. FP-3 is
abundantly expressed by erythrocytic parasites, but it is inactive against peptidyl substrates
[70]. FP-2 and FP-3 are expressed sequentially by Plasmodium falciparum through the
erythrocytic cycle [73]. FP-2 is expressed 12 hours earlier than FP-3, with peak expression in
early trophozoites for FP-2 and late trophozoites for FP-3 [70,74]. Immunoblotting analysis
revealed the expression of FP-1 throughout the erythrocytic cycle [74], and

6



immunofluorescence-based localization studies determined that it is active during the invasive

merozoite stage [75].
1.5.2 Biochemical characterization of FP-2 and FP-3

The biochemical characterization of FP-2 and FP-3 has been aided by the expression of large
amounts of the two enzymes in Escherichia coli, followed by the refolding of the active
enzyme using a systematic microdilution approach [68,70,76]. FP-2 and FP-3 share similar
biochemical characteristics but differ in other ways, possibly reflecting differences in function
[50]. Both proteases have acidic pH optima, which is consistent with activity in the acidic food
vacuole [50]. The specificities of FP-2 and FP-3 for peptide substrates are similar to those of
other papain-family proteases, with high selectivity for peptidyl substrates with leucine at the
P> position in the binding pocket [73]. FP-2 is significantly more active against peptide
substrates than FP-3 and is more stable at neutral pH [77]. FP-2 is also the only enzyme that
can activate and undergo autohydrolysis at this pH [50]. The activities of FP-2 and FP-3 are,
however, remarkably similar when the natural substrate hemoglobin is taken into consideration
as both proteases cleaved native and denatured hemoglobin under mild reducing conditions
[58]. FP-2 and FP-3 have been localized in the acidic food vacuole using cell fractionation
[68,70], immunofluorescence, and immunoelectron microscopy techniques [78]. Hydrolysis of
FP-3 appears to be delayed until the enzyme enters an acidic environment, most likely the food
vacuole [50]. Despite the fact that both FP-2 and FP-3 are synthesized as membrane-bound
peptides, FP-2 is processed faster to mature protease, presumably to its susceptibility to
autohydrolysis at a neutral pH [73]. Both proteases were inhibited by cysteine protease
inhibitors and brefeldin A but not by aspartic or serine protease inhibitors, implying that FP-2
and FP-3 undergo autohydrolysis after leaving the endoplasmic reticulum/Golgi network [78].
These findings suggest that these proteases are essential membrane proteins that reside in a
particular cellular compartment before being transported to the food vacuole, where they

undergo autohydrolysis to release the active soluble proteases [73].
1.5.3 Structural properties of FP-2 and FP-3

As with other cysteine proteases, FP-2 and FP-3 are synthesized as inactive zymogen
complexes with a prodomain and a mature (active) domain linked by a salt bridge and
hydrophobic interactions (Figure 1.2B) [79,80]. The zymogen complex is composed of the

prodomain, which is an N-terminal extension of the mature domain. Figure 1.2B depicts the



zymogen complex structure, with the prodomain region (coloured in wheat) spanning over the

mature domain (coloured in grey). The prodomain of cysteine proteases serves two distinct

functions: to maintain the enzyme in an inactive state (zymogen complex) until it reaches the

appropriate site where protease activity occurs and to function as a structural template to ensure

folding during translation [81]. During transport to the food vacuole via the endoplasmic

reticulum/Golgi system, the prodomain is proteolytically removed, releasing the activated

mature enzyme [79]. Expression of recombinant papain-like cysteine proteases in E. coli by

dilution in alkaline buffer revealed that the mature enzyme of FP-2 and FP-3 is the only papain-

family proteases capable of refolding to active enzymes and does not require their prodomains

[76,82]. Nevertheless, the prodomain serves as a signal for intracellular localization and

inhibits the premature cleavage of the mature domain [77]. The 3D protein structures of the

mature domain of FP-2 in complex with cystatin [83], iodoacetamide [84], and E-64 [56] and

FP-3 in complex with leupeptin [56] and a vinyl sulfone inhibitor [85] have been resolved [86].
The mature domain of FP-2 contains residues 244 — 484 and 250 — 492 for FP-3. The mature

domain has two main sections [left (L) and right (R)] consisting of a-helices and f-sheets,

respectively, which are linked together by highly dynamic loops (Figure 1.2C) [83]. The

centrally located trench-like active site, including the catalytic triad (Q285, H417, N447 for
FP-2, and C293, H425, and N455 for FP-3), are organised into four subsites, namely, S1, S2,
S3, and S1° [56]. Residues in the active sites of FP-2 and FP-3 are detailed in Table 1.1.

Table 1.1: Position of the different subsite residues in FP-2 and FP-3 proteins (whole protein
numbering) [87].

Protein
Subsite FP-2 FP-3
S1 Q279, C282, G283, C323, N324 Q287, C290, G291, C331, Y332
S2 L327,1328, S392, L415, N416, A418, D477 Y335, 1336, S400, P423, N424, A426, E485
S3 K319, N320, Y321, G325, G326 K327, N328, N329, G333, G334
S’ V393, A394, V395, S396, A400, H417, N447, | 1401, A402, A403, S404, A408, H425, N455,

W449

W457




Figure 1.2: Sequence and structural information of FP-2 and FP-3. A) Sequence
information and residue alignment showing the level of conservation between FP-2 and
FP-3. Conserved residues are highlighted in blue. B) Structural fold, as well as the position of
various secondary structural elements. C) Position of the subsites S1, S1°, S2 and S3. The
prodomain (residues 155 — 243 for FP-2 and 161 — 249 for FP-2) is coloured in wheat, and the
catalytic domain is grey. Residue positions are numbered based on the whole protein sequence.
The different subsite residues are listed in Table 1.1 [87].

1.6 Understanding the relationship between hemoglobin degradation
and artemisinin resistance

The emergence and spread of resistance to artemisinin and its derivatives in the Greater
Mekong sub-region (Cambodia, Lao People’s Democratic Republic, Myanmar, Thailand, and
Vietnam) and several areas in Africa (specifically Eritrea, Rwanda, and Uganda) poses a
serious threat to global eradication malaria [88-93]. Artemisinin and its semi-synthetic
derivatives, including arteether, artemether, artesunate, and dihydroartemisinin, are
sesquiterpene lactones that inhibit nearly all erythrocytic stages of Plasmodium falciparum

parasites life cycle [29,94]. These consist of asexual stages, which are responsible for the



clinical manifestation of malaria, and sexual stages, in which the Anopheles mosquitoes
transmit malaria via their mature gametocytes to other human hosts [94]. The exact mechanism
of action of artemisinin is uncertain; however, some research suggests that ART-based
antimalarials are highly reactive in the presence of hemoglobin-derived heme or ferrous iron,
suggesting that artemisinin activity depends on parasite uptake and hemoglobin hydrolysis
[95]. Falcipain cysteine proteases play a critical role in hemoglobin degradation, and research
by Klonis et al. [95] demonstrated that inhibiting cysteine proteases effectively counteracted
artemisinin action, confirming the importance of hemoglobin degradation in the mechanism of
action of ART [95]. Due to the emergence of ART-resistant (ARTR) parasites, there has been
considerable discussion about the possible correlation between the loss of ART potency and
the alteration of hemoglobin in ARTR parasites. Mutations in hemoglobinase genes may
disrupt hemoglobin digestion and heme detoxification, leading to ART resistance [96].
Alteration of the expression profile or catalytic activity of FP-2 via gene manipulation
(knockout) or compound inhibition assays resulted in parasites with swollen food vacuoles due
to the accumulation of undigested hemoglobin [74]. Intriguingly, these parasites showed
decreased sensitivity to ART, establishing a link between hemoglobin digestion and ART
activity [95,97]. A knockdown of FP-3 in an FP-2 knockout background generated an ART-
resistant phenotype that manifested at the early ring stage, suggesting these proteases are
involved in ART resistance [98,99]. As a result of the identification of mutations in FP-2,
decreased hemoglobin degradation, and enlargement of the food vacuole, the hypothesis that

altered FP-2 activity contributes to artemisinin resistance has been substantiated [95,97].

1.7 Mutations in Falcipains

Considering the attractive nature of the hemoglobin degradation pathway in antimalarial drug
discovery, mutations in genes encoding hemoglobinases have emerged as a major contributor
to drug resistance [97]. A nonsense mutation at codon 69 (S69stop) and missense mutations in
FP-2 has been reported to confer parasites with reduced ART sensitivity, possibly stemming
from altered enzyme efficiency and reduction in hemoglobin digestibility [97,100]. These
mutations are K255R, N257E, T343P, and D345G (numbered according to the whole protein
sequence). Additional mutations occurring in FP-2 and FP-3 have been reported in the Pf
genomic resource database (PlasmoDB) [101,102]. Currently, the structural and dynamic

impacts of these mutations have not been determined. Therefore, this study presents a novel
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insight towards understanding these mutations and their probable effect on the catalytic

function of the respective protein structures.

1.8 Background information on computational approaches used in
this thesis

Besides affecting the structure and function of a protein, mutations also affect the binding
affinity of small molecules [103]. In order to combat the emergence of drug resistance in
diseases of global health importance, a better understanding of mutations is crucial [104].
Mutational analysis can also be used to design possible inhibitors that are effective against
mutation-induced resistance [105]. The first part of this thesis analyses the effects of mutations
on FP-2 and FP-3. Several computational approaches have been developed over the years for
predicting the effect of missense mutations on protein stability and function [103,106]. These
approaches include but are not limited to molecular dynamics (MD) simulation, comparative
essential dynamics (CED), dynamic residue network (DRN) analysis, and residue contact map
analysis. Various mutant structures associated with global health diseases have been studied
using these approaches [107—119]. The second part of this thesis involves the identification of
potential inhibitors against the mutant systems of FP-2 and FP-3. The ability to target disease-
causing mutations and elucidate their mutational effects is vital when designing drugs [120].
Traditional drug discovery is time-consuming, energy-intensive, and financially burdensome,
hence the introduction of computer-aided drug discovery (CADD) [121]. Structure-based drug
design (SBDD) is a computational approach to identify or design potential inhibitors suitable
for clinical testing based on the knowledge of three-dimensional (3D) structures (obtained
either experimentally or by computational homology modeling) of biological targets [120,122].
The SBDD approach is widely used for virtual screening of large libraries of small molecules
and includes methods such as molecular docking, molecular dynamics, and structure-based

pharmacophore design [120,122].
1.8.1 Homology modeling

A protein is composed of one or more amino acid chains (known as polypeptides) linked by
covalent peptide bonds, and the amino acid sequence and function of a protein are determined
by its gene [103,123]. When the amino acids are assembled sequentially, their interactions form
the secondary structure. This structure minimizes the energy within the protein and folds into

a stable conformation, producing a 3D structure [103]. It is essential for a protein to maintain
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a 3D structure to remain functionally active; thus, generating a 3D structure is critical to
characterizing gene mutation-induced changes in function and stability. A useful and accurate
computational technique for predicting protein structure is homology modeling [124]. This
method involves the prediction of the 3D structure of a target protein from its amino acid
sequence and a homologous (template) protein whose structure has been experimentally
determined by X-ray crystallography or nuclear magnetic resonance (NMR) spectroscopy
[125,126]. The steps utilized in homology modeling include 1) identification and selection of
template, ii) sequence alignment and alignment correction, ii) model building, iv) loop

modeling, v) side-chain modeling, vi) model optimization, and vii) model validation [124].
1.8.2 High throughput virtual screening

Drug discovery centers around the identification of lead compounds that show pharmacological
activity against biological targets and the subsequent optimization of their pharmacological
properties and potencies [127]. Consequently, the pharmaceutical industry has adopted high
throughput virtual screening (HTVS), the experimental screening of huge libraries of
chemicals, to identify new compounds against therapeutically relevant targets [127]. HTVS is
a prominent strategy for drug discovery that employs computational algorithms to identify
novel bioactive molecules [128]. HTVS is widely classified into two types: ligand-based virtual
screening (LBVS) and structure-based virtual screening (SBVS) [128]. LBVS methods focus
on identifying molecules sharing similar chemical and physical properties based on the premise
that similar compounds can exert similar effects on a drug target [129]. These techniques
typically ignore any data pertaining to the drug target and concentrate solely on the ligand
[129]. SBVS methods, also known as receptor-based methods, require the availability of a 3D
structure of the drug target obtained through X-ray crystallography, NMR spectroscopy, or
homology modeling [128,129]. These methods entail the explicit molecular docking of each
ligand into the target's binding site, generating a predicted binding mode and a measurement
of the quality of the fit between the compound and the binding site of the target [129]. Based
on this information, ligands that strongly bind to the target protein are separated from those
that do not [129]. With the availability of more and more 3D structures of target proteins, in
addition to the fact that receptor-based approaches tend to produce more reliable and accurate
results, receptor-based approaches have gained prominence over ligand-based techniques
[129]. The following are the major steps of SBVS: (i) preparation of the compound library and

target protein, (ii) determination of the most favourable binding position, and (iii) ranking of

12



the docked complexes [128]. SBVS method will be used in this thesis to identify potential
antimalarial compounds. Molecular docking is one of the most commonly used SBVS methods
that mimic the interactions between a ligand and a protein at the atomic level [130]. This allows
the characterization of ligand conformation at the binding site of the appropriate protein [122].
Molecular docking algorithms perform quantitative predictions binding energies and ranks the

docked compounds based on the binding affinity of ligand-protein complexes [122].
1.8.3 Molecular dynamics simulation

MD simulation is a computational tool used extensively to study the conformational dynamics
of protein structures, which are key to understanding their properties and functions [131]. MD
simulation is based on a general model of the physics governing interatomic interactions that
describes the movement of every atom in a protein system or other molecular system moves
over time [132,133]. The use of MD simulation has proven useful in predicting the response of
biomolecules to perturbations such as mutations and ligand binding [133]. The availability of
3D protein structures determined experimentally or obtained via homology modeling is a
starting point for MD simulations [134]. In MD simulation, the protein motions and forces
acting on the atom are based on the classical Newton’s laws of motion (equation 1.1), where
F; is the force acting on atom i, m; is the mass of atom i, »; position vector of atom i, and t
represents the time [135]. The forces between interacting atoms (bonded and non-bonded) and
their potential energies are calculated using a model known as a molecular mechanical force
field [133,136]. Force fields are comprised of a mathematical formula that describes the energy
of a protein in relation to its atomic coordinates [137]. The widely used biomolecular force
fields include Assisted Model Building and Energy Refinement (AMBER96 [138] and
AMBER99SB-ILDN [139]), Chemistry at HARvard Macromolecular Mechanics (CHARMM)
[140], GROningen Molecular Simulation (GROMOS) [141], and Optimized Potential for
Liquid Simulations (OPLS) [142]. After obtaining the forces acting on individual atoms,
Newton's law of motion is applied to calculate accelerations and velocities as well as update
atom positions [143].

dzri(t)

Equation 1.1: Newton’s Law of Motion
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Molecular dynamics simulations require many calculations, which are typically performed on
supercomputers or computer clusters with hundreds of processors. In this study, all MD
calculations were calculated on the Center for High Performance Computing (CHPC) cluster
in Cape Town, South Africa. There are many MD simulation software packages with the same
names as their default force fields, including AMBER [144], CHARMM [145], GROMACS
[146] and NAMD [147,148].

MD simulations utilize a series of analyses to measure global and local protein conformations
[149]. These include the root mean square deviation (RMSD), the root mean square fluctuation
(RMSF), and the radius of gyration (Rg). RMSD calculates the variation in the backbone atoms
of a protein structure from its initial structural conformational to its final position [150]. The
deviations produced during a simulation can be used to determine how stable a protein is
compared to its conformation, so the lower the deviation, the more stable the protein [150].
RMSF is a measure of individual residue flexibility. By measuring how much a particular
residue fluctuates during the simulation, RMSF can reveal the contribution of each amino acid
to the molecular motion of a protein structure [151]. Rg measures the compactness of a protein

structure [152].

1.8.4 Comparative essential dynamics

Protein structures undergo conformational changes induced by perturbation [153]. These
changes vary from the conformational shifting of loops and side chains in the catalytic or
allosteric binding pocket to partial or complete folding of the part or whole protein structure
[154,155]. The overall motion of protein systems obtained from MD simulations exists as a
large data set. This includes atomic coordinates, dihedral angles, and the dynamic properties of
the protein system [156]. Comparative essential dynamics analysis (CED) employs principal
component analysis (PCA) to reduce the dimensionality of the large data obtained during
molecular dynamics simulation and to identify the dominant motions in protein systems [157].
This method is useful in comparing conformational changes of different MD trajectories. In
this study, the conformational changes associated with mutations in our protein are of interest.
Using covariance-matrix-based mathematical techniques, PCA extracts the principal element
in data (the dominant motion in protein systems in this case) from the atomic coordinates
describing the proteins' accessible degrees of freedom (DOF). [157,158]. A set of eigenvectors
and eigenvalues are obtained by diagonalizing the original Cartesian covariance matrix that

contains positional atomic fluctuations about the average structure in all three coordinate axes
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(x,y,z) [159]. The eigenvalues represent the total amount of variance, and the eigenvectors
represent the direction of the overall motions [159,160]. The first principal component (PC1)
is the eigenvector with the greatest variability in the dataset, and each subsequent eigenvectors
or PCn (n=2, 3,4, ....,n), in turn, has the highest variance if it is perpendicular to the previous

PC [161].
1.8.5 Dynamic Residue Network Analysis

MD simulations offer multi-layered data that can be analyzed in more depth than post-MD
analysis [162]. Hence, we proposed the use of DRN analysis, which is a computation tool
developed by the Research Unit in Bioinformatics (RUBI1) [163]. DRN analysis has emerged
as an integrated computational tool for understanding the mutation-induced effects on protein
structure and function [108,115,163]. In this approach, each residue Cf (Ca for Gly) is
represented as a node, and the inter-node juxtaposition depicts the edges that compose a
network graph. In this study, we applied five DRN metrics, namely: averaged betweenness
centrality (BC), averaged closeness centrality (CC), averaged degree centrality (DC), averaged
eigenvector centrality (EC), and averaged Katz centrality (KC).

1.8.5.1 Averaged betweenness centrality

Averaged betweenness centrality metrics measure the amount of information flowing through
a node [164]. It is thus defined as how often a node lies on the shortest path between other
nodes in a protein network [165]. BC metric is computed using equation 1.2.

S, tilv
8(spti)

BC(w) =y, szt el (g )

Equation 1.2: Calculation of averaged BC

v represents the entire set of nodes; m represents the number of frames. §(s, t) represents the
number of shortest paths linking nodes s and z. §(s, t|v) represents the number of these paths

passing through another node, v; and i represents the frame number [163].
1.8.5.2 Averaged closeness centrality

According to averaged CC metric, each node is ranked by its proximity to all other nodes in
the protein network [166]. The closeness centrality of a node is inversely proportional to the

total distance from other nodes. CC metric is computed using equation 1.3.
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CC(v) =" 3, Sictdww) (1.3)
Equation 1.3: Calculation of averaged CC

where d(v, u) is the shortest path between nodes v and u, and » is the number of nodes in the

graph [163].
1.8.5.3Averaged degree centrality

Averaged DC metric assigns significance based on the number of connections a node has in
the protein network, where a highly connected node engages in many interactions within the

network [164]. DC metric is computed using equation 1.4.

—_— 1
DC(k) = ———= X% Xj-y j=iAij (1.4)

m(n—1)
Equation 1.4: Calculation of averaged DC

where 7 is the number of nodes and A is the j&™ adjacency for the i frame [163].

1.8.5.4 Averaged eigenvector centrality

Averaged EC metric measures the number of connections a node has as well as the degree of

centrality of its connections [167]. EC metric is computed using equation 1.5.

== 1
EC(D) =~ Y7y ECy (b)  (15)
Equation 1.5: Calculation of averaged EC

Where (a) EC is the eigenvector, and lambda (1) is the eigenvalue for the eigen decomposition
of adjacency matrix A. In NetworkX, this is obtained by power iteration. (b) Averaged EC is

computed for i residue by computing the vector for each MD frame and averaging [163].
1.8.5.5 Averaged Katz centrality

Averaged KC metric calculates the relative influence of individual nodes with a protein
network by considering the centrality of its direct and indirect connections [168]. KC metric is

computed using equation 1.6.
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o 1
KC(i) = —Xke1 KCy (b) (1.6)
Equation 1.6: Calculation of averaged KC

KC is a modification of EC that uses a dampening coefficient and a constant in order to

influence adjacency values [163].
1.8.6 Weighted residue contact map

In the protein 3D structure, residue-residue contacts are pairs of residues that are spatially close
to one another [169]. A pair of residues are said to be in contact when the distance between
their Cf atoms (Ca: for Glycine) is less than the cut-off distance [170]. In this study, we defined
the cut-off distance as 6.7 A. Protein structures are shaped by intra-molecular interactions
between residues; thus, the prediction of the changes in residue contact frequencies can be
useful in mutation analysis, drug designs, and other areas of research that study the dynamic
properties of proteins [171,172]. Weighted residue contact maps implemented by MDM-
TASK-web are useful tools in investigating local residue contact frequencies throughout MD
simulations [163]. In our study, we implemented this analysis in comparing the change in

residue contact frequencies associated with mutations.
1.9 Project Motivation and Aims

In the fight against malaria, the emergence of resistance to ART and its partner drugs
compromises the successful treatment, prevention, and elimination of the disease [11]. Despite
the ongoing research for new antimalarial drugs to counter drug-resistant Plasmodium
falciparum, it is crucial to understand the parasite’s resistance mechanism to existing
antimalarial drugs. FP-2 and FP-3 are cysteine proteases responsible for degrading the host
hemoglobin in the parasite’s food vacuole to provide amino acids required for intraerythrocytic
parasite development [50,97]. Alteration of the catalytic activities of FP-2 and FP-3 via gene
manipulation studies has been reported to confer parasites with reduced ART sensitivity [97].
Hence, a priori understanding of the structural and dynamic impacts of mutations in FP-2 and
FP-3 is paramount. The first aim of this thesis is to characterize the effects of missense
mutations occurring in FP-2 and FP-3 using a variety of computational approaches and tools.

From the Pf genome resource database (PlasmoDB) [102], we obtained a collection of missense
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mutations occurring in FP-2 and FP-3. The effects of these mutations have not been established;
hence, this study presents a novel understanding of the impact of these missense mutations on
catalytic efficiency and possible allosteric mechanisms through which hemoglobin degradation
function may be affected. FP-2 and FP-3 have proven to be attractive targets for the
development of antimalarial drugs. The presence of mutations in both proteins makes it
imperative to identify potential hits that can bypass resistance. The second aim of this thesis is
the identification of potential modulators against the mutant systems of FP-2 and FP-3 via in

silico approaches.

1.10 Research Objectives

The specific objectives include
PART 1: Mutation analysis

i.  Generation of accurate 3D protein structures of the wildtype (WT) and mutant systems

ii.  Analyses of the conformational changes associated with mutations using MD
simulations and comparative essential dynamic analysis

1. Investigation of the effects of the mutations on the communication networks on the WT

and mutant systems of FP-2 and FP-3

PART 2: Potential hit identification

1. Identification of potential allosteric modulators against the WT and mutant systems of
FP-2 and FP-3 via high throughput virtual screening
ii.  Investigation of the stability of selected protein-ligand systems using MD simulation
iii.  Characterization of the changes in the communication network of the selected protein-

ligand complexes in WT and mutants.
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Chapter 2

Structural, dynamic and network communication effects of
missense mutations on the partial zymogen and the catalytic
domain of Falcipain 2

Part of the work presented in this chapter has been published as highlighted below:

Chiamaka Jessica Okeke, Thommas Mutemi Musyoka, Olivier Sheik Amamuddy, Victor

Barozi, Ozlem Tastan Bishop. Allosteric pockets and dynamic residue network hubs of

Falcipain 2 in mutations including those linked to artemisinin resistance. Computational and

Structural Biotechnology Journal, 19, 5647-5666 (2021), DOI:10.1016/.¢sbj.2021.10.011.

Authorship contribution: C.J.O. retrieved all data, performed homology modeling, molecular

dynamics simulations, comparative essential dynamics, DRN analysis, residue contact map,
writing, and editing the manuscript. T.M.M. identified potential allosteric pockets and
evaluated the distal effects associated with mutations, formal analysis, writing, and manuscript
editing. O.S.A. performed formal analysis on comparative essential dynamics, cryptic pocket
identification, and manuscript editing. V.B. performed global top 5% DRN calculations.
O.T.B.: Conceptualization, formal analysis, methodology, DRN analysis and writing related

PyMOL scripts, writing, and manuscript editing.

Additional work in this chapter, which is not included in the published article, was solely

performed by C.J.O. These include DRN analysis on the catalytic domain and all analyses on

the partial zymogen complexes.

2.1 Introduction

The introduction of missense mutations on drug target proteins is a common strategy utilized
by pathogens to evade therapeutic pressure [173—175]. These mutations may lead to structural
and functional changes in proteins with drug-binding efficacy consequences [176-178].
Additionally, changes in genetic information may also induce gene expression mechanisms,
especially those coding for carrier and transporter proteins, ultimately promoting physiological
conditions that reduce drug susceptibility [179]. Historically, most previous research on drug

resistance mechanisms has examined mutations occurring within the binding site environments
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[180—-185]. A direct consequence of such mutational events is the alteration of pocket
physicochemical properties, including the size/volume, active site residue interactions and
conformation dynamics crucial to drug binding. However, studies evaluating drug resistance
mechanisms of pathogens due to missense mutations that are distally located from the active
sites have increased significantly in the past few years [108,115,116,186—189]. These
mutations have been found to confer resistance through alteration of the WT native

conformational ensembles via subtle allosteric mechanisms [108,115,190].

Allostery is an intrinsic protein feature by which perturbations at a distal site arising from
ligand binding or mutations induce changes in protein function, especially at the active site
[191]. These distant signals rarely alter the overall structural conformation of a protein but
cause changes in its functional sites’ dynamics and thermodynamic properties. Similarly,
mutations occurring in key drug targets have been found to regulate protein function leading
to the loss of native properties and function [192]. The rising importance of the allosteric effects
of mutations points to another uncharted land of opportunities in drug design and other

biomedical applications.
2.1.1 Prodomain inhibitory effect of falcipains

FP-2 and other proteases are in charge of degrading hemoglobin during the host erythrocytic
cycle, which is a crucial component of the malaria parasite's pathogenicity. [6,56,85]. There
are two main domains of falcipains: the prodomain and the mature (catalytic) domain [79], and
together they make the zymogen (inactive protein precursor). The prodomain is further
subdivided into two domains: the N-terminus, which directs the prodomain to the food vacuole
[178] and the C-terminus, which is necessary for inhibiting falcipains [193]. Our study is
focused on the inhibitory part of the prodomain (C-terminal), and together with the mature
(catalytic) domain, is herein termed a “partial zymogen complex”. Two inhibitory motifs in the
prodomain, ERFNIN and GNFD, cover the active site cleft of the catalytic domain and prevent
falcipain from activating [83,193,194]. The ~50 kDa zymogens are transported through the
endoplasmic reticulum/Golgi network to the food vacuole, where the acidic environment
stimulates the dissociation of the prodomain and the release of the ~27 kDa active enzymes
[68,84] (Figure 2.1). According to previous mutagenesis studies, residues located at the
interface between pro- and mature domains contribute to the formation of salt bridges (R185-
E221, E210-K403 in FP2 and R202-E238 in FP3) and hydrophobic interactions (F214, W449,
W453 in FP2 and F231, W457, W461 in FP3) [80]. Due to the importance of these interactions
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in dissociating the prodomain and their responsibility in auto-processing, they are considered

“hotspot” interactions [195].

Figure 2.1: The activation of partial zymogen complex of FP-2. Prodomain is coloured
wheat (cartoon), and the mature (catalytic) domain is grey (surface).

2.2 Proposed Work

From PlasmoDB version 9.3 [101,102], we identified missense mutations occurring in the
partial zymogen complex and the catalytic domain of FP-2. Prior to reaching the acidic food
vacuole, the inhibitory domain in the partial zymogen complex blocks the activity of the mature
domain. We hypothesize that mutations in the partial zymogen complex could hinder the auto-
processing and proteolytic maturation of the mature domain, hence the objectives of this study.
In this study, 29 missense mutations located in the partial zymogen complex or the catalytic
domain of FP-2, were evaluated to understand the effect on the structure and function of the
protein. A key requirement for this structure-based study is the availability of reliable protein
3D structural information. Thus, accurate 3D homology models of WT and mutant systems
were calculated using the homology modeling technique. The WT and mutant systems of the
partial zymogen and catalytic domain of FP-2 were subjected to 500 ns all-atom MD
simulation. Post-MD simulation, weighted contact map analysis, DRN calculations, and
alanine scanning were performed to understand the dynamic properties of the mutant proteins

and communication changes within the protein structures (Figure 2.2).

21



2.3 Methodology

Figure 2.2: A workflow of the methods and tools utilised in this chapter.

2.3.1 Data retrieval and identification of missense mutations

The three-dimensional (3D) structure of the catalytic domain of FP-2 [PDB ID: 20UL] [196]
was retrieved from the RCSB Protein Data Bank (PDB) [197,198]. Using PyMOL [199], all
crystallographic waters and bound ligand (chagasin) were removed. Although structural
annotation of FP-2 indicated the absence of mutations, UniProt data (UniProt ID: Q816U4)
[200] revealed the presence of four missense mutations (K255R, N257E, T343P, D345G) in
the crystal structure. Thus, the protein sequence of FP-2 (accession number: PF3D7 1115700)
was retrieved from PlasmoDB version 9.3 [101,102], and the 3D structure of FP-2 was
accurately generated via homology modeling. The WT structure of the partial zymogen
complex was modeled by Thommas Mutemi Musyoka. PlasmoDB version 9.3 [101,102]
(release 37, accessed 21-Aug-2018), FP-2 missense mutations (including those linked to ART
mutations) were identified (Table 2.1), and the corresponding 3D mutant structures (partial

zymogen and catalytic domain) were generated.

Table 2.1: List of mutations occurring in the partial zymogen and catalytic domain of FP-2. In bold
are the four ART conferring missense mutations. Mutation numbering is based on the entire
rotein sequence.

Domain Missense mutations

Partial zymogen A159V, F1651, M167T, N197K, N204K, N224S, S228T
Catalytic domain | M2451, E248D, E249A, K255R, N257E, T343P, D345G, A353T,
V3931, A400P, Q414E
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2.3.2 Homology modeling of FP-2 WT and mutant 3D structures

Homology modeling is an important computational tool to predict protein structure [124]. Due
to the presence of mutations in the retrieved crystal structure, the 3D structure of the WT
catalytic domain was re-modeled. PDB ID: 20UL was identified as the best template as
described by Musyoka et al. 2016 [87]. Homology modeling was done using MODELLER
version 9.19 [201] using a very slow refinement. One hundred models were generated, and the
normalised discrete protein energy (z-DOPE) score [202] was used to assess the quality of the
models. The best model was selected based on the lowest z-DOPE score. Additional evaluation
of the best model was performed using Verify3D [203], ProSA [204] and PROCHECK [205].
Verity3D evaluates the quality of a model by determining the compatibility of a protein model
(3D) with its amino acid sequence (1D) [203]. It then generates an averaged 3D-1D score based
on empirical and energetic methods. ProSA utilises a statistical-based approach where the
quality of a model is evaluated by relegating a score and comparing it to the scores of relatable
experimentally determined protein structures available in the PDB [204]. PROCHECK
evaluates the model's stereochemical quality by assessing each residue's geometry and
comparing it to the stereochemical parameters derived from well-refined, high-resolution,
experimentally determined protein structure [205]. Overall, the best WT model was selected
based on the consensus of these evaluation tools. The WT partial zymogen complex was
modeled by Thommas Mutemi Musyoka [206]. Using the modeled WT structure as a template,
mutant structures were predicted. The quality of the mutant structures was evaluated as
described above. The protein interaction calculator (PIC) webserver was used to assess the
presence of four disulphide bonds involved in the maintenance of the structural integrity in the
modeled structures [207]. The protein structures (WT and mutants) were protonated to a pH of
5.5 to match the acidic environment of the food vacuole using the PROPKA tool from

PDB2PQR (version 2.1.1) [208,209].
2.3.3 Identification of potential allosteric pockets

The identification of potential allosteric pockets was performed by Thommas M. Musyoka
using a combination of structure-based approaches, including Allosite [210], FTMap [211],
FTSite [211], Protein Allosteric and Regulatory Sites (PARS) [212], SiteMap [213], and Auto-
Ligand [214]. Allosite predicts the location of allosteric sites in protein structures via
algorithms such as pocket-based analysis and support vector machine (SVM) classifiers [210].

FTMAP predicts the location of allosteric sites by distributing small organic probe molecules
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of different shapes, sizes, and polarity on the surface of a protein structure. This server
determines the most suitable position for each probe, clusters the probes, and ranks the clusters
according to their average energy. Consensus sites are termed regions that bind various probe
clusters, and the site with the greatest quantity of clusters is referred to as the main hotspot.
Secondary hotspots are all other consensus sites [211]. FTSite identifies and ranks binding sites
based on consensus sites detected by the FTMap server. It ranks the consensus sites according
to the number of non-bonded contacts between the protein structure and all probe clusters
[211]. PARS employs the LIGSITE algorithm [215] and Normal Mode analysis to predict
allosteric sites [212]. SiteMap predicts the location of allosteric sites using an algorithm similar
to Goodford’s GRID algorithm [216] while employing its definition of hydrophobicity. It
selects site points based on energetic and geometric properties, which are compiled into sets to
define the sites [213]. Auto-Ligand utilises a grid-based representation to predict potential
binding affinity. It computes the potential affinity grid around a protein structure and uses a
flood-fill and site-optimisation process to identify the best contiguous region within the energy

grid [214].
2.3.4 Molecular dynamics simulation

To understand the effect of mutations on the partial zymogen and catalytic domain of FP-2,
500 nanoseconds (ns) all-atom MD simulations were conducted using the GROMACS 5.1.2
package [217] (WT and 11 mutations in the catalytic domain; WT and 18 mutations in the
partial zymogen complex). We initially determined the most suitable force field parameters by
performing triplicate test MD runs on the FP-2 WT using three different force fields;
AMBER96 [138], AMBER99SB-ILDN [139], and CHARMM36 [140]. Subsequently,
AMBER99SB-ILDN [139], the force field of choice, was employed to generate WT and
corresponding mutant topology files. MD simulations were performed under periodic boundary
conditions and solvated using the TIP3P (Transferable Intermolecular Potential with 3 Points)
water model [218] in a triclinic box with a 1.75 nm distance between the protein structures and
the box edges. Consequently, 0.15M of NaCl was added to neutralise the system charges.
Energy minimisation was achieved using the steepest descent algorithm (emstep) with a
preliminary energy step (nsteps) of 0.0 Inm without constraints until a tolerance limit of < 1000
kj mol"! nm™ was obtained. Once the system had converged, a two-step canonical ensemble
equilibration (each lasting 100 ps) was used to ensure that the solvated system had reached the

proper temperature and pressure. The Berendsen thermostat [219] was used to set the
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temperature to 300 K (NVT - constant number of particles, volume, and temperature). The
Parrinello-Rahman barostat [220] was then used to perform pressure equilibration at 1 atm
(NPT - constant number of particles, pressure, and temperature). The equilibrated systems were
subjected to production MD for 500 ns with a two fs integration step (femtoseconds). All bonds
were constrained using the LINCS algorithm [221] during the production and equilibration
phases. The Particle-mesh Ewald (PME) algorithm [222] was used to calculate long-range
electrostatics with a Fourier grid spacing of 0.16 nm. A non-bonded cut-off distance of 1.4 nm
was applied for the Coulomb and van der Waals interactions. After the production phase, the
GROMACS built-in gmx trjconv command was used to remove periodic boundary conditions
from each system's trajectory. Each system's global and local structural changes were
calculated using the following packages: gmx rms to estimate the root mean square deviation
(RMSD), gmx rmsf to estimate the root mean square fluctuation (RMSF), and gmx gyrate to
estimate the radius of gyration (Rg). The results were analysed in RStudio [223] and Python
libraries like Matplotlib [224], Numpy [225], Pandas [226], and Seaborn [227]. The
conformational variability of each system throughout the simulation was analysed by
calculating their corresponding all versus all RMSD (pairwise RMSD) distribution using pytraj
[228]. Pairwise RMSD distributions highlight the degree of structural diversity of a particular
ensemble, in this case, a protein system [229]. This may be due to inherent flexibility, mutation,

or ligand binding.
2.3.5 Comparative essential dynamics

Essential dynamics aims to identify atoms' collective and dominant motions, thereby revealing
the mechanisms underlying atomic fluctuations [230]. To assess the distribution of pocket
conformational sampling across MD simulations for the WT and mutant systems of the partial
zymogen and catalytic domain, we performed comparative essential dynamics using the
compare_essential_dynamics.py script in MDM-TASK-web [163]. Essentially, the
comparative essential dynamics approach filters the data and aligns all MD frames (using Ca
atoms) to a common reference before proceeding to a single decomposition. In this case, we
aligned the WT and 11 mutant systems of the catalytic domain of FP-2 to a single frame from
the WT simulation before specifying the region of interest, which is used to compute and
decompose the covariance matrix. This was also applied to the WT and 18 mutant systems of
the partial zymogen complexes. The regions of interest were the active site residues and the

predicted pocket residues, and this method was independently applied to these regions. By
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default, three C-terminal residues from each trajectory are excluded before structural
alignment. The distribution of active sites or predicted pocket conformation was then depicted
as scatterplots from the first principal component (PC1) and second principal component (PC2)
axes. The percentages of total variance explained by each PC are displayed along the axes. In
addition, we visualised the lowest-energy conformation of the total protein obtained from the
maxima of the 2D nuclear density estimates generated from the two principal components to

detect significant conformational changes.
2.3.6 Dynamic residue network analysis

DRN analysis was performed to investigate the influence of missense mutations on the flow of
information within the protein residue network utilising the newly established MDM-TASK-
web server [163]. The concept of DRN is based on the mathematical graph theory where
residues in a protein structure are represented as nodes (Cf and Ca for Glycine), and
interconnecting residues are represented as edges based on a cut-off distance of 6.7 A and a
step size of 50 frames. In this chapter, five DRN metrics were calculated over the equilibrated
30 ns portion for each trajectory. These include betweenness centrality (BC), closeness
centrality (CC), degree centrality (DC), eigenvector centrality (EC) and Katz centrality (KC).

The equations used to calculate these metrics are described in Chapter 1, section 1.8.4.
2.3.7 Determination of centrality hubs

The concept of "centrality hub" was defined in our previous study as any node included in the
set of nodes with the highest centrality for any given metric [119]. These hubs are defined as
the global top 5% centrality nodes calculated across all metrics. The global 5% centrality hub
was calculated by concatenating the centrality values of each protein and sorting them in
ascending order to determine the residues with the highest centrality values. This approach was
applied for each centrality metric. The centrality hubs were analysed and represented as heat
maps using RStudio [223] and Python libraries such as Matplotlib [224] and Seaborn [227]. In
order to understand the functionality of the identified hubs, we have introduced the following
terminology: (1) Persistent hub: a hub that remains throughout the system. (2) Distinctive hub:
Hub absent in WT but is present in mutant systems. The five centrality metrics represent
different measures of importance within a protein network; thus, persistent hubs discussed here

will be specific to a single centrality metric and will not be used across metrics.
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2.4 Results and Discussion

In this study, our objective was to elucidate the structural and dynamic effects of mutations in
the partial zymogen and catalytic domains of FP-2 using a combination of computational

approaches.

2.4.1 Identification of missense mutations and generation of three-dimensional
(3D) WT and mutant structures of FP-2

From PlasmoDB (release 37, accessed 21-Aug-2018), a total of 29 mutations (including those
linked to ART resistance) distributed across the catalytic domain (Figure 2.3) and partial
zymogen (Figure 2.4) were identified (Table 2.1). Seven of these mutations were located in
the promoter region, whereas 11 were in the catalytic domain. A previous residue-residue
interaction analysis established the importance of interactions between the partial promoter
region a-helices and the catalytic domain in maintaining the integrity of the prodomain section,
which is crucial for its zymogen regulatory role [206]. These interactions include pi-pi (F165-
F168) and hydrogen bonds (S228 — G326, and S228 — N416). Additionally, hydrogen bonds
between A400 and N212 (located within the ERFNIN motif) and M245 — L242 are important
in anchoring the promoter region. Thus, mutations at positions F165, S228, M245, and A400,
may disrupt these native contacts and may lead to a compromised structural fold and stability
of the promoter region. All mutations except F1651, M167T, and N197K (prodomain promoter
region) are located in the loop regions. An interesting observation unique to FP-2 is the
presence of a cluster of five mutations (M245I, E248D, E249A, K255R, and N257E) within
the nose region. The implications of these mutations on the catalytic efficiency and functional
role of FP-2 are yet to be reported. However, a recent study by Siddiqui and colleagues
identified four mutations, K255R, N257E (located in the nose region), T343P and D345G,
linked to K13 protein mutations (F4461 and P574L) which confer parasites with reduced
artemisinin sensitivity. Although V3931 and A400P were the only mutations located within the
active pocket environment (S1° subsite) that could disrupt important native contacts with the

hemoglobin substrate, there is no evidence that they are associated with ART resistance.
2.4.1.1 Catalytic domain

Deciphering mutational effects is critical in biomedical research. The first step is the accurate
prediction of 3D protein structures. Although FP-2 has several crystallised structures in the

PDB, the 3D structure was generated via homology modeling due to the presence of four
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missense mutations in the crystal structure. Using MODELLER version 9.19 and a very slow
refinement, 100 models for the WT and 11 mutant systems, respectively, were created. The
best model with the lowest normalised Discrete Optimized Protein Energy (z-DOPE) score for
each system was selected and subjected to further validation using VERIFY3D, ProSA, and
PROCHECK. The results from each validation tool are outlined in Table S1. The selected
structures were then protonated as described in the methodology section and used for further

catalytic domain analysis.

Figure 2.3: Structural representation of the mutations occurring in the catalytic domain
of FP-2. Firebrick spheres and the remaining mutations by grey spheres represent the ART-
linked mutations.

2.4.1.2 Partial zymogen complex

The WT of the partial zymogen complex of FP-2 was modeled by Thommas Mutemi Musyoka
[206]. A total of 18 mutant structures were built using MODELLER version 9.19. The z-DOPE
score was used to validate the quality of the mutant structures. Quality assessment of the top
models was performed using VERIFY3D, ProSA, and PROCHECK. The results from each
validation tool are outlined in Table S2. The selected structures were then protonated as

described in the methodology section and used for further partial zymogen complex analysis.
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Figure 2.4: Structural representation of the mutations occurring in the partial zymogen
complex of FP-2. The promoter region is colored in wheat, and the catalytic domain is white.
Firebrick spheres and the remaining mutations by grey spheres represent the ART-linked
mutations.

2.4.2 Identification of potential allosteric pocket

Integration of results from different tools revealed six potential allosteric pockets (named
Pockets 1 — 6) (Figure 2.5). Pocket 1 is located around the nose region loop, a structural
characteristic unique to FP-2 and related homologs from other Plasmodium parasite species.
Intriguingly, this pocket contains two ART-resistant linked missense mutations, K255R and
N257E, and three other missense mutations (M2451, E248D, E249A) near the pocket. Pockets
2 and 4 constitute residues in highly dynamic loops adjacent to the S1 and S1’ subsites. Pocket
2 contained the missense mutation A535T, whereas A400P bordered pocket 4. Pocket 3 is
located at the base of the L-domain. AutoLigand only identified Pockets 5 and 6 as one pocket,
which we separated into two. They were made up of two small grooves. The interface of Pocket
3 and 6 shared two other mutations (T343P and D345G) associated with ART resistance (Table
2.2). Based on the druggability analysis performed with SiteMap and AutoLigand (Table S3),
all pockets, with the exception of Pocket 1, were determined to be less likely to bind small

compounds (D-score < 0.6).
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Table 2.2: Residues in potential allosteric pockets (pockets 1 — 6) in FP-2 based on the whole
rotein sequence.

Pockets Residues

1 Y247, E248, 1251, K252, K255, G256, N257, E258, N259, F260, H262, D376,
N377, K378, L379, K380, E381, A382, Y443, E465, S466, G467, L468

2 Q311, L313, V314, D315, C316, S317, F318, K319, N320, Y321, GLY322, C323,
N324, D334, V350, S351, D352, A353, P354, N355, L356, C357, N358, 1359

3 Y298, K302, N303, K304, 1306, D334, M335, 1336, E337, LEU338, G339, G340,
1341, T343, T363, E364, K365, Y366, G367, 1368, K369, N370, L482, 1483, E484

4 D398, F401, Y402, K403, E404, G405, 1406, F407, D408, G409, E410

5 S271, G272, V273, T274, A299, N303, L305

6 P275, V276, K277, D278, K280, T307, S309, E310, D344, D345, P348, Y349,
G450, Q451

Figure 2.5: Structural representation of the potential allosteric pockets in FP-2. Identified
pockets are shown in the surface presentation and colored accordingly.

2.4.3 Mutation-induced structural dynamic changes identified using MD
simulations

To effectively analyse the properties of a biomolecular system using MD simulations, it is
crucial to determine the most suitable force field parameters. As a preliminary step, we
evaluated three force fields viz. AMBER96 [138], AMBER99SB-ILDN [139], and
CHARMM36 [140] in a triplicate run per force field for the partial zymogen and catalytic
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domain WT system. According to the backbone RMSD analysis, AMBER99SB-ILDN was the
most appropriate force filed in describing the properties of FP-2, which are composed
of ~ 50% loop regions (Figure 2.6). Consequently, the dynamic changes of WT FP-2 and
mutant proteins (partial zymogen complex and catalytic domain) were assessed over 500 ns
MD simulations. The cleaned MD trajectories for all systems (devoid of PBC, solvent and ions)
were visualised using VMD [231] to evaluate any significant structural conformational
changes. Overall post-MD analysis was performed using RMSD (whole protein, central
invariant core, and the active site residues) and Rg (whole protein, central invariant core, and
the various potential allosteric pocket residues) to determine the protein stability and
conformational changes of the mutant proteins compared to the respective WT system. The

calculation results are discussed below.

Figure 2.6: Identification of the most accurate force field for the partial zymogen complex
and the catalytic domain of FP-2. The backbone RMSD analyses of the three force fields
over the triplicate MD simulations are shown in line plots. Run 1 is coloured in black, run 2 in
red and run 3 in blue.

2.4.3.1 Catalytic domain

Understanding the dynamic changes in a protein structure using MD simulation has become a
crucial approach to deciphering atomistic details for molecular recognition as well as protein

function under various conditions [232]. The stability of a system relative to the initial structure
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(in this case, the WT system) can be evaluated by the deviation patterns generated during MD
simulations where higher RMSD values indicate destabilisation [233]. Using backbone RMSD,
the global conformational variability of the mutant systems was evaluated, and a comparison

with the WT structure was made. For that, we used various RMSD analysis techniques.

Initially, the most commonly used RMSD versus timeline plots for evaluating the positional
divergence of a structure to the starting configuration over the course of the simulation were
determined (Figure S2.1). The majority of mutant systems displayed convergence after the
first few nanoseconds. All RMSD values converge within ~0.4 nm, indicating that the
structural integrity of the various protein structures was maintained. To determine the
conformational variability throughout the simulations, we calculated the RMSD distribution
violin plots for the whole protein, central invariant core, and the active site pockets, excluding
the first 20 ns of the equilibration time (Figure 2.7 A-C). Inspection of the whole protein
revealed that the majority of the protein systems displayed unimodal distribution, suggesting
that the systems sampled a single conformational equilibrium during the simulation. The
exceptions were mutant systems M2451, E249A, V3931, and A400P, which showed bimodal
distribution. In the central invariant core, which consists of a-helices and S-sheets, all mutant
systems exhibited a unimodal distribution except for A400P. To determine if mutations caused
conformational changes within the trench-like binding pocket, the RMSD of residues forming
the different subsites (S1, S2, S3, and S1°), including the catalytic triad residues, were
determined. The active site RMSD results revealed that both E248D and V3931 demonstrated
bimodal distribution, whereas the remaining mutant systems exhibited a unimodal distribution.
V3931 is located within the active site, which could explain the different conformational

sampling.

Further analysis to compare how the starting conformation differs from that of each frame, all
versus all frame (pairwise RMSD) plots were computed using pytraj [228]. Pairwise RMSD
is an effective method for comparing and contrasting the conformations along a trajectory for
various protein structures. Similar to the classical RMSD versus timeline plots, the starting
structure of most systems showed significant variation compared to other frames along the
simulation (Figure 2.7D). Once more, M2451 and A400P showed prominent bimodal
behaviour. We attributed the bimodal behaviour of M2451 to the presence of a cryptic pocket
explained in chapters 2.4.5 and 2.4.6.
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Figure 2.7: Backbone RMSD analysis of the WT and mutant systems of the catalytic
domain of FP-2. RMSD violin distribution plots of A) whole protein, B) central invariant core,
and C) binding active site residues of the WT and mutant protein systems. WT ensemble plots
are shown in purple. D) All vs all Ca RMSD of the WT and mutant protein systems. The x and
y-axes represent time (ns). The color scale indicates the degree of conformational variation
between frames (most similar = white, different = dark). This figure is produced with
permission from Okeke et al. 2021 [118].

2.4.3.2 Partial zymogen complex

To determine the dynamical properties of the partial zymogen complex systems, violin
distribution plots of the whole systems, central invariant core, and the binding pocket residues
were determined (Figure 2.8A-C). In contrast to results from the catalytic domain, a distinct
change in the conformational variability was observed in the whole protein of the partial
zymogen complexes (Figure 2.8A). The WT and some mutant systems (F1651, M167T,
N197K, E249A, K255R, A353T, V393, A400P, and Q414E) displayed unimodal violin
distribution, an indication that the systems visited a single conformational space during the MD
simulation. The other mutant systems exhibited bimodal distribution. An explanation for this
is the presence of the highly dynamic prodomain segment, which impedes the active site in
both proteins while mediating its inhibitory function of the partial zymogen. The violin
distribution RMSD profiles of the invariant central core were computed to ascertain the
dynamical characteristics of the systems in the absence of loops (Figure 2.8B). This core
region, composed primarily of secondary structural elements, exhibited a unimodal distribution
profile in all systems. This indicates that the high dynamics of partial zymogen complexes
strongly influenced the resulting overall conformational properties. The active site residues in
WT and mutant systems exhibited unimodal distribution, with F165I, N257E and V3931
exhibiting slight differences (Figure 2.8C). F165I is located in the a1 helix, which is known

to form important interactions that stabilize and maintain the structural integrity of the
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prodomain. N257E is located in the nose region and is part of the artemisinin-associated
mutations. V393l is a part of subsite 1’ (S1’) residues, forming the active sites in FP-2.

Classical RMSD vs timeline plots for the WT and mutant systems are represented in Figure

S2.2.

Figure 2.8: Backbone RMSD analysis of the WT and mutant systems of the partial
zymogen complex of FP-2. RMSD violin distribution plots of the A) whole protein, B) central
invariant core, and C) binding active site residues of the WT and mutant protein systems. WT
ensemble plots are shown in purple. D) All vs all Ca RMSD of the WT and mutant protein
systems. The x and y-axes represent time (ns). The color scale indicates the degree of
conformational variation between frames (most similar = white, different = dark).

These findings suggest that subtle conformational changes caused by mutations in the partial
zymogen and catalytic domains of FP-2 exist. Interestingly, the central invariant core of the
WT and mutant systems in the partial zymogen and catalytic domain of FP-2 remained intact
throughout the stimulation, suggesting that the effect of mutations on the flexible regions of

FP-2 was responsible for the different conformational samplings.
2.4.4 Local per-residue flexibility analysis using RMSF

Using the Ca RMSF, we calculated per-residue flexibility profiles for different systems and
identified significant mutation-related changes. At first, regions of high flexibility in both the
partial zymogen complex and the catalytic domain of FP-2 were identified. As expected, the
highly flexible loop regions in the partial zymogen complex and catalytic domain exhibited the
highest RMSF scores. In the partial zymogen complex, the prodomain loop segment occluding
the binding pocket (residues 232 — 246), the nose region (residues 256 — 260), and the f-arm
hairpin (residues 430 — 436) exhibited high flexibility across all systems (Figure 2.9A).
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Additionally, residues 348 — 359 exhibited high fluctuations in only mutant systems A159V,
M2451, and E249A. Interestingly, these residues form residues in pockets 2 and 6. Besides the
nose and S-arm hairpin regions of the catalytic domain, loops around the S2 subsite also
exhibited high fluctuations in the absence of the prodomain segment (Figure 2.9B). This was
probably caused by the lack of stabilising interactions between the prodomain and catalytic
domain, previously identified by Musyoka et al. [206]. In M245]1, residues 348 — 359 displayed
high fluctuations, and these residues form pockets 2 and 6. In the subsequent section of this
chapter, we establish the relationship between the high fluctuations in these regions and a

cryptic pocket found in these mutant systems.

Figure 2.9: Heatmaps showing the per-residue raw RMSF values across all systems.
RMSF values of the WT and mutant systems of A) the partial zymogen complex and B) the
catalytic domain of FP-2. Protein loops displaying increased RMSF, as shown using different
color bars, and their positions are shown in the 3D structures.
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2.4.5 Mutation-linked changes in the putative allosteric pockets were identified
via Rg and RMSF

Using Rg calculations, we investigated the effects of mutations on the overall compactness of
the entire protein and the potential binding pockets (pockets 1 — 6). Distribution of Rg values
for the whole protein of the WT and mutant systems of the catalytic domain of FP-2 indicated
that all systems had nearly similar Rg values throughout the simulations (Figure S2.3B),
signifying the absence of unfolding conformational events resulting from the destabilisation
effect of mutations. In the partial zymogen complex, all systems maintained a unimodal profile
from the violin plots (Figure S2.3A). Regardless of the loopy regions within the protein, the
globular nature and presence of two pairs of disulphide bonds may account for the perceived
compactness. Mutant A159V in the partial zymogen complex displayed higher Rg values while
maintaining a unimodal distribution. Additionally, we analysed the Rg and RMSF of the
identified pockets to determine whether there is an association between mutations and changes

in the pockets.
2.4.5.1 Catalytic domain

As seen in Figure 2.10, putative allosteric pockets Rg exhibited more variability than the Rg
of the whole protein. In pocket 1, WT, M2451, and N257E displayed bimodal behaviour
(Figure 2.10A). A353T appeared to sample a wider conformational range while maintaining a
flatter distribution. The heatmap of pocket 1 RMSF values revealed high fluctuations in
residues G256 — F260, with mutant systems A353T and Q414E having the highest fluctuations
in this region. Among all the pockets, pocket 2 presented the most varied Rg distributions.
M2451, E249A, and N257E sampled two major conformations linked to increased loop
flexibility from residue RMSF calculations (Figure 2.10B). In the M2451 system, residues
S351 — N355 demonstrated the highest flexibility compared to WT and the other mutant
systems. Interestingly, according to RMSF data, in the presence of A353T mutation located in

pocket 2, the pocket became the most rigid compared to the WT and other mutant systems.
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Figure 2.10: Rg and RMSF values for Pockets 1 — 6 (A — F) of the WT and mutant systems of the catalytic domain of FP-2. Rg and RMSF
are represented as violin distribution plots and heatmaps, respectively. The purple ensemble in the violin plots represents the WT system. The

heatmaps show pocket residues on the x-axis and WT and mutant systems on the y-axis. This figure is produced with permission from Okeke et
al. 2021 [118].
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In pocket 3, all the mutant systems showed Rg distributions similar to WT, except A353T,
where a significantly higher mode was observed (Figure 2.10C). This observation may be
linked to the relatively high flexibility of K302 — K304 loop residues, which caused it to be
located further from the central core helix. For pocket 4, in contrast to the WT and A353T
mutant system, the majority of mutant systems adopted a single conformation, and overall, the
pocket residues showed similar flexibility (Figure 2.10D). In pocket 5, only A353T showed
significant differences in conformational distribution (Figure 2.10E). Finally, in pocket 6, only
M2451 demonstrated a distinct conformational distribution compared to other systems (Figure

2.10F). These results will be linked to section 2.4.6.1.
2.4.5.2 Partial zymogen complex

In pocket 1, mutant systems E249A, K255R, A353T, and A400P demonstrated bimodal
behaviour compared to the WT and other mutant systems (Figure 2.11A). A400P displayed
the highest conformational variability, which could be attributed to the high flexibility of
residues E465 — L468. High RMSF flexibility in residues N259 — H262 and E465 — L468
accounts for the conformational diversity of E249A. Pocket 2 demonstrated the most variation
among the other pockets. M2451 and E249A sampled two major conformational distributions
(Figure 2.11B). Interestingly, these mutations showed similar results in the catalytic domain,
suggesting that these mutations exerted the same effect on the partial zymogen complex and
the catalytic domain. RMSF results revealed high fluctuations in residues V350 — C357, which
could be attributed to the conformational sampling observed in the presence of these mutations.
We also observed similar high fluctuations in these regions in A159A. Although A159V
maintained a unimodal conformation, a notable higher mode was observed. All mutant systems
in pocket 3 exhibited a similar Rg distribution to the WT, with the exception of F1651, N204K,
and A400P, which showed a marginally higher mode (Figure 2.11C). These results were
supported by the high flexibility in residues K302 — K304. In Pocket 4, all mutants exhibited a
similar Rg distribution to the WT, with A159V, N197K, K255R, and A400P displaying a
higher Rg distribution (Figure 2.11D). Only F165I exhibited a slightly Rg distribution
compared to other systems in pocket 5 (Figure 2.11E). Lastly, in pocket 6, A159V and M245I
exhibited bimodal distributions, while the other systems exhibited unimodal distributions.
RMSF data revealed high flexibility in residues D345, P348, and Y349. We also observed
similar flexibility in these regions in mutant A159V and noted a higher unimodal Rg

distribution (Figure 2.11F).
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Figure 2.11: Rg and RMSF values for Pockets 1 — 6 (A — F) of the WT and mutant systems of the partial zymogen complex of FP-2. Rg
and RMSF are represented as violin distribution plots and heat maps. The purple ensemble in the violin plots represents the WT system. The
heatmaps show pocket residues on the x-axis and WT and mutant systems on the y-axis.
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2.4.6 Essential dynamics revealed diverse conformational changes in the active
site region and identified putative allosteric pockets

Comparative essential dynamics of WT and mutant trajectories were performed to investigate
the effect of mutations on the conformational sampling of the binding sites and the identified
putative allosteric pockets obtained during MD simulation. This study analysed the extreme
projections of the first and second principal components (PC1 and PC2) responsible for the

major protein motion contributions.
2.4.6.1 Catalytic domain

Figure S2.4 shows the dominant motions and the nature of conformational differences of the
active site residues of the first and second principal modes of the WT and mutant systems.
Comparative essential dynamics revealed that the position of the binding site residues of the
WT and some mutations varied less over the MD simulation. The findings revealed that binding
site residues were remarkably similar along the axis that explained the highest percentage of
variance (71.09% along PC1), while minuscule differences found along PC2 (4.06%) explained
the lower percentage of the total variance. This implies potential stability within the active site
residues of these systems. E248D, A400P, and artemisinin-associated mutations K255R,
N257E, T343P, and D345G moved significantly, thus accounting for most of the change in the
respective protein systems. These results correlated with the RMSD results of the active site

residues, as determined in Figure 2.7C.

Analysis of the comparative essential dynamics of the potential allosteric pockets showed
greater variability compared to active site residues. In pocket 1, PC1 and PC2 accounted for
53.42% and 9.60%, respectively. In pocket 2, PC1 and PC2 accounted for 38.29% and 16.56%,
respectively. In Pocket 3, PC1 and PC2 accounted for 75.32% and 4.19%, respectively. In
pocket 4, PC1 and PC2 accounted for 30.53% and 25.87%, respectively. In pocket 5, PC1 and
PC2 accounted for 83.12% and 3.57%, respectively. Lastly, in pocket 6, PC1 and PC2
accounted for 51.14% and 23.00%, respectively. The comparative essential dynamics results
correlated with the Rg and RMSF analysis of the potential allosteric pockets revealing subtle
changes in pockets 1, 3, 4, and 5 of the WT and mutant systems (Figure S2.5). Pockets 2 and
6 revealed more conformational diversity in the mutant systems compared to the WT (Figure
2.12A and B). In pocket 2, E248D, K255R, D345G, A400P, and Q414E varied at the beginning

of the simulation but remained stable throughout the simulation. Visual inspection of these
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trajectories revealed minimal conformational changes for this pocket. Interestingly, M245I
sampled different conformations throughout the simulation leading us to visualise the

trajectories.

Figure 2.12: Comparative essential dynamic analysis of pockets 2 and 6 of the WT and
mutant systems of the catalytic domain of FP-2 along PC1 and PC2. The simulation time
(ns) is represented by a color code (black = start, yellow = end). In each PCA plot, the time
stamp with the most stable structure is indicated in blue. This figure is produced with
permission from Okeke et al. 2021 [118].

Visualisation of the M245I trajectory revealed the conformational diversity of the pockets such
that residues in pocket 2 moved into pocket 6. In Pocket 6, M2451, E249A, N257E, and D345G
varied during the simulation. Visual inspection revealed that N257E and D345G displayed
minimal conformational changes for this pocket. Upon inspection, Olivier Sheik Amamuddy
discovered an unusual opening of pocket 6 in M2451 where residues in pocket 2 moved into
pocket 6 (Video S1) [118]. The absence of this opening in WT and other mutant systems
suggests that this is a cryptic pocket. While visual inspection of E249A did not reveal the
presence of the cryptic pocket observed in M2451, it revealed the opening of pocket 6 and the
slight movement of residues in pocket 2 into pocket 6. WT and M245I pose extracted by a k-
means algorithm at 448,180 ps showing the absence and presence of cryptic pocket in WT and
M245], respectively, are represented in Figure 2.13A and B. WT, and E249A poses extracted
by a k-means algorithm at 447,196ps showing the opening of pocket 6 E249A is represented
in Figure 2.13C and D.
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Figure 2.13: Cartoon representation of the WT and mutant systems M2451 and E249A
extracted at various timestamps. A) WT and B) M245I extracted at 448,180 ps, revealing
the presence of the cryptic pocket in M2451 and absence in the WT. C) WT and D) E249A
extracted at 447,196 ps revealing the opening of pocket 6 and absence in the WT.

2.4.6.2 Partial zymogen complex

Comparative essential dynamics examines relationships between different protein structures to
provide insight into the nature of mutation-induced conformational differences. Firstly, we
analysed the conformational differences of the active site residues of the WT and mutant
systems. The results showed that binding site residues were strikingly similar along the axis
that explained the highest percentage of variance (82.36% along PC1), whereas negligible
differences were found along PC2 (8.24%), which explained the lower percentage of the total
variance (Figure S2.6). These results correlated with the RMSD results of the active site
residues, as determined in Figure 2.8C, suggesting potential stability within these systems'
active site residues. Next, we analysed the conformational differences of the different potential

allosteric pocket residues of the WT and mutant systems.

In pocket 1, mutants E249A and A159V exhibited the highest divergence in conformational
sampling along PC1, accounting for 58.57%, and PC2 accounting for 10.52% of the total
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variance (Figure S2.6A). The differences between these mutants were consistent with the
observed differences in compactness derived from Rg distribution and RMSF values in Figure
2.11. Visual inspection of these mutant’s pockets revealed contrasting surface topologies

compared to the WT.

In pocket 2, PC1 and PC2 accounted for 58.70% and 16.64% of the total variance, respectively.
A159V, M2451, and E249A showed a more dispersed conformational distribution, while the
WT and the other mutant systems displayed a more compact distribution (Figure 2.14A).
Interestingly, in the catalytic domain of FP-2, M2451 and E249A also displayed a more
dispersed conformational distribution, suggesting that irrespective of the presence and absence

of the prodomain, these mutations exerted the same effect on FP-2.

In pocket 3, PC1 and PC2 accounted for 92.30% and 2.06% of the total variance, respectively
(Figure S2.6B). The distribution of the pocket conformations was consistently similar along
both PC1 and PC2. A159V and A400P exhibited the highest divergence compared to the WT.
Visual inspection of A159V and A400P trajectories revealed some topographical differences

in the pockets compared to the WT.

Figure 2.14: Comparative essential dynamic analysis of pockets 2 and 6 of the WT and
mutant systems of the partial zymogen complex of FP-2 along PC1 and PC2. The
simulation time (ns) is represented by a color code (black = start, yellow = end). In each PCA
plot, the time stamp with the most stable structure is indicated in blue.
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In pocket 4, PC1 and PC2 accounted for 85.32% and 4.40% of the total variance, respectively.
WT and all mutant systems displayed a compact distribution with the exception of A159V and
A400P, which varied at the beginning of the simulation but remained stable throughout the
simulation (Figure S2.6C).

In pocket 5, PC1 and PC2 accounted for 90.49% and 2.49% of the total variance, respectively.

All systems maintained a compact distribution throughout the simulation (Figure S2.6D).

In pocket 6, PC1 and PC2 accounted for 83.63% and 6.86% of the total variance, respectively
(Figure 2.14B). Mutant systems A159V, M2451, E249A, K255R, and A400P exhibited the
highest range of conformational sampling. Visual inspection of these trajectories revealed that
K255R and A400P displayed a slight opening of pocket 6 towards the end of the simulation.
However, A159V, M245I, and E249A revealed the presence of the cryptic pocket where pocket
6 opened up, and residues in pocket 2 moved in, forming a single groove. WT and A159V
poses extracted by a k-means algorithm at 497,370 ps showing the absence and presence of
cryptic pocket in WT and A159V, respectively, represented in Figure 2.15A and B. WT, and
M2451 poses extracted by a k-means algorithm at 406,840 ps showing the absence and presence
of cryptic pocket in WT and M245I respectively is represented in Figure 2.15C and D. WT,
and E249A poses extracted by a k-means algorithm at 435,390 ps showing the absence and
presence of cryptic pocket in WT and E249A respectively is represented in Figure 2.15E and
F. Interestingly, in the catalytic domain of FP-2, the presence of a cryptic pocket involving
pockets 2 and 6 was observed M245], and a slight opening of pocket 6 in E249A suggesting
that irrespective of the presence and absence of the prodomain, these mutations exerted the

same effect on FP-2.
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Figure 2.15: Cartoon representation of the WT and mutant systems A159V, M2451, and
E249A extracted at various time stamps. A) WT and B) A159V extracted at 497,370 ps
revealing the presence of the cryptic pocket in A159V and its absence in the WT. C) WT and
D) M2451 extracted at 406,840 ps, revealing the presence of the cryptic pocket in M2451 and
its absence in the WT. E) WT and F) E249A were extracted at 435,390 ps, revealing the
presence of the cryptic pocket in E249A and its absence in the WT.

2.4.7 Dynamic residue network analysis reveals the communication pattern
exerted by mutations

The function of protein systems is often related to the structural organisation of their amino
acid residues and how the dynamics of these amino acid residues change upon perturbation

[234]. Elucidating the interaction networks of residues in proteins using graph techniques has
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become a key strategy in predicting signalling effects associated with perturbations on their
backbone connectivity arising from mutations and ligand binding [107,112,113]. This
approach allows a global analysis of all residue interactions within a protein network, allowing
for the identification of key residues involved in the flow of information. Utilising this
approach, subtle long-range communication effects critical for protein function that are not
detected by conventional MD methods. The MD analysis revealed structural differences

between the WT and mutant ensembles.

Consequently, additional analysis was performed to find alterations in residue communication
brought on by mutations. In order to identify conserved dynamic residue network changes
arising from mutations, key residues crucial for protein communication were calculated using
five different network centrality metrics in both WT and mutant systems. The metrics included

BC, CC, DC, EC, and KC centrality as implemented on the MDM-TASK-web [163].
2.4.7.1 Catalytic domain

Heatmap representations of the averaged BC, CC, DC, EC, and KC of the WT and mutant
systems of FP-2 are in Figure 2.16. From all the metrics used, the majority of the residues
within the loop regions, including those in the nose region and f-hairpin in the WT and mutant
systems, exhibited the lowest centrality values. Whereas residues within the a-helices (a5, a6,
a7, and a8) and S-sheets (52, 3, p4, S5, and f6) which form the central invariant core and the
trench-like binding pockets, exhibited high centrality values, an indication of the presence of
increased interactions with other residues in the network (Figure 2.16). We examined different
centrality distributions for each system to determine whether mutations caused changes in the
overall distribution. Upon visual inspection, we observed some differences in the BC
distribution between the WT and mutant systems, suggesting that the communication pattern
were perturbed in the presence of mutations (Figure 2.17A). CC distributions were very similar
in all systems, suggesting that the presence of mutations did not perturb CC distributions
(Figure 2.17B). The DC distributions showed the most significant differences between WT
and mutant systems among the centrality measures (Figure 2.17C). This indicates that the
communication pattern was perturbed in the presence of mutations. EC distributions displayed
differences between the WT and mutant systems (Figure 2.17D). Lastly, KC distribution
showed differences between the WT and mutant systems (Figure 2.17E). In order to identify
conserved dynamic residue network changes arising from mutations, key residues crucial for

protein communication were ranked, and the top 5% of residues were marked as important
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residues for protein communication (Figure 2.18). From the various metrics, several residues
were persistent in the WT and mutant systems. This include BC: F288, S293, 1389, M420,
Y441, and 1480. CC: S289, S290, G292, S293, P388, 1389, S390, 1391, V419, M420, and L421.

Figure 2.16: Heatmaps showing per-residue centrality scores of the WT and mutant
systems of the catalytic domain of FP-2. A) Averaged Betweenness centrality (BC), B)
Averaged Closeness centrality (CC), C) Averaged Degree centrality (DC), D) Averaged
Eigenvector centrality (EC), and E) Averaged Katz centrality (KC).

DC: 1328, and 1389. EC: W286, S289, S290, S293, 1328, 1389, and S390. KC: W286, S289,
S290, S293,1328, and 1389. From BC analysis, the usage of the catalytic thiol (C285) increased
in the majority of the mutants with the exception of K255R, N257E and the WT (Figure
2.18A). This was observed with S289, which is located at the central a-helix. The usage of
residues L421 (located at the antiparallel f-sheet) and W447 (located in the S1° subsite) in
communication was lost in the majority of the mutant systems. From CC analysis, the majority
of the top 5% residues retained their usage in communication as with the WT (Figure 2.18B).

Using the DC metric, the usage of residue N320 (located in the S3 subsite) and A394 (located
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in the S1° subsite) was lost in nearly all mutant systems (Figure 2.18C). However, the majority
of the mutant systems had increased usage of residues D334, M420, 1445, and 1461. From the
EC results, the high centrality of residues A287 and 1291 in WT was lost in nearly all mutant
systems (Figure 2.18D). From KC analysis, the usage of residues A287 and 1291 was lost in
the majority of the mutant system (Figure 2.18E). This analysis highlights the value of
combining different centrality metrics when evaluating the potential consequences of
mutations. Ozlem Tastan Bishop identified the allosteric residue communication path in

M2451, K255R, T343P, A353T, and V3931, originating from distinct average BC hubs [118].
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Figure 2.17: Density distribution of all centrality metrics of the WT and mutant systems
of the catalytic domain of FP-2. A) Averaged Betweenness centrality (BC), B) Averaged

Closeness centrality (CC), C) Averaged Degree centrality (DC), D) Averaged Eigenvector
centrality (EC), and E) Averaged Katz centrality (KC).
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Figure 2.18: Heatmap representation of the global top 5% for each centrality metric of the WT and mutant systems of the catalytic domain
of FP-2. Hubs are shown along the x-axis, and protein systems along the y-axis. Detected hubs are annotated with a centrality value.
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2.4.7.2 Partial zymogen complex

In all protein systems (WT and mutants), residues in the a-helical structural elements, which
form the central invariant core, exhibited high centrality values in all metrics (Figure 2.19).
All systems exhibited high BC values in a2 and o3 helix regions, forming two highly conserved
motifs (ERFNIN and GNFD) characteristic of the papain family. The functional importance of
residues forming these two has been determined previously [206]. Using interaction analysis,
several inter-residue contacts between the two motifs that are critical in maintaining the
structural integrity of the prodomain segment were identified [206]. Additional interactions
between a2 and a3 residues and the catalytic domain (H199-D398, Y207-D408, K208-E404)
were also identified as crucial in anchoring the prodomain segment for it to mediate its natural

regulatory function.

Furthermore, residues known to form two salt bridges (R185-E221 and E210-K403) required
to activate the partial zymogen complex had high BC values. These results were similar to CC
and DC metrics, respectively. EC and KC metrics have similar results to the BC metrics.
However, residues in the prodomain ( a2 and a3) were devoid of high centrality values. We
examined the distributions of the centrality metrics to determine whether mutations triggered
adjustments within the normal distribution (Figure 2.20). As seen with results in the catalytic
domain, notable differences were observed in the distribution of the centrality metrics. The WT
and mutant systems showed differences in the BC distributions, which were skewed to the right
(Figure 2.20A). The CC distribution showed a normal distribution, with minor changes
observed in the WT and mutant systems (Figure 2.20B). The DC distribution mimicked the
normal distribution and showed the greatest difference between the WT and mutant systems
on centrality measures (Figure 2.20C). EC (Figure 2.20D) and KC (Figure 2.20E)
distributions were highly similar to the BC distribution and showed differences between the
WT and mutant systems. Further analysis was conducted to gain insight into the changes in the

residues with the highest centrality (5%).
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Figure 2.19: Heatmaps showing per-residue centrality scores of the WT and mutant systems of the partial zymogen complex of FP-2. A)
Betweenness centrality (BC), B) Closeness centrality (CC), C) Degree centrality (DC), D) Eigenvector centrality (EC), and E) Katz centrality

(KC).
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Figure 2.20: Density distribution of all centrality metrics of the WT and mutant systems
of the partial zymogen complex of FP-2. A) Averaged Betweenness centrality (BC), B)
Averaged Closeness centrality (CC), C) Averaged Degree centrality (DC), D) Averaged
Eigenvector centrality (EC), and E) Averaged Katz centrality (KC).
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Figure 2.21: Heatmap representation of the global top 5% for each centrality metric of the WT and mutant systems of FP-2. Hubs are
shown along the x-axis, and protein systems along the y-axis. Detected hubs are annotated with centrality values
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According to Figure 2.21, persistent hubs for the averaged BC were N212, F222, F288, Y402,
1445, N447, W453, and 1459. Persistent hubs for the averaged CC were C285, F288, S289,
S390, 1391, V393, H417, A418, V419, M420, L421, 1445, K446, N447, S448. Persistent hubs
for the averaged DC were W286, S289, and 1328. Persistent hubs for the averaged EC were
C285, W286, S289, S290, S293, 1328, S390, A418, and M420. Persistent hubs for the averaged
KC were C285, W286, S289, S290, S293, 1328, S390, and M420.

Betweenness centrality (BC)

BC determines how often residuals are used when navigating the shortest path in the network.
Hydrophobic residue W453 appeared as a persistent hub in all systems. W453 forms a
hydrophobic interaction with F214 and W449, which is crucial for auto-processing [80]. In this
interaction, the prodomain segment of the inactive zymogen complex dissociates into the active
enzyme and hydrolyses hemoglobin [80]. Therefore, we hypothesise that the loss of any
persistent hubs may influence the communication network of the protein structure. The global

5% distinctive hubs of the WT and mutant systems were further examined.

Interestingly, active site residue W449 appeared as a distinctive hub in the WT and was absent
in all mutant systems (Figure 2.21A). F214 forms hydrophobic interactions with W449 and
W453, and this interaction is crucial for auto-processing [80]. Active site residue Q279
appeared in the WT and M2451, T343P, D345G, V3931, and A400P but was absent in the other
mutations. Additionally, active site residues G283, C285 (catalytic thiol), V395, A400, and
H417 were distinctive in some mutant systems but absent in the WT. Interface residues Y226
and L227 were distinctive in some mutant systems but absent in the WT. Overall, we
hypothesise that the presence of mutations on the partial zymogen complex of FP-2 disrupted

the communication network, thereby altering the activation of its active enzyme.
Closeness centrality (CC)

CC quantifies the shortest path between node i and every other node in a protein network. When
comparing all the centrality metrics, CC analysis had the most persistent hubs. Some mutations
had distinctive hubs: A159V (S290), F1651 (V395), N224S (G292), E248D (1459), D345G
(1459), V3931 (1459), A400P (G292), and Q414E (1459) (Figure 2.21B).
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Degree centrality (DC)

DC is the simplest centrality metric, accounting for the total number of connections linked to
a particular node in a protein network. In DC calculations, a significant increase in the number
of hubs was observed in both WT and mutant systems (Figure 2.21C). Also, DC calculations
exhibited the diverse distribution of distinctive hubs in the mutant systems. N197K, N204K,
N2248S, S228T, E248D, E249A, K255R, N257E, D345G, A353T, V3931, A400P, and Q414E
gained a number of distinctive hubs, which were found around the active site pocket (Figure
2.21C). Distinctive hubs 1308, L313, G325, 1341, and G473 were acquired in A159V.
Residues L308, LL.313, and 1341 are found around the interface of pockets 2 and 6. Recall that
we found a cryptic pocket in section 2.4.6.2. We, therefore, postulate that this communication
path caused the opening of pocket 6 and the subsequent formation of the cryptic pocket.
Distinctive hubs C285, S309, 1341, V393, F407, G457, and 1480 were acquired in F1651.
Interestingly, we observed a communication path in the distribution of the distinctive hubs in
F165I (Figure 2.22B). This path occurs in the catalytic domain, which is triggered by F1651
that occurs in the prodomain. The path originates from F407-S309-C285-1341-V393 -G457-
1480. M165T gained distinctive hubs C285, V294, S309, 1368, A394, 1421, 1445. While this
did not form a communication path, it occurred around the active site pocket. M245I gained
the following distinctive hubs: Q279, C285, L308, 1341, 1368, and 1445. Despite the lack of a
clear path, we noticed a pattern in the distribution of the hubs (Figure 2.22C). Residues L308
and 1341 border around pockets 2 and 6, while 1368 is found in pocket 3. Residues Q279, C285
(catalytic thiol), and 1445 occur in the active site. We postulate that this communication path
is responsible for the presence of the cryptic pocket identified in section 2.4.6.2. We observed
a communication path in T343P which consists of distinctive hubs V196, C285, S290, S309,
1341, and 1368.

Interestingly, this path originates from [368-1341 and then goes through the mutated residues
343 to connect with S309-S290-C285-V196 (Figure 2.22D). In our previous study on the
catalytic domain of FP-2, we identified an allosteric communication path in the mutant system
T343P (L308-1291-S289-C285) [118]. Since T343P is one of the mutations associated with
ART resistance, we speculate that this allosteric communication path formed by six distinct
averaged DC hubs translocating from 1368-1341through the mutant residue (343) to residues
around the active site is likely responsible for resistance. Overall, the DC metric provided

insight into the communication patterns initiated by the presence of mutations.
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Figure 2.22: Cartoon representation of the distribution of the averaged BC hubs of the
WT and mutant systems F1651, M245I, and T343P. A) WT with averaged BC hubs depicted
as salmon-colored spheres. B) F1651 with its distinct hubs (skyblue) and the WT hubs in
salmon. C) M2451 with its distinct hubs (skyblue) and the WT hubs in salmon. D) T343P with
its distinct hubs (skyblue) and the WT hubs in salmon.

Eigenvector centrality (EC)

We observed the loss of hubs in the mutant systems from the EC calculations compared to the
WT (Figure 2.21D). We also observed some distinctive hubs in the mutant systems. In A159V,
distinctive hubs include S284, A287, F288, 1291, N320, and G325. These residues occur
around the binding pocket where N320 and G325 are part of the S3 subsite. L.229, S284, A287,
F288, 1291, E310, L313, V314, N320, G325, G326, S392, N415, and T479 appeared as
distinctive hubs in some mutant systems. While this centrality metric did not observe a definite

path, the distinctive hubs were identified as significant in the protein structure. N320, G325,

57



and G326 are part of residues forming subsite 3 (S3). S392 and N415 are part of residues
forming subsite 2 (S2). L313 and V314 are pocket 2 residues. E310 is found in pocket 6.

Katz centrality (KC)

As seen in EC calculations, loss of hubs from the WT system was observed in some mutant
systems (Figure 2.21E). We observed some distinctive hubs in the mutant systems. This
include L.229, A287, F288, 1291, N320, G325, S392, V393, N415, V419, V422, and 1445. It's
interesting to note that the majority of these distinct hubs were distinct in the mutant system
according to EC calculations, indicating a correction between these two metrics. Additionally,
the distribution of both £C and KC mimicked each other and was skewed to the right (Figure
2.20D and E).

Overall, we examined the effect of mutations on the partial zymogen complex of FP-2 using
the five different centrality metrics and identified persistent and distinctive hubs that contribute

to intra and inter-communication within the various protein systems.

2.5 Conclusion

In this chapter, we utilised various computational tools to systematically examine the structural
and dynamic effects of 29 missense mutations distributed within the partial zymogen complex
and the catalytic domain of FP-2. FP-2 plays a significant role in the development cycle of
plasmodial proteases during the blood stage in the host erythrocytes, making this protein an
important antimalarial drug target. Even though an approved antimalarial drug targeting FP-2
is yet to be found, numerous compounds of diverse chemical classes with up to nanomolar
inhibitory potencies have been identified [235-238]. With the ongoing research surrounding
this protease, there is a huge possibility of antimalarial drugs targeting them soon. However,
the much-anticipated breakthrough could be short-lived as parasite isolates have already
demonstrated the development of polymorphisms that result in missense mutations in the gene
coding for FP-2. Recently, the possible association between the observed mutations in FP-2
and reduced ART sensitivity was identified, necessitating an urgent need for studies to evaluate

their effects [97].

Structural visualisation of the distribution of the mutations in FP-2 revealed the position of the
mutations. With the exception of V3931 and A400P located within the binding pocket, all other

mutations were distally located from the binding site. We identified six potential allosteric sites
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using a combination of structure-based approaches and performed various computational
analyses to investigate the overall effect of mutations on the partial zymogen complex and the
catalytic domain of FP-2. In the catalytic domain, we observed a cryptic pocket in the presence
of mutant M2451 and a semi-cryptic pocket in the presence of E249A. We observed a cryptic
pocket in the partial zymogen complex in the presence of A159V, M2451, and E249A.

Interestingly, we found that M2451 and E249A had the same effect on pockets 2 and 6 in the
presence and absence of the promoter region. Using the five centrality metrics (BC, CC, DC,
EC, and KC), we identified conserved communication network changes between the WT and
mutant systems. These changes occurred on high centrality residues perceived to be critical for

the hemoglobinase activity in FP-2.
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Chapter 3

Structural, dynamic and network communication effects of
missense mutations on the partial zymogen and the catalytic
domain of Falcipain 3

3.1 Introduction

FP-3 shares a 68% sequence identity with FP-2, consisting of a-helices, f-sheets, and loops
[50]. Both proteases require a reducing environment and an acidic pH to function properly
[239]. A key difference, however, is that FP-3 transforms into an enzyme only at acidic pH
levels [239]. This pH is ideal for its activity and stability, especially against native hemoglobin
[239]. FP-3 is the second P. falciparum hemoglobinase that is suitable for hydrolyzing native
hemoglobin in the food vacuole. While the concentration of FP-2 in trophozoites exceeds that
of FP-3, the latter is thought to cleave native hemoglobin approximately twice as fast as the
former [239]. Thus, confirming FP-3 as an important target for inhibiting hemoglobin

degradation [70].
3.2 Proposed study

This chapter determined the structural, dynamic and residue communication effects of 12
missense mutations in the partial zymogen complex and the catalytic domain of FP-3 using a
range of computational approaches. As a quick starting point, the mutant structures were
predicted using homology modeling. MD simulations were performed to describe the dynamic
nature of the protein. The global dynamic attributes of each ensemble were performed,
followed by local analysis based on DRN calculations and weighted residue contact maps

(Figure 3.1).
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3.3 Methodology

Figure 3.1: A workflow of the methods and tools utilised in this chapter.

3.3.1 identification of missense mutations and preparation of mutant 3D
structures

The 3D structure of the catalytic domain of FP-3 [PDB ID: 3BWK] [85] was retrieved from
the RCSB PDB [197,198] and modeled by Thommas Mutemi Musyoka [87] using
MODELLER version 9.10 [240]. The WT structure of the partial zymogen complex of FP-3
was modeled using MODELLER version 9.18 [241] by Thommas Mutemi Musyoka [206].
PlasmoDB [102] (release 37, accessed 21-Aug-2018) was queried to identify missense
mutations linked with the partial zymogen complex and the catalytic domain of FP-3. These
include E177Q and I193L (occurring in the partial zymogen complex) and N371K, R411K,
A422T, E446G, and N468Y (occurring in the catalytic domain). Subsequently, MODELLER
version 9.19 [201] was used to predict mutant structures using the corresponding WT
templates. The quality of the mutant structures was evaluated as described in Chapter 2. The
protein structures (WT and mutants) were protonated to a pH of 5.5 to mimic the acidic
environment of the food vacuole using the PROPKA tool from PDB2PQR (version 2.1.1)
[208,209].
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3.3.2 Identification of potential allosteric pockets

A combination of structure-based tools such as Allosite [210], FTMap [211], FTSite [211],
PARS [212], SiteMap [213] and Auto-Ligand [214] was used to identify potential allosteric

pockets as outlined in chapter 2.
3.3.3 Molecular dynamics simulations

The WT and mutant systems of the partial zymogen complex and the catalytic domain of FP-
2 were subjected to 500 ns of all-atom MD simulation using the GROMACS 5.1.2 package
[217] (WT and 5 mutations in the catalytic domain; WT and 7 mutations in the partial zymogen
complex). First, using three different force fields viz. AMBER96 [138], AMBER99SB-ILDN
[139], and CHARMM36 [140], we performed triple test MD on FP-3 to identify the most
suitable force field parameters. The optimal force field, AMBER99SB-ILDN [139], generated
WT and mutant topology files. MD simulation was carried out using all parameters outlined in

Chapter 2.
3.3.4 Comparative essential dynamics

MD simulations provide the positional motions of each atom, and these motions are dissected
into principal components (PC), where each component represents the functional state of the
protein structure [242]. To investigate the conformational dynamics of the predicted allosteric
pockets of the WT and mutant systems of the partial zymogen complex and catalytic domain,
we performed comparative essential dynamics using the compare essential dynamics.py

script in MDM-TASK-web [163] as described in chapter 2.
3.3.5 Dynamic residue network (DRN) analysis

To understand the impact of missense mutations on the residue interaction network and
highlight residues involved in the structure and function of FP-3, we performed DRN analysis
using MDM-TASK-web [163]. In this chapter, we considered five DRN metrics: betweenness
centrality (BC), closeness centrality (CC), degree centrality (DC), eigenvector centrality (EC)
and Katz centrality (KC).
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3.3.6 Residue contact map analysis

Residue contact map analysis was performed to determine how frequently a residue of interest
interacts with its neighbouring residues throughout the entire MD trajectory using the
contact_map.py and contact_heatmap.py scripts from MDM-TASK-web [163,165]. The
weighted contact maps were created with a cut-off distance of 6.7 A and a step size of 50
frames. The weighted contact maps were combined into a heat map using the
contact_heatmap.py script. In this case, "weighted" refers to contact maps over MD

simulations, indicating the frequency.
3.3.7 Assessment of the prodomain interface residues via Alanine Scanning

To predict energetically important amino acid residues within the partial zymogen interface,
we performed alanine scanning using the ROBETTA web server [243]. Alanine scanning
calculates the contribution of each residue to the binding free energy of a protein-protein
interface by mutating interface residues to alanine. Residues with AG > 1 kcal/mol denote
destabilisation, -0.8 to 0.99 kcal/mol denote neutralisation, and < -0.8 denote stabilisation. The
pdb structure of the partial zymogen mutant models was edited using PyMOL [199]. Residues

in the prodomain were designated chain A and the catalytic domain as chain B.

3.4 Results and Discussion

In this chapter, we utilized various computational techniques to elucidate the structural and

dynamic effects of mutations in the partial zymogen and catalytic domain of FP-3.

3.4.1 Identification of missense mutations and generation of three-dimensional
(3D) mutant structures of FP-3

A total of seven missense mutations distributed across the partial zymogen and five across the
catalytic domain of FP-3 were identified from PlasmoDB [102] (release 37, accessed 21-Aug-
2018). Two of these mutations were located in the partial zymogen complex, while five were
in the catalytic domain (Figure 3.2). The two mutations located in the partial zymogen complex
(E177Q and I1193L) were situated in the al and a2 helices. In the catalytic domain, most
mutations occur in the loop regions, with the exception of E446G and N468Y, which occur in
the antiparallel f-sheet. Furthermore, E446G is located in the arm region, which is a highly

dynamic structural element proposed to capture hemoglobin for processing [83]. Thus, mutant
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models were built using MODELLER version 9.19. For each system, the best model with the
lowest z-DOPE score was selected and validated using VERIFY3D, ProSA, and PROCHECK.

Table S4 summarizes the results of each validation tool.

Figure 3.2: Structural representation and location of missense mutations occurring in FP-
3 protein. The prodomain is colored in wheat, and the catalytic domain is coloured in white.

3.4.2 Identification of potential allosteric pocket

Six potential allosteric pockets (named Pockets 1 — 6) were identified by a combination of
structure-based tools that utilized different algorithms (Figure 3.3). Residues forming the
potential allosteric pockets are highlighted in Table 3.1. FP-2 and FP-3 are homologous
proteins that share a 68% sequence similarity; hence we calculated the sequence identity of the
potential allosteric residues between FP-2 and FP-3 using MAFFT [244] and Jalview [245].
From the calculations, FP-2 and FP-3 exhibited the following allosteric pocket sequence
identity: pocket 1 (48%), pocket 2 (67%), pocket 3 (44%), pocket 4 (58%), pocket 5 (63%),
and pocket 6 (63%). Pocket 1 is located around the nose region loop, which is an intrinsic
structural attribute of FP-3 and its homologs. The residues in pockets 2 and 4 are located in the
highly dynamic loops adjacent to S1 and S1'. Pocket 4 contained missense mutation R411K.
Pocket 3 is formed by residues residing at the bottom of the L-domain. Pockets 5 and 6 are

characterized by two small grooves. According to the druggability analysis performed with
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SiteMap and Auto-Ligand, pocket 1 was determined to be druggable, pockets 2 and 4 were

moderately druggable, while pockets 3, 5, and 6 were less likely to bind small molecules (Table

S5).

Table 3.1: Residues in potential allosteric pockets (pockets 1 — 6) in FP-3 based on the whole
rotein sequence.

Pockets Residues

1 Y254, E255, 1258, K259, K262, P263, A264, D265, A266, K267, L268, D269,
R270, D385, K386, F387, K388, E389, A390, E473, N474, G475, Y476

2 Q319, L321, V322, D323, C324, S325, V326, K327, N328, N329, G330, C331,
Y332, D342, V358, S359, N360, L361, P362, E363, T364, C365, N366

3 Y306, K310, A312, F314, M343, 1344, D345, 1346, G347, G348, L349, E372,
R373,Y374, T375, 1376, K377, S378, Y379, P489, L490, L491

4 D405, D406, F409, Y410, R411, G412, G413, F414, Y415, D416, G417, E418

5 G279, G280, V281, T282, A307, K311, A312, L313

6 P283, V284, K285, D286, A288, L315, S317, E318, Q352, D353, D354, Y355,
P356, Y357, G458, S459

Figure 3.3: Structural representation of the potential allosteric pockets in FP-3. Identified
pockets are shown in the surface presentation and colored accordingly.
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3.4.3 Mutations-induced structural changes identified using MD simulations

The use of molecular dynamics simulations has greatly increased our understanding of complex
biological systems; however, the selection of an appropriate force field that best describes the
structural and dynamic properties of a macromolecule is of vital importance [246].
Consequently, we evaluated three force fields: AMBER96 [138], AMBER99SB-ILDN [139],
and CHARMMO96 [140] in a triplicate run per force field for the WT system of the partial
zymogen and the catalytic domain. According to the backbone RMSD analysis, AMBER99SB-
ILDN described the properties of FP-3 most accurately (Figure 3.4). Subsequently, the
dynamic changes of the WT and mutant systems of the partial zymogen complex and the
catalytic domain of FP-3 were assessed over 500 ns MD simulation. Post-MD simulations
analysis involved the pre-processing of each trajectory where the periodic boundary conditions
(PBC) were removed using the trjconv tool in GROMACS [217]. Next, the protein stability
and conformational changes induced by mutations were assessed using RMSD (whole protein,
central invariant core, and the active site residues) and Rg (whole protein, central invariant

core, and the various potential pocket residues) calculations.

Figure 3.4: Identification of the most accurate force field for the partial zymogen complex
and the catalytic domain of FP-3. The backbone RMSD analysis of the three force fields over
the triplicate MD simulations is shown in line plots. Run 1 is coloured in black, run 2 in red,
and run 3 in blue.
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3.4.3.1 Catalytic domain

To observe the global conformational dynamics over the simulation time, various analyses of
atom-positional RSMDs were performed for the WT and mutant systems. These dynamics were
evaluated using backbone RMSD, and the mutant systems were compared to the WT structure.
Initially, the stability of the WT and mutant systems throughout the entire simulation was
evaluated using the classical RMSD versus timeline plots. A consistent convergence was
observed in the WT and mutant systems (RMSD ranged from 0.1 to 0.3 nm) (Figure S3.1). As
a next step, we calculated RMSD distribution violin plots for the active site residues and the
central invariant core to determine the conformational space sampled by each system. An all-
encompassing unimodal RMSD distribution was observed for all systems (whole protein,
central invariant core, and active site residues), indicating that all systems visited a single

conformational space (Figure 3.5A, B, and C).

Additionally, RMSD plots from all versus all frames were generated using pytraj [228] to
examine the differences between the starting conformation and the whole frame conformation.
It is important to note that each system's starting structure varied significantly compared to
other frames during the simulation, similar to the classical RMSD versus timeline plot (Figure

3.5D). A422T, located around the binding pocket, exhibited the most divergent results.

Figure 3.5: Backbone RMSD analysis of the WT and mutant systems of the catalytic
domain of FP-3. RMSD violin distribution plots of the A) whole protein, B) central invariant
core, and C) binding active site residues of the WT and mutant protein systems. WT ensemble
plots are shown in purple. D) All vs all Caa RMSD of the WT and mutant protein systems. The x
and y-axes represent time (ns). The color scale indicates the degree of conformational variation
between frames (most similar = white, different = dark).
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3.4.3.2 Partial zymogen complex

To characterize the conformational changes induced by the presence of mutations, we analyzed
the global dynamics of the WT and mutant systems. Based on the RMSD versus timeline plots,
both WT and mutant systems showed high values, indicating they sampled different energetic
landscapes (Figure S3.2). As seen in Figure 3.6A, great variability in conformational
distribution was observed in the partial zymogen complexes of FP-3. Most systems exhibited
bimodal distribution, indicating that the systems evolved through different conformations
while undergoing MD simulation. Using VMD [231], the WT and mutant systems were
visualised. The central core (consisting of a-helices and f-sheets), where the trench-like
binding pocket is located, exhibits vibrational-like movements. However, major
conformational diversity was observed within the loop regions linking the central core
structural elements. These observations corroborated the RMSD results of the central invariant
core, which exhibited unimodal distribution (Figure 3.6B). The effect of the mutations on the
active site residues is described in Figure 3.6C. While most systems exhibited unimodal

distributions, notable differences in the RMSD values were observed.

Figure 3.6: Backbone RMSD analysis of the WT and mutant systems of the partial
zymogen complex of FP-2. RMSD violin distribution plots of the A) whole protein, B) central
invariant core, and C) binding active site residues of the WT and mutant protein systems. WT
ensemble plots are shown in purple. D) All vs all Ca RMSD of the WT and mutant FP-2
proteins. The x and y-axes represent time (ns). The color scale indicates the degree of
conformational variation between frames (most similar = white, different = dark).
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3.4.4 Local per-residue flexibility analysis using RMSF

We determined per-residue flexibility profiles for all systems using the Ca RMSF and
discovered significant mutation-related changes. The highest RMSF values were observed in
the loop regions in the partial zymogen complex and the catalytic domain. In the partial
zymogen complex, notable fluctuations were observed in the nose region (residues 243 — 264)
and the f-arm hairpin (residues 438 — 444) (Figure 3.7A). Several mutations exhibited higher
fluctuations than the WT system. These include E177Q, N371K, and R411K. In the catalytic
domain, the f-arm hairpin and loops around the subsite residues exhibited high fluctuations

(Figure 3.7B).

Figure 3.7: Heatmaps showing the per-residue raw RMSF values across all systems.
RMSF values of the WT and mutant systems of A) the partial zymogen complex and B) the
catalytic domain of FP-3. Protein loops displaying increased RMSF, as shown using different
color bars, and their positions are shown in the 3D structures.

3.4.5 Mutation-linked changes in the putative allosteric pockets were identified
via Rg

The overall compactness of the WT and mutant systems of the partial zymogen complex and
the catalytic domain of FP-3 was monitored by measuring the corresponding radius of gyration.
As can be seen from the Rg violin distribution plots, all systems maintained a unimodal

distribution, which indicates that irrespective of the presence of the mutations, the systems
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remained compact throughout the simulation (Figure S3.3). However, the partial zymogen
complex observed a notable increase in the Rg values of E177Q, I1193L, R411K, and N468Y.
Putative allosteric pockets were further analysed using Rg and Ca RMSF to determine the

relationship associated with each mutation and the different pockets.
3.4.5.1 Catalytic domain

As seen in Figure 3.8A, in pocket 1, all systems displayed unimodal behaviours with observed
increases in Rg values. The heatmap of pocket 1 RMSF values revealed high fluctuations in
P263 — L268. A422T exhibited higher fluctuations in residues D269 — R270. In addition,
R411K and A422T exhibited high fluctuation in residues E473 — Y476. In pocket 2, all
systems, with the exception of A422T, exhibited unimodal distribution (Figure 3.8B). A422T
displayed a bimodal distribution with increased fluctuations in residues V358 — E363. In pocket
3, all systems exhibited unimodal distribution with minimal differences in the RMSF plot
(Figure 3.8C). In pocket 4, all systems exhibited unimodal distribution. Interestingly, an
increase in RMSF values was observed in the WT, suggesting that the mutation increased the
pocket's compactness (Figure 3.8D). In pocket 5, all systems exhibited unimodal distribution
with minimal differences with increased fluctuation in residues G279 — V281 in mutants
N371K, A422T, and N468Y (Figure 3.8E). Lastly, in pocket 6, all systems exhibited unimodal
distribution with minimal differences with increased fluctuation in residues D353 — Y357 in

mutants N371K and A422T (Figure 3.8F).
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Figure 3.8: Rg and RMSF values for Pockets 1 — 6 (A — F) of the WT and mutant systems of the catalytic domain of FP-3. Rg and RMSF
are represented as violin distribution plots and heatmaps, respectively. The purple ensemble in the violin plots represents the WT system. The
heatmaps show pocket residues on the x-axis and WT and mutant systems on the y-axis.
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3.4.5.2 Partial zymogen complex

In Pocket 1, WT, 11931, R411K, A422T, and N468Y exhibited unimodal distribution, while
E177Q, N371K, and E446G displayed bimodal distribution (Figure 3.9A). In comparison to
the WT, all mutant systems exhibited higher fluctuations in residues P263 — L268, with mutant
E177Q exhibiting extended fluctuations in residues 1258 — K262. In Pocket 2, the presence of
mutations 1193L, N371K, R411K, A422T, and N468Y maintained a unimodal distribution
(Figure 3.9B). The WT, E177Q, and E446G exhibited a somewhat bimodal distribution.
According to the RMSF heatmap plot, A422T displayed no fluctuations in pocket 2 residues,
which caused an increase in the compactness of the pocket (Figure 3.9B). E177Q had increased
fluctuations in residues V326 — Y332. In pocket 3, WT, E177Q, R411K, A422T, and N468Y
exhibited a unimodal distribution, while 1193L, N371K, and E446G sampled a wider
conformation with a flatter distribution (Figure 3.9C). E177Q displayed higher fluctuations in
residues in pocket 3. In pocket 4, all systems exhibited a unimodal distribution except 1193L,
A422T, and N468Y, which sampled a wider conformational range (Figure 3.9D). In pocket 5,
WT, 11931, A422T, E446G, and N468Y displayed a unimodal distribution. E177Q and N371K
sampled a wider conformational range while maintaining a flatter distribution (Figure 3.9E).
Only R411K exhibited a distinct bimodal distribution which correlated to the higher
fluctuations in residues K311 — L313. Finally, in pocket 6, all systems displayed a unimodal
distribution, with E177Q exhibiting the highest Rg values and higher residue fluctuations
(Figure 3.9F).
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Figure 3.9: Rg and RMSF values for Pockets 1 — 6 (A — F) of the WT and mutant systems of the partial zymogen complex of FP-3. Rg and
RMSEF are represented as violin distribution plots and heatmaps, respectively. The purple ensemble in the violin plots represents the WT system.
The heatmaps show pocket residues on the x-axis and WT and mutant systems on the y-axis.
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3.4.6 Essential dynamics revealed diverse conformational changes in the active
site region and identified putative allosteric pockets

In order to examine the biologically important motions and the possible effects of mutations
on the active sites and putative pockets, we performed comparative essential using a new tool
we developed from MDM-TASK-web [163]. Our analysis was based on the extreme
projections of the first and second principal components (PC1 and PC2), which reflect the

major protein motion contributions.
3.4.6.1 Catalytic domain

The dominant motions of the active site residues during MD simulation are shown and labelled
along PC1 and PC2, and each colour corresponds to a specific trajectory time (Figure S3.4).
Regardless of the mutations or lack thereof, the lowest energy equilibrium conformation of the
catalytic residues indicated a common stable conformation for both states. The percentage
variance along PC1 and PC2 (39.73% and 9.48%) explains the minute differences in catalytic

residues of the WT and mutant systems.

Figure 3.10: Comparative essential dynamic analysis of pockets 2 and 6 of the WT and
mutant systems of the catalytic domain of FP-3 along PC1 and PC2. The simulation time
(ns) is represented by a color code (black = start, yellow = end). In each PCA plot, the time
stamp with the most stable structure is indicated in blue.

As seen along PC1, which accounted for 32.92% of the total variance in Pocket 1, mutant

A422T showed the highest conformational divergence, while mutant E446G showed the least
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(Figure S3.5A). The level of divergence between the WT and mutant systems corresponds

with the observed differences in compactness, as seen in Figure 3.8.

In Pocket 2, PC1 and PC2 accounted for 37.60% and 13.81% of the total variance, respectively
(Figure 3.10A). Both axes exhibited a larger conformational distribution in the WT and mutant
A422T. An examination of the WT trajectory revealed no conformational changes in this
pocket. Observing the A422T trajectory revealed the conformational changes associated with
pocket 2. This correlated with the Rg results, which revealed the bimodal conformational

sampling of pocket 2 in mutant A422T.

In Pocket 3, PC1 and PC2 accounted for 41.17% and 12.17% of the total variance, respectively.
The conformational distribution of WT and mutant systems in Pocket 3 was similar (Figure

$3.5B)

In Pocket 4, PC1 and PC2 had nearly identical variances, averaging 21.83% and 21.07% of the
total variance, unlike other pockets. A closer look at the trajectory revealed that pocket 4

became more rigid due to the mutation (Figure S3.5C).

In Pocket 5, PC1 and PC2 accounted for 43.44% and 13.22% of the total variance, respectively.
Both WT and mutant systems in Pocket 5 showed similar conformational distributions (Figure
S3.5D). Visualization of R411K MD simulation revealed another unusual opening of Pocket
5. While residues in Pocket 5 did not move into their neighbouring pocket (3), they maintained

an opening and closing motion.

Finally, in Pocket 6, PC1 and PC2 accounted for 42.61% and 16.82% of the total variance,
respectively (Figure 3.10B). Despite appearing to evolve during the simulation, visual
inspection of the WT trajectory revealed no conformational changes as the pocket remained
intact. Among the mutant systems measured along PC2, A422T had the highest range of
conformational sampling. Upon visualizing the trajectory, we found evidence of a cryptic
pocket where Pocket 6 opened, with residues from Pocket 2 migrating to Pocket 6, forming a
groove linking both pockets (Movie S1). Additionally, analysis of the pose obtained by
applying the k-means algorithm of mutant A422T MD simulation at 258,642 ps revealed an
unusual opening of pocket 6. The absence of this opening in WT and other mutant systems
suggests this pocket is cryptic (Figure 3.11). Interestingly, this cryptic pocket was discovered
to be present in mutant M245I in FP-2, as described by Okeke et al. [118].
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In general, the comparative essential dynamics results of the putative allosteric pocket

correlates with the analysis of Rg and RMSF in section 3.4.5.1.

Figure 3.11: Cartoon representation of A) WT and B) A422T extracted at 203,390 ps,
revealing the presence of the cryptic pocket in M2451 and absence in the WT.

3.4.6.2 Partial zymogen complex

Figure S3.6 illustrates and labels the motion of the catalytic residues during MD simulation.
The percentage variance along PC1 and PC2 were 37.74% and 15.94%, respectively. E177Q
varied significantly along PC1, thus accounting for the changes in the binding site residues.
N371K varied along PC1. From this analysis, the presence of mutations affected the binding

site. We subsequently analysed the effects of the mutants on the different allosteric pockets.

Pocket 1 analysis revealed the percentage variance along PC1 and PC2 as 34.84% and 17.09%,
respectively. Unlike the WT, mutant system E177Q displayed the highest conformational
variance along PC1 and PC2. According to the structural analysis of the lowest energy
conformation of pocket 1 in E177Q, the surface topology of pocket 1 differs from that of pocket
1 in the WT. In FP-3, several structure-based approaches determined pocket 1 as druggable;

therefore, this mutation may interfere with potential allosteric ligand binding (Figure S3.7A).

In pocket 2, PC1 and PC2 accounted for 23.96% and 16.31% of the total variance, respectively.
A notable variance was observed along PC1 and PC2 in mutant system E177Q (Figure 3.12A).

In pocket 3, PC1 and PC2 accounted for 41.58% and 20.07% of the total variance, respectively.

Figure S3.7B revealed a conformational similarity between the WT and mutant systems, with
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the exception of E177Q, 1193L, E446G, and N468Y. It was evident from the trajectory
visualization that with mutation E446G, pocket 3 disembarked and fused with pockets 5 and 6.
One end was fused with pocket 5, while the other was fused with pocket 6 (Video SX).

In pocket 4, PC1 and PC2 accounted for 29.57% and 18.50% of the total variance, respectively.
Notable differences between the WT and mutant systems were observed, with E177Q
displaying the most significant differences (Figure S3.7C).

In pocket 5, PC1 and PC2 accounted for 46.25% and 19.09% of the total variance, respectively
(Figure S3.7D). Significant differences were observed in mutant systems E177Q, 1193L,
N371K, E446G, and N468Y. Analysis of the trajectory of E177Q revealed an opening and

closing mechanism in pocket 5, where residues in pocket 5 moved into its neighbouring pocket

3).

Lastly, pocket 6 analysis revealed that PC1 and PC2 accounted for 35.77% and 21.06% of the
total variance, respectively. Mutants E177Q, N371K, E446G, and N468Y varied significantly
along PC2 compared to the WT. Visual inspection of these mutant systems revealed the
topological changes associated with this pocket (Figure 3.12B). However, no cryptic pockets

were revealed.

Figure 3.12: Comparative essential dynamic analysis of pockets 2 and 6 of the WT and
mutant systems of the partial zymogen complex of FP-3 along PC1 and PC2. The
simulation time (ns) is represented by a color code (black = start, yellow = end). In each PCA
plot, the time stamp with the most stable structure is indicated in blue.
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3.4.7 Dynamic residue network analysis

Interactions between residues in a protein structure are critical to its functional and structural
stability [247]. In order to identify conserved dynamic residue network changes arising from
mutations, key residues crucial for protein communication were calculated using five different
network centrality metrics in both WT and mutant systems. The metrics used included BC, CC,
DC, EC, and KC centrality implemented on the MDM-TASK-web [163]. We defined the term
"hub" as any node whose centrality is among the top 5% of all metrics, defined as the top 5%
of centrality nodes. For the purpose of understanding the function of identified hubs, we
introduced the terms “persistent hub” and “distinctive hub”. The former refers to hubs in both
the WT and mutant systems, while the latter refers to hubs absent from the WT but present in

the mutant system.
3.4.7.1 Catalytic domain

The raw values of the averaged BC, CC, DC, EC, and KC of the WT and mutant systems are
represented as heatmaps (Figure 3.13). Similar to FP-2, most residues within the loop region,
including the nose region and the f-hairpin, exhibited the lowest centrality values, whereas
residues within the a-helices and S-sheets that make up the central invariant core showed the
lowest centrality values. Group and trench-like binding pockets showed high centrality values
(Figure 3.13). As a way of increasing the robustness in detecting residues critical in the
communication network, we calculated the global 5% of WT and mutant systems for each
metric. From the various metrics, several residues were consistently identified as key in

communication in the WT and mutant systems.

According to Figure 3.14, persistent hubs for averaged BC were F296, 1397, 1428, 1453, and
V488. Persistent hubs identified for CC include S297, S298, G300, S301, P396, 1397, S398,
1399, V427, 1428, and L429. DC persistent hubs were W294, S297, 1336, and 1397. EC
persistent hubs were S297, S298, G300, S301, 1336, S398, and 1428. KC persistent hubs were
S297, S298, S301, 1336, 1397, S398, and 1428. Upon mapping these hubs to the protein
structure, all the identified Persistent hubs are located within the central invariant core of FP-

3, where the main binding pocket resides (Figure 3.15).

In summary, the heat maps representation of the hubs identified according to the global top 5%
in each of the five centrality metrics enabled us to identify key residues unaffected mutations,

i.e., persistent hubs.
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Figure 3.13: Heatmaps showing per-residue centrality scores of the WT and mutant systems of the catalytic domain of FP-3. A)
Betweenness centrality, B) Closeness centrality, C) Degree centrality, D) Eigenvector centrality, and E) Katz centrality.
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Figure 3.14: Heatmap representation of the global top 5% for each centrality metric of
the WT and mutant systems of the catalytic domain of FP-3. Hubs are shown along the x-
axis protein systems along the y-axis. Detected hubs are annotated with centrality values.
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Figure 3.15: Cartoon representation of the distribution of the persistent hubs in the
catalytic domain of FP-3. Hubs are represented in spheres. (A) Averaged BC (orange), (B)
Averaged CC (sky-blue), (C) Averaged DC (cyan), (D) Averaged EC (chartreuse), (E)
Averaged KC (yellow), (F) a collective representation of persistent hubs in purple spheres.

Betweenness centrality (BC)

According to Figure 3.14A, five residues were identified as persistent hubs, which implies that
the mutation did not alter the communication network of these hubs in the catalytic domain of
FP-3. We, therefore, hypothesize that the loss of any of these Aubs may influence the system’s
communication. We further analyzed the residues with significantly high BC values by
calculating the global top 5% distinctive hubs of the mutant systems coloured in sky-blue
spheres (Figure 3.16). Notably, the catalytic thiol (C293) appears as a distinctive hub in all
mutant systems but is absent in the WT system. V299, located at the central a-helix, also
appeared as a distinctive hub in all mutant systems but was absent in the WT system. Y449 and
Y451 were distinctive hubs in all mutant systems except mutant R411K. Y449 and Y451 are
located in the f4, part of the f-hairpin. Notably, 1399 and 455 were distinct in the WT and
absent in all mutant systems. 1399 is located in the 2 around the active site, and N455 is a

subsite residue forming part of the active site. S298, S398, and L469 were distinctive hubs in
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only mutant system R411K. S298 is located in the a6, S398 in the 2, and L469 in the /5.
Interestingly, residue E318 is the only distinctive hub specific to mutant A422T. Visual
inspection of the location of the distinctive hub specific to mutant A422T showed that these
hubs (C293, V299, and E318) formed a short communication pathway (Figure S3.8). The path
originates from the catalytic thiol C293 adjacent to the mutant residue A422T and ends at
residue E318. Visual inspection of the relationship between the distinctive hubs and the
putative allosteric pockets shows that C293 and V299 are embedded between Pockets 2, 3, and
6, while E318 is located in Pocket 6 (Figure S3.8). We hypothesize that this allosteric

communication is responsible for the cryptic pocket, as explained in section 3.4.6.1.

Figure 3.16: Cartoon representation of the distribution of averaged BC hubs in the WT
and mutant systems of FP-3. A) WT containing all identified hubs (salmon spheres) and B-
F) distinctive hubs of each mutant system with respect to WT (sky-blue spheres). Catalytic
thiol (C293) is labelled with a black stick if identified as a distinctive hub. Mutant positions
are shown in spheres and colored in firebrick.

Closeness centrality (CC)

CC measures the shortest path between node i and all other nodes in a protein network. The
CC hubs were persistent through the WT and mutant systems and were mainly located at the
centre of the protein structure (Figure 3.14B). We observed no distinctive hubs in the mutant
systems. The following distinctive hubs were observed in these systems: WT (V488), R411K
(A426) A422T (I336). I336 and A426 are subsite 2 residues that form part of the active site.

V488 is located in 6, which is near the active site.
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Degree centrality (DC)

A notable increase in the number of Aubs in both WT and mutant systems was observed in DC
calculations except A422T (Figure 3.14C). An analysis of the mutant systems' top 5%
distinctive hubs was performed compared to the WT systems. Residues S292 and D342
appeared as distinctive hubs in all mutant systems but were absent in the WT system.
Additional distinctive hubs were observed in several mutant systems. In N371K, L349 and
A402 (S1° residue) appeared as distinctive hubs. In A422T, A339 (located around the active
site) appeared as a distinctive hub. In E446G, S298 and N328 (S3 residue) were distinctive
hubs. Lastly, in N468Y, V299 was the only additional hub observed. Overall, the number of

neighbouring nodes around a given node was evident due to the mutants in FP-3.
Eigenvector centrality (EC)

The EC metric is similar to DC, but it takes a step further by considering how connected node
i is and how many connections it has throughout the communication network. W294 appeared
as a distinctive hub in all mutant systems (Figure 3.14D). Residues L429 and V430 appeared
as distinctive hubs WT system but were absent in all mutant systems. Additionally, some
distinctive hubs were discovered for some mutant systems. S295 and V299 appeared as
distinctive hubs in N371K. In the mutant system, A422T, S295 and A339 appeared as
distinctive hubs. S296 and V299 appeared as distinctive hubs in E446G. In N468Y, S292, C293
(catalytic thiol), S296, V299, A339, and A426 (S2 residue) appeared as distinctive hubs.

Katz centrality (KC)

KC measures the relative influence of a residue within a network. W294 appeared as a
distinctive hub in all mutant systems. Additional distinctive hubs were observed in some mutant
systems: V299 in N371K; S296, V299, and G300 in R411K; A339 in A422T; A295, S296, and
G300 in E446G; S292, A295, S296, and G300 in N468Y (Figure 3.14E).

3.4.7.2 Partial zymogen complex

The raw values of the averaged BC, CC, DC, EC, and KC of the WT and mutant systems are
represented as heatmaps (Figure 3.17). All systems exhibited high centrality values in a-

helices (a2, a3, a5 a6, a7, and a9) and S-sheets (52, 53, 4, and f5).
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According to Figure 3.17, persistent hubs for the centrality metrics in the partial zymogen are
as follows. Averaged BC: ¥296, 1397, 1453, N455, W461, and 1467. Averaged CC: S297, S398,
1399, A426, V427, 1428, 1.429, 1453, and N455. Averaged DC: 1336, 1397, 1401. Averaged EC:
W294, S297, S298, G300, S301, 1336, S398, and 1428. Averaged KC: W294, A295, S297,
S298, S301, 1336, A339, 1397, S398, and 1428.

Betweenness centrality (BC)

Figure 3.18A shows that six residues remained persistent hubs in the partial zymogen complex,
indicating that the mutation did not disrupt communication. Interestingly, in the partial
zymogen complex, hydrophobic residue W461 was persistent in all systems. W461 forms a
hydrophobic interaction with W457, which is crucial for auto-processing [80]. As explained in
Chapter 2, these hydrophobic interactions are responsible for cleaving the prodomain and
subsequent hemoglobin hydrolysis. We further analysed the global top 5% distinctive hubs of
the mutant systems coloured in sky-blue spheres (Figure 3.19). WT hubs are represented as
salmon spheres; distinctive hubs are represented as skyblue spheres, and mutant positions are
represented as firebrick spheres. F228 and Y410 appeared as distinctive hubs in most mutant
systems in the partial zymogen complex but were absent in the WT system (Figure 3.19). At
the interface between the inactive zymogen and active enzyme, these residues form
hydrophobic clusters with other residues (Y213, F220, Y415, W457, and W461), which are
crucial in the auto-processing of the enzyme [195]. In mutant systems of A422T and E446G,
hydrophobic residue W457 appeared to be a distinctive hub. This residue forms a hydrophobic
interaction with W461, which is crucial for auto-processing [80,195]. In mutants R411K and
A422T, the catalytic thiol (C293) appeared as a distinctive hub. Overall, mutations in the partial
zymogen complex altered the communication network, affecting the activation of active

enzymes and ultimately leading to the accumulation of undegraded hemoglobin.
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Figure 3.17: Heatmaps showing per-residue centrality scores of the WT and mutant
systems of the partial zymogen complex of FP-3. A) Betweenness centrality (BC), B)
Closeness centrality (CC), C) Degree centrality (DC), D) Eigenvector centrality (EC), and E)
Katz centrality (KC).

Closeness centrality (CC)

In protein networks, CC measures the shortest path between node i and all other nodes. CC
hubs were mostly located at the center of the protein structure and were persistent through WT
and mutant systems. Subsite 1’ residue and catalytic thiol residue, H425, was distinctive in
most mutant systems but absent in the WT (Figure 3.18B). Additional distinctive hubs were
only acquired by mutant systems E177Q and A422T. E177Q has the following distinctive hubs:
G300, P396, V430, and 1467. In A422T, Q287 (Subsite 1 residue and catalytic thiol residue),
W294, S298, G300, and 1336 (Subsite 2 residue) appeared as distinctive.
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Figure 3.18: Heatmap representation of the global top 5% for each centrality metric of
the WT and mutant systems of the partial zymogen complex of FP-3. Hubs are shown along
the x-axis, and protein systems along the y-axis. Detected hubs are annotated with centrality
values.
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Figure 3.19: Cartoon representation of the distribution of averaged BC hubs in the WT
and mutant systems of the partial zymogen complex of FP-3. A) WT containing all
identified Aubs (salmon spheres) and B — F) distinctive hubs of each mutant system with respect
to WT (sky-blue spheres). Mutant positions are shown in spheres and colored in firebrick.

Degree centrality (DC)

According to the centrality metrics calculated, DC had the lowest number of persistent hubs;
however, a notable increase in the number of distinctive hubs was observed in both WT and
some mutant systems (Figure 3.18C). In the WT system, L235, G333 (Subsite 3 residue), and
N439 appeared as distinctive hubs, absent in all mutant systems. The catalytic thiol C293 was
identified as a distinctive hub in mutants E177Q, R411K, and N468Y. Active site residue A402
appeared as a distinctive hub in mutants [193L, N371K, A422T, E446G, and N468Y. A339
also appeared as a distinctive hub in all mutant systems, with the exception of A422T. In
addition to the highlighted distinctive hubs, additional distinctive hubs were observed in the
various mutant systems. Mutant E177Q had A275, F296, V302, Q305, F316, S317, 1428, and
Y450. Mutant 1193L had V302, A390, and L391. Mutant N371K had S317, D342, and G465.
Mutant R411K had W275, A307, D342, and V488. Mutant A422T had W275, V302, S317,
V322, and V488. Mutants E446G had V302, S317, and D342. Mutant N468Y had N234, S317,
D342, 1349, and Y450.
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Eigencentrality (EC)

The presence of mutations caused a shift in the communication network of the partial zymogen
complex of FP-3 as determined by EC calculations. In the WT system, L.235 and S400 (Subsite
2 residue) appeared as distinctive hubs but were absent in all mutant systems (Figure 3.18D).
Residues V299, V302, S304, P396, 1397, V427, 1429, and V430 appeared as distinctive hubs
in most mutant systems and were absent in the WT. Figure 3.20 highlights the persistent,
distinctive, and extinct hub distributions. We defined extinct hubs as hubs present in the WT
but lost in the mutant systems. The persistent hubs are represented as salmon spheres, the
distinctive hubs are represented as skyblue spheres, and the extinct hubs are represented as
green spheres. The distribution of distinct hubs within each mutant system and their
communication paths were observed. As mentioned in chapter 3.4.6.2, visual inspection of
mutants E177Q and E446G trajectories revealed an interaction between Pockets 3, 5, and 6. To
understand the relationship between the communication network of residues and its effect on
the potential allosteric pockets listed above, we mapped the distinctive hubs of mutants E177Q,
N371K, and E446G on their respective proteins (Figure 3.20). In the presence of mutation
E177Q, a communication path was observed. This path originates from V299 - V302 - S304 -
P396 - 1397 - L429 - V430 - V427 (Figure 3.20B). Visual inspection of the relationship
between the distinctive hubs and the putative allosteric pockets shows that V299, V302, S304,
P396, and 1397 are embedded between Pockets 3, 5 and 6, while L429, V430, and V427 are
found around the binding pockets. In the presence of N371K, a communication path was
established. This path originates from V299 - V302 - S304 - P396 - 397 - L429 - V430 - V427
(Figure 3.20C). Next, we looked at mutant E446G and its allosteric communication path.
Recall that in Chapter 3.4.6.2, we established a relationship between pockets 3, 5 and 6, where
a section of Pocket 3 disembarked and fused with Pocket 5 and Pocket 6, where one end fused
into Pocket 5 and the other end to Pocket 6. We hypothesize that the distinctive hubs identified
by eigencentrality could be associated with the relationship between pockets 3, 5 and 6. The
communication path that occurs in the presence of E446G is shown in Figure 3.20D. This path
originates from V299 - V302 - S304 - P396 - 1397 - V427. Visual inspection of the relationship
between the distinctive hubs and the putative allosteric pockets shows that V299, V302, S304,
P396, and 1397 are embedded between Pockets 3, 5 and 6, while V427 are found around the
binding pockets. Distinctive hubs were observed in the remaining mutant systems. 1193L:
V299, P396, 1397, and L429. R411K: V299, S304, P396, and 1397. A422T: V302, S304, P396,
1397, L429, V430 and V488. N468Y: N234 and V299.
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Figure 3.20: Cartoon representation of the distribution of the averaged EC hubs of the
WT and mutant systems E177Q, N371K, and E446G. A) The distribution of the averaged
EC hubs of WT (salmon spheres). B) E177Q, C) N371K, and D) E446G with their distinctive,
persistent, and extinct hubs. Distinctive hubs are represented as sky-blue spheres, persistent
hubs common to the WT hubs are represented as salmon spheres, and extinct hubs present in
the WT and absent in the mutant system are represented as green spheres. Mutant positions are
represented as firebrick spheres.
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Katz centrality (KC)

A similarity between the EC and KC metrics was observed. Similar persistent hubs were
identified by both metrics, with the KC metrics identifying A295, 1397, and A339 as additional
persistent hubs (Figure 3.18E). In mutant system E177Q, distinctive hubs V302, S304, V427,
L429, V430, and 1453 were observed. In mutant systems 11931, E446G, and N468Y, V427
was the only observed distinctive hub. In the mutant system, N371K, V302, S304, L429, and
V430 were observed as distinctive hubs. In R411K, S304 and L429 were observed as distinctive
hubs. In A422T, V302, S304, ;429, V430, and V488 were observed as distinctive hubs.

Using the five centrality metrics, we analyzed the effect of mutations on the catalytic domain
of FP-3 structure by identifying persistent and distinctive hubs—these hubs contribute to the

intra and inter-communication within the WT and mutant systems.

3.4.8 Residue interaction changes due to mutations identified using contact map
analysis

An analysis of weighted contact maps was conducted to investigate the interactions between
residues surrounding the mutated residues. Contact maps which consist of interactions such as
van der Waals, hydrogen bonds and electrostatic bonds, were calculated using MD-TASK
[165]. A residue can be identified with loss, gain, or reduced interactions if this analysis assigns
a value ranging from 0 to 1, where 0 signifies the absence of interaction and 1 signifies the
presence of interaction. The resulting contact map of the mutant systems was compared to the

WT, and a heat map was prepared based on the contact frequency.
3.4.8.1 Catalytic domain

In the catalytic domain of FP-3, we observed notable changes around mutant systems A422T,
E446G, and N468Y (Figure 3.21B). Compared to the WT, the amide-amide interaction
between residues A422 and G420 decreased by two-fold in the A422T mutant system.
Additionally, active site residue N424 interaction increased in A422T mutant system. A slight
difference was observed in the contact frequency between A422 and L469. In comparison to
the WT, the interaction between E446 and D436 increased four-fold in the E446G mutant
system. Additionally, interactions between N439 and F448 decreased respectively in E446G
mutant system. Finally, subtle changes in the interaction of E463 in both WT and mutant

system N468Y were observed (Figure 3.21B).
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Figure 3.21: Residue contact analysis heatmaps of the WT and mutant systems of the
partial zymogen complex of FP-3. Heatmaps show the interaction changes around the
mutations in (A) partial zymogen complex and (B) catalytic domain of FP-3. Dashed boxes
show mutations causing significant changes in the interaction between the mutated residues
and their neighbouring residues compared to the WT. The colour code represents the contact
frequency, with 0 representing no contact and 1 representing strong contact between the target
and the contacting residue.

3.4.8.2 Partial zymogen complex

In the partial zymogen complex of FP-3, as compared to the WT, only mutants 1193L, A422T,
E446G, and N468Y exhibited significant changes in the interaction network (Figure 3.21A).
Compared to the WT, the interaction between 1193 and Q189 decreased by two-fold in the
[193L mutant system. Compared to the WT, some residues gain and loss interactions were
observed in A422T. The interaction between A422 and T237 decreased three-fold in the A422T
mutant system. The amide-amide interaction between A422 and N424 increased three-fold in
the A422T mutant system. The interaction between A422 and S481 decreased four-fold in the
A422T mutant system. The following interactions occurred in mutant E446T; E446 and D436
increased by four-fold, E446 and N439 decreased by ten-fold, E446 and T442 decreased by
six-fold, and E446 and M445 decreased by ten-fold. Finally, in mutant N468, the interaction
between N468 and Y451 decreased two-fold.
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Besides evaluating the immediate mutation effects on the mutated residues, contact maps
around the identified BC distinctive hubs (F228 and Y410) were determined. According to
Figure 3.22, the presence of mutations reduced the contact frequency between F228 and F220.
Another reduction in contact frequency was observed in F228 and K23 1. An increase in contact
frequency was observed in F228 and L233. An increase in contact frequency was observed
between F213 and Y213 and F410 and R215. In mutant systems, R411K, A422T, and E446G,
contact frequency were increased in Y410 and W461. In these mutant systems, a reduction in
contact frequency was observed in Y410 and Y415 and Y410 and 1467. Additionally, in mutant
system E177Q, a reduction in contact frequency between F228 and A408 and an increase in
contact frequency between Y410 and A408 were observed. Overall, contact map analysis

establishes the mutations’ effect on the interactions between the interface residues.

Figure 3.22: Residue contact analysis heatmaps of the distinctive hubs of the WT and
mutant systems of the partial zymogen complex of FP-3. Heatmaps show the interaction
changes between distinctive hubs A) F228 and B) Y410. The colour code represents the contact
frequency, with 0 representing no contact and 1 representing strong contact between the target
and the contacting residue.

3.4.9 Destabilization of prodomain interface residues by computational alanine
scanning

We applied alanine scanning using the ROBETTA web server [243] to determine the effect of
mutations on the interface residues on the partial zymogen complex of FP-3. The distinctive
hubs (F228 and Y410) identified by the BC metric were in the interface region; hence we
performed alanine scanning to assess their overall binding energy on the mutant systems. Table

3.2 summarizes the destabilizing interface residues in mutant systems. The mutations in the
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partial zymogen complex exhibited a destabilization effect on the interface residues (Table
3.2). Hydrophobic residues Y213, F220, F228, Y410, Y415, and W457 associated with
activating the mature enzyme were identified as destabilizing residues. Interestingly,
destabilization F228 and Y410 were identified as distinctive BC hubs. Overall, the effect of

mutation on the protein structure via computational alanine scanning.

Table 3.2: Destabilizing residues in the mutant systems identified by Alanine scanning.
Hydrophobic clusters are bold, while common residues between alanine scanning and BC
metric are bold red.

System Destabilizing residues

E177Q | 212,213, 215, 220, 228, 232, 233, 234, 236, 244, 255, 332, 335, 337, 400, 406, 409, 425,
457, 485, 487

1193L 212,213, 215, 218, 219, 220, 228, 231, 232, 233, 235, 238, 243, 244, 254, 335, 337, 379,
406, 409, 410, 415, 457

N371K | 212, 213, 215, 218, 219, 220, 228, 232, 233, 234, 237, 241, 250, 254, 335, 379, 400, 409,
410,411, 425, 457, 460, 485, 486

R411K | 213, 215, 218, 219, 220, 228, 231, 232, 233, 234, 242, 243, 244, 250, 254, 294, 332, 335,
381,409,411, 416, 457, 486

A422T | 213,215, 218, 220, 228, 232, 233, 234, 238, 241, 243, 244, 249, 289, 335, 409, 411, 425,
457, 485

E446G | 201, 211, 213, 215, 218, 220, 228, 229, 232, 233, 236, 242, 244, 257, 335, 405, 406, 409,
425, 457, 486

N468Y | 212,213, 218, 219, 220, 228, 229, 232, 233, 234, 241, 243, 244, 248, 250, 253, 294, 335,
338, 341, 379, 405, 409, 416, 425, 457

3.5 Conclusion

This chapter systematically investigated the structural and dynamic effects of twelve missense
mutations associated with the partial zymogen complex and the catalytic domain of FP-3 using
a range of computational tools we developed recently [119,163,165] in conjunction with
existing methods. Structural visualization of the distribution of the mutations in FP-3 revealed
the position of the mutations. All mutations were distally located from the active sites with the
exception of A422T, which occurs around the binding site. From the identified putative

pockets, only mutant R411K occurred in pocket 4. As a subsequent step, we carried out MD
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simulations observed through post-MD evaluation approaches. We analyzed the global
dynamic effects of the whole protein via RMSD, Rg, and RMSF, the binding pocket, and
potential allosteric pockets of the WT and mutant proteins. Furthermore, we combined the
results of the pocket analysis with one of our newly developed tools, the comparative essential
dynamics tool. Observations from the combined global analysis in the partial zymogen
complex of FP-3 include 1) an opening and closing mechanism in pocket 5 in mutant E177Q.
2) The interaction of pockets 4, 6, and 7 in mutant E446G. Observations from the combined
global analysis in the catalytic domain of FP-3 include 1) discovering a cryptic pocket via a
unique mechanism where some residues in Pocket 3 moved into Pocket 7 in mutant A422T. 2)
in the presence of R411K mutation, an unusual opening of Pocket 6 was observed. We
evaluated key communication residues of FP-3 and its allosteric behaviour with mutations
using the five centrality metrics (BC, CC, DC, EC, KC). These approaches identified conserved
communication network changes between WT and mutant systems. Most importantly, we
identified several persistent hubs across the WT and mutant systems. We previously defined a
hub as any residue comprising residues with the highest centrality across all metrics (global
top 5%). These hubs are considered functionally important as they are unaffected by mutations.
Some persistent hubs identified were specific to each centrality metric, while others were
common among the centrality metrics. We also identified distinctive hubs specifically present
in the mutant systems and absent in the WT. A summary of the DRN observations includes 1)
The identification of F228 and Y410 as distinctive hubs in mutant systems in the partial
zymogen complex. These residues form a hydrophobic cluster with other residues (Y213, F220,
Y415, W457, and W461) at the interface between the inactive zymogen and active enzyme
[195]. 2) Identifying hydrophobic residue W457, a distinctive hub mutant systems of A422T
and E446G. This residue forms a hydrophobic interaction with W461, which is crucial for auto-
processing the inactive zymogen complex to the active form [80]. 3) Identification of an
allosteric path in mutant A422T in the catalytic domain. From this observation, we hypothesize

that mutations in the partial zymogen complex affect the communication network.
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CHAPTER 4

In silico identification and analysis of novel allosteric modulators

of Falcipain 2 and 3 in conjunction with its missense mutations.

4.1 Introduction

Despite the combined efforts toward the successful global elimination of malaria, the
spontaneous acquisition of mutations by enzymes in plasmodial parasites, which act as
pharmacological targets, remains the greatest threat [248]. Thus, novel antimalarials with
unique mechanisms of action are needed to circumvent resistance. The primary active sites
(also known as orthosteric site) of antimalarial target proteins has historically been the main
target of competitive treatment efforts for malaria [249]. However, the emergence of mutations
and their ability to alter the shape of the orthosteric pocket, which in turn leads to the loss of
favourable hydrophobic interactions, subsequently lowers the binding affinity of inhibitors and

highlights the need for an alternative avenue in drug discovery [250].

4.2 Allosteric regulation of proteins

Allosteric regulation of proteins using small molecules that bind on distal sites other than the
main active site has revolutionalised the drug discovery process [251,252]. Allosteric
regulation is a strategy for controlling cellular processes by regulating the affinities of
biomolecules [253]. It is the process by which biomolecules (primarily proteins) transfer the
effect of binding at one site (often distal) to another (functional site), thus, regulating its activity
[254]. The orthosteric site is the unique binding site each receptor possesses for its endogenous
ligand(s), and this site is highly conserved across receptor subtypes [255]. Allosteric sites differ
structurally and functionally from their corresponding receptor orthosteric sites [255].
Compared to orthosteric sites, targeting allosteric sites has some advantages, such as target
specificity, high levels of selectivity, and low toxicity. [256]. Allosteric ligands can exhibit a
variety of pharmacological modes, including positive allosteric modulators (PAMs) that
increase agonist-mediated receptor response and negative allosteric modulators (NAMs) that
lower agonist-mediated receptor response in a non-competitive manner [255]. The effects of
PAMs or NAMs can be inhibited by silent allosteric modulators (SAMs) or neutral allosteric

ligands (NALSs), which bind to allosteric sites but have no impact on the responses to orthosteric
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ligands [255]. Many essential proteins use allosteric regulations to control their activities [250].
Among the best examples of allosteric regulation is the negative allosteric modulation of
hemoglobin by 2,3-bisphosphoglycerate (2,3-BPG) [257]. Hemoglobin (Heme + Globin) is a
molecule that transports nearly all of the oxygen in the red blood cells (RBCs) of all vertebrates
[258]. It is made up of four subunits, each containing a heme group and a globin chain [258].
2,3-BPG binds to hemoglobin, reducing its affinity for oxygen and increasing the efficiency of
oxygen transport [253]. Oxygen, on the other hand, positively allosterically modulates
hemoglobin [253]. When oxygen binds to one subunit of hemoglobin, a conformational change
occurs, increasing the oxygen affinity of the remaining active sites and enabling hemoglobin
to carry more oxygen [253]. Allosteric control also play a leading role in cell signalling,

enzyme activities, and biomolecule transport [253,259].

In Chapter 1, we established the importance of FP-2 and FP-3 in the erythrocytic cycle of
malaria parasite, which is responsible for the clinical manifestation of the disease. Due to the
importance of falcipains in the parasite’s development and metabolism, multiple active site
inhibitors including have been E-64 [56,260], falstatin (an endogenous macromolecular
inhibitor) [261,262], leupeptin [56,263], peptidyl fluoromethyl ketones [264,265], and vinyl
sulfones [85,266,267] has characterized [195]. Research has extensively focused on inhibiting
the active site of falcipains [195]. However, recent research on the identification and
characterization of allosteric inhibitors of FP-2 has emerged [268,269]. Studies associated with
other diseases have shown that small molecule inhibitors and peptides can potentially target
exosites with high selectivity and potency [195]. When an inhibitor occupying the ligand
binding site (distinct from the enzymatic active site) of human amyloid precursor protein
cleaving enzyme (BACE) is present, it inhibits proteolysis for amyloid precursor protein
(APP)-related, protein-based substrates of BACE [270]. The allosteric sites of FP-2 and FP-3
in the presence and absence of mutations have not been explored for inhibitory design; hence
this research will provide a novel insight into a search for potential allosteric compounds

effective against the WT and mutant systems.

4.3 Proposed work

In chapters 2 and 3, we identified six potential allosteric pockets in FP-2 and FP-3, respectively,
using various computational methods. Pocket 1 was one of the six putative allosteric pockets
deemed druggable in FP-2 and FP-3. To find potential allosteric modulators that might bind to
pocket 1, we screened 2089 FDA compounds retrieved from DrugBank. In this chapter, pocket
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1 of FP-2 and FP-3 in the presence and absence of mutations were explored for an allosteric
inhibitory design using high-throughput virtual screening combined with MD simulations and
DRN analysis. A subset of 2089 compounds from the DrugBank database was screened against
the WT of FP-2 and FP-3. Subsequently, the stability of selected compounds was first explored
via all-atom MD simulations. In the next step, compounds that showed high levels of stability
during simulations were pooled and evaluated against all mutant systems. Post-MD analysis,
including comparative essential dynamics and DRN analysis, was utilized to evaluate the

effects of the ligand on the respective protein systems.

4.4 Methodology
4.4.1 Data Retrieval and protein preparation

The protein template of FP-2 [PDB ID: 20UL] [196] and FP-3 [PBD ID: 3BWK] [85] was
retrieved from the RCSB PDB [197,198] and modeled as described in chapters 2 and 3,
respectively. Through the PlasmoDB version 9.3 [102], we identified 11 mutations in the
catalytic domain of FP-2 and five in the catalytic domain of FP-3. Each mutation was
introduced to its respective protein structure using the mutate option in the Discovery Studio
software package [271]. All mutant structures were protonated to pH 5.5 using the PROPKA
tool from PDB2PQR (version 2.1.1) [208,209] to correspond to the acidic environment in the
food vacuole. The crystal structures of the catalytic domain of the human cathepsins Cat K
[PDB ID: 30VZ] [272] and Cat L [PDB ID: 30F8] [273] were retrieved from the RCSB PDB
[197,198] and prepared as previously described by Musyoka et al. (2016) [87]. In Chapters 2
and 3, we identified six potential allosteric pockets (Pockets 1 - 6) in FP-2 and FP-3; however,
only Pocket 1 will be explored in this chapter. We also identified potential allosteric pockets
in Cat K and L using Allosite [210], FTMAP [211], and SiteMap [213]. In an effort to discover
allosteric compounds specific to the Plasmodium protein, compounds binding to the active and

allosteric pockets of the human homologs will be excluded.
4.4.2 Preparation of compound library

The compounds employed for molecular docking in this chapter were prepared by Olivier
Sheik Amamuddy and Rita Afriyie Boateng [274]. A library of 2705 FDA-approved
compounds was downloaded in smile format from the DrugBank database [275]. The metal-

bound complexes and halogen-containing compounds were excluded from the downloaded
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dataset. The resulting 2089 compounds were protonated and constructed via the RDKit library
[276].

4.4.3 High-throughput virtual screening

A prerequisite for molecular docking is the preparation of the protein structures. Gasteiger-
Hiickel protocol in AutoDockTools (ADT) [277] assigned partial charges, atom types, and
polar hydrogen to the WT proteins (FP-2, FP-3, Cat K, and Cat L). The entire surface of the
protein structures was subjected to high-throughput virtual screening. For FP-2, a docking box
size of 80 x 85 x 65 A with a grid spacing of 0.375 A was estimated using the AutoDock Vina
plugin [278] in PyMOL [199] and centred at (x=121.18, y=83.12, and z=-191.00) coordinates.
For FP-3, a docking box size of 80 x 85 x 65 A with a grid spacing of 0.375 A was estimated
centred at (x=4.25, y=-10.34, and z=42.33) coordinates. For Cat K, a docking box size of 80 x
85 x 65 A with a grid spacing of 0.375 A was estimated centred at (x=6.09, y=-23.91, and z=-
13.17) coordinates. For Cat L, a docking box size of 80 x 85 x 65 A with a grid spacing of
0.375 A was estimated centred at (x=22.53, y=19.04, and z=0.62) coordinates. In addition, an
exhaustiveness of 320 was used, and the maximum number of docking poses was set at nine.
Using the QuickVina-W program [279], blind docking simulations were performed at the
Center for High Performance Computing (CHPC).

4.4.4 Post High-throughput virtual screening filter

After docking, nine poses per ligand were generated as a single file, which was then split into
separate poses using the vina_split scripts. The best pose with the lowest binding energy was
retained for further analysis. Ligands binding within the potential allosteric pocket and
interacting with allosteric residues were filtered using an in-house Python script. The selected
ligand poses were visualized using Discovery Studio visualizer [271] and PyMOL [199]. To
identify ligands specific to the Plasmodium protein, we excluded ligands binding in the active
site, allosteric pockets, and human homologs (Cat K and Cat L). Using the above criteria, eight
compounds were shortlisted for FP-2, and five compounds were shortlisted for FP-3. These

compounds were further subjected to molecular dynamics simulation to assess their stability.
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4.4.5 Molecular dynamics

100 ns all-atom MD simulations were conducted on the respective WT and ligand complexes
using the GROMACS 5.1.2 package [217]. The stability of the selected ligands in the potential
allosteric pocket was first assessed via MD simulation. Ligands that showed high levels of
stability across simulations were then pooled and evaluated against all mutant systems. Protein
and ligand topology input files were generated using the AMBER99SB-ILDN force field [139]
and AnteChamber PYthon Parser interfacE (ACPYPE) tools [280], respectively. The generated
topologies were then solvated using the TIP3P water model [218] inside a triclinic box with
1.75 nm spacing between protein structures and edges. The system charges were neutralized
by adding 0.15 M NaCl. To minimize the systems, we employed the steepest descent algorithm
(emstep) with a preliminary energy step (nsteps) of 0.01nm without constraints until a tolerance
limit of < 1000 kj mol! nm™! was reached. Upon convergence, each system was equilibrated
using the modified Berendsen thermostat [23] and Parrinello-Rahman barostat [24] algorithms,
respectively. MD simulations of 100 ns with 2 fs (femtoseconds) timesteps were performed.
Post-MD analyses using GROMACS in-built tools were performed to remove periodic
boundary conditions (PBC) and calculate the Root Mean Square Deviation (RMSD), Root
Mean Square Fluctuation (RMSF), and Radius of Gyration (Rg).

4.4.6 Comparative essential dynamics

Understanding the differences in conformational sampling between the WT and mutant
systems in the presence of ligands provide insights into the behavioural patterns induced by the
ligands. To investigate the different conformational samplings obtained during MD simulation
and extract the essential dynamic motions, we performed comparative essential dynamics using
the compare_essential dynamics.py script in MDM-TASK-web [163]. Based on covariance
matrix calculations, the method aligns specific regions of each WT ligand-binding system with
the corresponding mutant ligand-binding system. Herein, we specified the potential allosteric
pocket residues. Regarding system dynamics, the first principal component (PC1) represents
the largest amplitude motion, known as the essential dynamics. The distribution of the potential
allosteric pocket is depicted by scatter plots based on the first and second principal components

(PC1 and PC2).
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4.4.7 Dynamic residue network analysis

In order to analyze the effect of ligand binding in the presence and absence of mutations, as
well as the residues dynamics throughout MD simulations, DRN was performed using the
MDM-TASK-web [163]. DRN was applied to the entire trajectories of the ligand-bound apo
and mutant systems. The concept of DRN is explained in Chapter 2. Herein, a cut-off distance

of 6.7 A and a step size of 10 frames were used.
4.5 Results and Discussion

4.5.1 Revisiting allosteric pocket 1

In FP-2 and FP-3, pocket 1 is located within the nose region loop. The nose region connects
the L and R domains and facilitates the proper folding of FP-2 and FP-3 in the absence of a
prodomain [281]. In FP-2, pocket 1 comprises 23 residues (Table 2.2 and Figure 4.1A). In FP-
3, pocket 1 comprises 23 residues (Table 3.2 and Figure 4.1B).
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Figure 4.1: Structural representation of the potential allosteric pockets of FP-2 and FP-
3. Pockets are shown in surface, and residues in Pocket 1 (pocket of interest) are highlighted
in bold.

4.5.2 Identification of allosteric modulators against Pocket 1

In this chapter, 2089 FDA-approved compounds were examined via high-throughput virtual
screening for allosteric inhibitory studies. Blind docking was conducted on the entire surface
of FP-2, FP-3, Cat K and L. Compounds binding to pocket 1 of FP-2 and FP-3 were filtered
using an in-house bash script. To ensure specificity to FP-2 and FP-3, compounds binding to

the active site and allosteric sites of the human homologs (Cat K and L) were eliminated.
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4.5.2.1 Falcipain 2

Of the 2089 compounds screened against FP-2, 22 compounds successfully bound to pocket 1.
A somewhat similar docking orientation was observed for all 22 compounds, in which each
compound binds to the groove in pocket 1. The additional criteria of screening out compounds
that bind to Cat K and L resulted in 14 compounds (DB00117, DB00123, DB00130, DB00142,
DB00149, DB00151, DB00160, DB03088, DB03929, DB04398, DB06775, DB09394,
DB09499, and DB11091) being excluded from further analysis. The resulting eight compounds
(DB00128, DB00312, DB00766, DB00951, DB02893, DB03754, DB13972, and DB14159)
were selected as potential allosteric hits based on their potential allosteric interactions with the
Plasmodium protein (Figure 4.2). The selected compounds exhibited at least three
conventional hydrogen bonds with allosteric residues in pocket 1 (Figure 4.2). The hydrogen
bonds formed with the selected are listed as follows: DB00128 (N377, K378, E381, and S466),
DB00312 (N377, K378, K380, E381, and S466), DB00766 (N377, K378, K380, E381, and
S466), DB00951 (K380, E381, and S466), DB02893 (E381, and S466), DB03754 (H262,
N377,E381, and S466), DB13972 (N377, K380, E381, and S466), and DB14159 (N377, K378,
K380, and E381) (Figure 4.2). The hydrogen bond interactions with these compounds were
consistent with those observed in two recent studies [268,269]. In research conducted by
Herndndez Gonzilez et al. 2021, two compounds (ZINC72290660 and ZINC03225317)
identified as noncompetitive inhibitors of FP-2 formed stable hydrogen bonds with the residues
in site 6 (labelled as Pocket 1 in this study) [268]. ZINC72290660 formed hydrogen bonds with
N134, K137, and E138 (N377, K380, and E381 whole protein numbering) while
ZINC03225317 formed hydrogen bonds with D133, K137, and Y200 (D376, K380, and Y443
whole protein numbering) [268]. An additional study by Hernandez Gonzilez et al. 2022,
identified the hydrogen bonds formed between Tetracycline derivative (Methacycline) and
E138, K135, and K137 (E381, K378, and K380 whole protein numbering) in site 6 (labelled
as Pocket 1 in this study) [269]. The chemical structures and medical uses of these compounds
are highlighted in Table 4.1. To understand the effect of these compounds on the global motion

of FP-2, we performed an all-atom molecular dynamics simulation.
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Figure 4.2: Binding modes and interactions of selected allosteric hits in FP-2. 2D
representation of A) DB00128, B) DB00312, C) DB00766, D) DB00951, E) DB02893, F)
DBO03754, G) DB13972, and H) DB14159.
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Table 4.1: The chemical structure, name, and medical use of selected allosteric from DrugBank (DB) [275].

DB ID Chemical structure Name Medical use

DB00128 Aspartic acid Amino acid supplementation

DB00312 Pentobarbital Sedative and hypnotic (‘but not as an anti-anxiety) agent
DB00766 Clavulanic acid Beta-lactamase inhibitor

DB00951 Isoniazid Antibacterial agent used primarily as a tuberculostatic
DB02893 D-Methionine Nutrient supplementation
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DB03754 Tromethamine Synthesis of surface-active agents and pharmaceuticals
DB13972 Racemethionine Nutrient supplementation
DB14159 Oxidronic acid Diagnostic skeletal imaging agent
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4.5.2.2 Falcipain 3

From molecular docking results, 15 compounds successfully bound to pocket 1. As observed
in FP-2, a similar docking orientation for all 15 compounds, in which each compound binds to
the groove in pocket 1. Out of the 15 compounds, ten compounds (DB00233, DB00339,
DB00936, DB01291, DB01956, DB03209, DB05381, DB06823, DB09543, and DB11100)
bound to Cat K and L; thus, these compounds were excluded from further analysis. The
resulting five compounds (DB00853, DB00951, DB01613, DB04173, and DB09419) were
selected as potential allosteric hits based on their potential allosteric interactions with the
Plasmodium protein (FP-3) (Figure 4.3). The only potential allosteric compound identified by
both FP-2 and FP-3 was DB00951 (isoniazid). A minimum of two conventional hydrogen
bonds were present with the allosteric residues in pocket 1 in the selected compounds (Figure
4.3). Unfavourable donor-donor interactions were observed in DB00853 and DB04173. The
binding of a ligand alters the energy level of a system, disrupting several interactions, such as
hydrogen bonds and van der Waals interactions, which could result in unfavourable
contributions among the proteins and ligands [282]. As the formation of unfavourable donor-
donor interactions between protein-ligand complexes reduces the stability of the complex, we
performed molecular dynamics simulations to assess the stability of each ligand and its impact
on FP-3's global motion. The chemical structures and medical uses of these compounds are

highlighted in Table 4.2.
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Figure 4.3: Binding modes of selected allosteric hits. 2D representation of A) DB00853, B)
DBO00951, C) DB01613, D) DB04173, and E) DB09419.
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Table 4.2: The chemical structure, name, and medical use of selected allosteric from DrugBank (DB) [275]

DB ID Chemical structure Name Medical use

DBO00853 Temozolomide Alkylating agent used to treat glioblastoma multiforme and refractory anaplastic
astrocytoma

DB00951 Isoniazid Antibacterial agent used primarily as a tuberculostatic

DBO01613 Erythrityl tetranitrate | Vasodilator with general properties similar to nitroglycerin

DB04173 Fructose Treatment of nausea and stomach upset

DB09419 Xylose Diagnostic agent to observe malabsorption.

Common food additives or sweeteners used in place of regular sugars
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4.5.3 Stability of allosteric modulators via molecular dynamics simulation

MD simulations of the respective protein-ligand complexes were conducted for 100 ns. The
stability of each complex was analyzed using RMSD calculation with respect to the binding

pocket, followed by a visual inspection of the ligand via VMD [231].
4.5.3.1 Falcipain 2

From the ligand RMSD plots (Figure 4.4), DB00128, DB00766, DB02893, DB03754, and
DB13972 were classified as unstable. Visual inspection of these ligands using VMD [231]
showed that the compounds exited the binding pocket (pocket 1) during the simulation.
Therefore, these compounds were then discarded. DB00312, DB00951, and DB14159 showed
stability throughout the MD simulation (Figure 4.5A). Figure 4.5B shows that each ligand
exhibited a unimodal distribution indicating the presence of a single dominant conformation.
Visual inspection of these compounds showed that the compounds remained in the binding
pocket throughout the MD simulation. Among the stable compounds is isoniazid (DB00951),
an antibacterial agent primarily used to treat tuberculosis. Hence these compounds were

retained for further studies.

Figure 4.4: Representation of the ligand RMSD of the eight selected ligands binding to
pocket 1 of FP-2. Ligands that showed stability during the simulation include DB00312,
DB00951, and DB14159. Unstable ligands include DB00128, DB00766, DB02893, DB03754,
and DB13972.
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Figure 4.5: Line and Violin representation of the stable ligand RMSD in FP-2.

4.5.3.2 Falcipain 3

The stability of the five potential allosteric inhibitors was investigated during MD simulation.
According to the ligand RMSD plots (Figure 4.6), DB01613, DB04173, and DB09419 are
unstable. A visual inspection of these ligands using VMD [231] revealed that their compounds
left the binding pocket (pocket 1) during simulation. DB01613 was stable and remained in
pocket 1 during the first 60 ns of the simulation but exited the pocket. The unstable compounds
were excluded from further analysis. DB00853 and DB00951 remained stable throughout the
MD simulation (Figure 4.7A).

Figure 4.6: Representation of the ligand RMSD of the eight selected ligands binding to
pocket 1 of FP-3. Ligands that showed stability during the simulation include DB00853 and
DB00951. Unstable ligands include DB01613, DB04173, and DB09419.
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The Ligand RMSD violin plot revealed that DB00853 exhibited unimodal distribution while
DB00951 exhibited bimodal distribution. Despite the bimodal distribution observed in
DBO00951, visual inspection of both compounds revealed that they remained in the binding
pocket throughout the MD simulation. These compounds were retained for further analysis.

Interestingly, DB00951 (isoniazid) was stable when bound to FP-2 and FP-3.

Figure 4.7: Line and violin representation of the stable ligand RMSD in A) line plot and
B) violin plots.

4.5.4 Understanding the stability of allosteric modulators in the presence of
mutations

In chapters 2 and 3, we identified 11 mutations occurring in the catalytic domain of FP-2 and
five in the catalytic domain of FP-3. Due to the emerging threat of mutations against drug
discovery, examining the effects of identified mutations on potential allosteric hits is pertinent.
The selected compounds DB00312, DB00951, and DB14159 (in FP-2) and DB00853 and
DB00951 (in FP-3) may function as allosteric modulators due to their stability in pocket 1;
however, mutations in FP-2 and FP-3 could hamper their effectiveness. Hence, it is important

to understand the effect of the mutations on the selected compounds.
4.5.4.1 Falcipain 2

The behaviour of three potential allosteric modulators was examined in the presence of 11
mutations in FP-2. In total, we calculated the ligand stability of 33 systems (3 ligands x 11
mutant proteins) via RMSD. Ligand RMSD line plots depicting the stability are shown in
Figure 4.8.
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Figure 4.8: Ligand RMSD line plots of the WT and mutant systems. A) DB00312
(Pentobarbital), B) DB00951 (Isoniazid) and C) DB14159 (Oxidronic acid) binding to WT and
mutant proteins of FP-2.

DBO00312 (Pentobarbital) was stable in two mutant systems: K255R and V3931 (Figure 4.9A),
and unstable in the rest of the mutant systems. DB00951 (Isoniazid) was stable seven mutant

systems: E248D, E249A, T343P, D345G, A353T, V3931, A400P (Figure 4.9B), whereas
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unstable in M2451, N257E, A400P, and Q414E. DB14159 (Oxidronic acid) had the most
stability in mutant systems (Figure 4.9C). It remained stable in all mutant systems except
K255R and Q414E. Using VMD [231], the various ligands were visually examined in their
respective protein systems to confirm their stability and instability. Interestingly, all
compounds remained stable in only V3931. DB00951 and DB14159 were stable in E248D,
E249A, T343P, D345G, A353T, and A400P. All compounds remained unstable in Q414E.
Overall, DB00951 and DB14159 showed stability in most mutant systems.

Figure 4.9: Violin distribution plots of stable ligand RMSD values of the WT and mutant
systems of FP-2. A) DB00312, B) DB00951, and C) DB14159. WT is coloured magenta, and
mutant systems are coloured grey.

4.5.4.2 Falcipain 3

In FP-3, we estimated the ligand stability of 10 systems (2 x 5 mutant systems) via RMSD.
Ligand RMSD line plots depicting the stability are shown in Figure 4.10. DB00853
(Temozolomide) was stable in two mutant systems: R411K and E446G (Figure 4.11A), and
unstable in N371K, A422T, and N468Y. Interestingly, DB00951 (Isoniazid) was stable in all
mutant systems (Figure 4.11B). Although DB00951 explored more than one conformation
during the simulation, visual inspection of the trajectories revealed that the ligand remained

stable in the pocket throughout the simulation.
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Figure 4.10: Ligand RMSD line plots of the WT and mutant systems of FP-3. A) DB00853
(Temozolomide) and B) DB00951 (Isoniazid) binding to WT and mutant proteins of FP-3.

Figure 4.11: Violin distribution plots of stable ligand RMSD of the WT and mutant
systems of FP-3. A) DB00312 and B) DB00951. WT is coloured magenta, and mutant systems
are coloured grey.
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4.5.5 Effect of ligands on the structural dynamics of the WT and mutant systems
via RMSD and Rg

In order to analyze the difference in conformation between mutant-bound systems, we

computed the RMSD and Rg for each system.
4.5.5.1 Falcipain 2

Backbone RMSD analysis of the WT and mutant systems bound to DB00312 revealed no
differences in the conformational distribution of the systems, as all systems exhibited a
unimodal distribution (Figure 4.12A). However, the mutant systems displayed lower RMSD
values in comparison to the WT. Rg analysis revealed the compactness of the WT and mutant
systems bound to DB00312. As seen in (Figure S4.1A), a similar conformational distribution
was observed in all systems. Backbone RMSD analysis of the WT and mutant systems bound
to DB00951 revealed a unimodal distribution across all systems. Mutant system T343P
displayed the highest RMSD values (Figure 4.12B). Regarding Rg analysis, all systems
remained compact in the presence of DB00951, with K255R displaying the highest Rg values
and E249A with the lowest Rg values (Figure S4.1B). Backbone RMSD analysis of the WT
and mutant systems bound to DB14159 displayed the widest conformational range among the
ligand-bound systems. WT and the majority of the mutations exhibited a unimodal distribution.
Mutant systems M2451, V3931, and A400P displayed a bimodal distribution, indicating that
the mutant-bound systems evolved during the simulation (Figure 4.12C). Similarly, Rg
analysis revealed the unimodal distribution of the WT and mutant systems. The highest Rg
values were observed in M2451, V3931, and A400P (Figure S4.1C). Overall, DB14159
displayed the highest effect on the mutant systems.
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Figure 4.12: Violin distribution of the backbone RMSD of the WT and mutant-bound
systems of FP-2. A) WT and mutant systems bound to DB00312, B) WT and mutant systems
bound to DB00951, and C) WT and mutant systems bound to DB14159. WT is coloured
magenta, and mutant systems are coloured grey.

4.5.5.2 Falcipain 3

Backbone RMSD analysis of the WT and mutant systems bound to DB00853 revealed the
conformational distribution. WT and mutant systems A422T, E446G, and N468Y displayed a
unimodal distribution (Figure 4.13A). Mutant systems N371K and R411K exhibited a

somewhat bimodal distribution. Rg analysis showed that all systems, with the exception of
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E446G, exhibited a unimodal distribution (Figure S4.2A). Backbone RMSD analysis of the
WT and mutant systems bound to DB00951 revealed that all systems, with the exception of
N468Y, exhibited a unimodal distribution (Figure 4.13B). N468Y displayed a bimodal
distribution. According to the Rg analysis, all systems remained compact during the simulation,

with N468Y displaying the highest Rg values (Figure S4.2B).

Figure 4.13: Violin distribution of the backbone RMSD of the WT and mutant-bound
systems of FP-3. A) WT and mutant systems bound to DB00853, and B) WT and mutant
systems bound to DB00951. WT is coloured magenta, and mutant systems are coloured grey.
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4.5.6 Local per-residue flexibility analysis using RMSF

The root mean square fluctuation (RMSF) of the Ca atoms of the WT and mutant bound

systems revealed the influence of ligands on overall flexibility.

Figure 4.14: Heatmap plots of the Ca RMSF of the WT and mutant-bound systems of FP-
2. A) WT and mutant systems bound to DB00312, B) WT and mutant systems bound to
DBO00951, and C) WT and mutant systems bound to DB14159
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4.5.6.1 Falcipain 2

In all ligand-bound systems, high fluctuations were observed around the nose region, the loop
region between a5 and a7, and the f-arm region (Figure 4.14). Additional fluctuations were
DB14159 bound systems. In A400P-DB14159 bound system, high fluctuation was observed in
residues 346 — 355 (Figure 4.14C). Interestingly, these residues make up pocket 2. In Chapter
2, we correlated high fluctuations in pocket 2 to the presence of a cryptic pocket; further

analyses were carried out to investigate the presence of these high fluctuations in pocket 2.
4.5.6.2 Falcipain 3

In FP-3, all ligand-bound systems exhibited high fluctuations around the f-arm region.
Additional fluctuations were observed in some mutant-bound systems (Figure 4.15). In
N371K-DB00853 and E446G-DB00853, fluctuations were observed in residues 358 — 367.
Interestingly, these residues make up pocket 2. In N468Y-DB00951, high fluctuations were

observed in residues 250 — 253, which are part of the nose region.

Figure 4.15: Heatmap plots of the Ca RMSF of the WT and mutant-bound systems of FP-
3. A) WT and mutant systems bound to DB00853, and B) WT and mutant systems bound to
DB00951.

4.5.7 Effect of ligands on all potential allosteric pockets

Ligand binding can induce conformational changes in all or part of the protein structure. To
characterize the effect of ligands binding in pocket 1 on other pockets (pockets 2 — 6), we
calculated the Rg of each pocket. The radius of gyration indicates the distribution of atoms of

a protein around its axis, and it can be used to predict the structural activity of proteins [283].
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4.5.7.1 Falcipain 2

The effect of DB00312 on the binding pocket and the other pockets revealed subtle changes in
their topologies. In pocket 1, all systems, with the exception of E248D and Q414E, exhibited
a unimodal distribution (Figure S4.3A). Mutant systems E248D and Q414E exhibited a
bimodal distribution. Visual inspection revealed subtle changes in the topology of the pocket.
In comparison with the other pockets, pocket 2 exhibited a higher degree of variability. WT,
E249A, K255R, T343P, A353T, V3931, and Q414E exhibited a unimodal distribution, while
M2451, E248D, N257E, D345G, and A400P exhibited bimodal distribution (Figure S4.3B).
Visual inspection of the trajectories revealed the conformational sampling exerted on the
pocket. In pocket 3, all systems exhibited unimodal distribution, with A353T exhibiting the
highest Rg values (Figure S4.3C). In Pocket 4, WT, M2451, N257E, T343P, A400P, and
Q414E exhibited a unimodal distribution. E248D, E249A, K255R, D345G, D345G, A353T,
and V3931 exhibited bimodal distribution (Figure S4.3D). Pocket 5 had a similar distribution
to pocket 3, where all mutant systems exhibited a unimodal distribution with the exception of
A353T and A400P (Figure S4.3E). Lastly, all systems, with the exception of M245I and
K255R, exhibited a unimodal distribution. Upon visual inspection of the trajectories, the pocket

had undergone conformational sampling (Figure S4.3F).

Results showed that the binding of DB00951 in pocket 1 revealed subtle changes in the
topologies of pockets 2 — 6. In pocket 1, all systems, with the exception of E248D, E249A,
K255R, and N257E, exhibited a unimodal distribution (Figure S4.4A). In Pocket 2, all systems
exhibited a unimodal conformation with a flatter distribution (Figure S4.4B). Among the
systems in pocket 3, only M2451 and K255R showed a bimodal distribution, while the
remainder exhibited unimodal distribution (Figure S4.4C). In pocket 4, AT, M245I, E248D,
E249A, N257E, D345G, and V3931 remained compact and maintained a unimodal distribution,
while K255R, T343P, A353T, A400P, and Q414E exhibited bimodal distribution (Figure
S4.4D). In pocket 5, all systems, with the exception of K255R, maintained a unimodal
distribution (Figure S4.4E). In pocket 6, all systems remained compact and maintained a

unimodal distribution. (Figure S4.4F).

A more diverse range of changes in the topologies of the binding pocket and other pockets was
observed when bound to DB14159 (Figure 4.16). In pocket 1, the WT system explored various
conformations when bound to DB14159, while all mutant systems remained compact and

maintained a unimodal distribution (Figure 4.16A). A more diverse distribution was observed
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in pocket 2. WT, K255R, N257E, T343P, A353T, and Q414E exhibited a single conformation
(Figure 4.16B). M2451, E248D, and D345G exhibited a single conformation with a flatter
distribution. E249A, V3931, and A400P sampled different conformations and exhibited a
bimodal distribution. Visual inspection of these trajectories revealed the conformational
differences associated with the different mutations when bound to DB14159. In pocket 3, all
systems maintained rigidity throughout the simulation (Figure 4.16C). In pocket 4, all systems
exhibited a single conformation with M2451, E249A, N257E, and D345G, maintaining a flatter
distribution (Figure 4.16D). In pocket 5, all systems maintained rigidity throughout the
simulation (Figure 4.16E). Lastly, in pocket 6, all systems, with the exception of V393I and
A400P, maintained rigidity throughout the simulation (Figure 4.16F). Visual inspection of
M245I revealed an opening of pocket 6 and movement of residues in pocket 2 into pocket 6.
In V3931, there was an opening and closing of pocket 6 and a slight movement of pocket 2 into
pocket 6. Additionally, in A400P mutant protein indicated a unique opening pocket 6. This
unique opening is seen slightly in mutant M2451 and E249A but not seen in the WT and other
mutant systems, indicating the presence of a cryptic pocket. We performed comparative

essential dynamics to probe this unique opening.

Figure 4.16: Violin distribution of the Rg values for Pockets 1 — 6 (A — F) of WT and
mutant systems bound to DB14159 of FP-2. The purple ensemble in the violin plots
represents WT.

4.5.7.2 Falcipain 3

The binding of DB00853 to pocket 1 of the WT and mutant systems exhibited a very subtle
effect on the other pockets. In Pocket 1, all systems maintained a single conformation with
N371K, A422T and N468Y exhibiting a flatter distribution (Figure S4.5A). In pocket 2, WT,
R411K, A422T, and N468Y exhibited unimodal distribution, while N371K and E446G

sampled more than one conformation (Figure S4.5B). In pocket 3, mutant systems N371K,
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A422T, and N468Y maintained rigidity throughout the simulation, while the WT, R411K, and
E446G sampled a wider conformation (Figure S4.5C). In pockets 4 and 5, all systems
maintained a unimodal distribution with a flatter distribution (Figure S4.5D and E). In pocket
6, all systems, with the exception of N371K and N468Y, exhibited a unimodal conformation
(Figure S4.5F).

Examining the binding effect of DB00951 on its binding pocket and other pockets revealed a
more diverse result. In pocket 1, WT and E446G maintained rigidity, while N371K and R411K
sampled a single conformation with a flatter distribution (Figure S4.6A). A422T and N468Y
sampled a wider conformation while displaying a bimodal distribution. In pocket 2, N371K
and A422T exhibited a bimodal distribution, while the remaining systems maintained a
unimodal distribution (Figure S4.6B). In pockets 3, 5, and 6, all systems sampled a single
conformation, with pocket 5 of A422T displaying a higher Rg value (Figure S4.6C, E, and
F). Inpocket 4, N371K, R411K, and N468Y maintained a single conformation (Figure S4.6D).
The WT and E446G mutant system sampled a wider conformation. A442T exhibited a bimodal
distribution. Visual inspection of A422T trajectory revealed the conformational variability of
pocket 4. Topology assessment revealed an opening in pocket 4. Overall, A422T exhibited the

most diverse results.

4.5.8 Comparative essential dynamics (CED) confirms the effect of the binding of
DB14159 in FP-2 on the other pockets

Based on the Rg analysis, we discovered changes associated with allosteric pockets 2 and 6 in
mutant systems bound to DB14159. Our next step was to investigate the topological differences
between the allosteric pockets of the WT and mutant systems using the comparative essential
dynamics (CED) approach implemented in MD-TASK-web [163]. We investigated the
extreme projections of the first and second principal components (PC1 and PC2) of the WT-
DB14159-bound and mutant DB14159-bound systems, which are responsible for the dominant

motions of the protein structures.
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Figure 4.17: Comparative essential dynamic analysis of pockets 2 and 6 of the WT and
mutant systems of FP-2 bound to DB14159 along PC1 and PC2. The colour code (dark=
start, yellow = end) represents the simulation time (ns). The timestamp indicated blue on each
PCA plot when the structure was most stable.

Analysis of the comparative essential dynamics of pockets 1, 3, 4, and 5 are highlighted in
(Figure S4.7) and correlated with Rg results (Figure 4.16). PC1 and PC2 accounted for
53.42% and 15.91% of the total variance in pocket 1. As seen in Figure S4.7A, the mutant
systems remained compact compared to the WT. In pocket 3 (PC1: 19.44% and PC2: 13.53%)
and pocket 5 (PC1: 30.83% and PC2: 20.05%), all systems varied less throughout the
simulation (Figure S4.7B and D). In pocket 4, where PC1 and PC2 accounted for 51.78% and
13.78% of the total variance, respectively, the conformational variability was observed in
M2451, E249A, N257E, and D345G (Figure S4.7C). Interestingly, pockets 2 and 6 showed
the most divergence; therefore, we focused on them using comparative essential dynamics. In
pocket 2, PC1 and PC2 accounted for 47.99% and 11.05% of the total variance, respectively.
Mutant systems M2451, E249A, V393I, and A400P exhibited a larger conformational
distribution compared to the WT and other mutant systems. (Figure 4.17A). In pocket 6, PC1
and PC2 accounted for 48.50% and 11.39% of the total variance, respectively (Figure 4.17B).
M2451, V3931, and A400P exhibited more conformational diversity compared to WT and other
mutant systems. Visual inspection of E249A showed a conformational sampling of pocket 2.
According to our findings, DB14159 alters the pocket's topology when bound to E249A mutant

systems.
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Figure 4.18: Cartoon representation of the WT and mutant systems M245I and V3931
extracted at various timestamps. A) WT and B) M2451 extracted at 52180 ps. C) WT and
D) V3931 extracted at 42910 ps. Identified potential allosteric pockets are represented in
surface and coloured, respectively. DB14159 is represented in sticks and labelled accordingly.

Visual inspection of M2451 revealed an opening of pocket 6 and movement of residues in
pocket 2 into pocket 6. This movement was captured and extracted from the MD simulation
frame at 52180 ps (Figure 4.18A). It is noteworthy that in chapter 2, in which we analyzed the
effect of mutants on FP-2, we found a cryptic pocket in mutant M2451. The results confirm that
M245I has an effect on FP-2 regardless of ligand presence or absence. Additionally, V3931
also showed an opening and closing of pocket 6 and a slight movement of pocket 2 into pocket
6. This movement was captured and extracted from the MD simulation frame at 42910 ps
(Figure 4.18B). An examination of the pose extracted by the k-means algorithm at 94560 ps
of the A400P mutant protein MD simulation indicated that pocket 6 has a unique opening
(Figure 4.19). This unique opening is seen slightly in mutant M245I and E249A but not seen

in the WT and other mutant systems, indicating the presence of a cryptic pocket. Upon

124



visualization of the trajectory, residues from pocket 2 moved into pocket 6, resulting in their
fusion into a single groove (Video S1). According to our findings, the binding of DB14159 in
pocket 1 affected pockets 2 and 6 as well.

Figure 4.19: Cartoon representation of A) WT and B) A400P extracted at 94560 ps.
Identified potential allosteric pockets are represented in surface and coloured, respectively.
DB14159 is represented in sticks and labelled accordingly.

4.5.9 Binding of ligands affects the communication network of WT and mutant
systems

Following the observation of ligand binding to potential allosteric pockets and the entire protein
structure, a further analysis was conducted to identify conserved residue communication
changes. Dynamic residue analysis (DRN) plays a crucial role in determining how ligand
binding and mutations affect the communication in a protein ensemble. In previous chapters,
the DRN methodology has been described in detail; however, we utilized the entire trajectory
of the protein structure. We implemented five different centrality metrics (BC, CC, DC, EC,
KC) in MDM-TASK-web [163] server to perform DRN on the stable WT and mutant-bound
systems. In the previous chapters, we defined "centrality hub" as any node in the set of nodes
with the highest centrality. In this case, hubs are defined as nodes with the highest centrality
based on all metrics calculated. A shortlist of the top 5% nodes from each system was made
based on raw average values for each system. This list was irrespective of the centrality metric
used. As with the previous chapters, we have introduced the following terminology: (1)
Persistent hub: a hub that persists throughout the entire system. (2) Distinctive hub: Hub absent
in WT-bound complex but present in the protein-bound complex. DB00312, DB00951, and
DB14159 were stable in the WT and some mutant systems of FP-2. DB00853 and DB00951
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were stable in the WT and some mutant systems of FP-3. Hence, we investigated the effect of

ligands on the stable complexes.
4.5.9.1 Falcipain 2
DB00312

DB00312 was stable in the WT and two mutant systems (K255R and V393I). K255R is one of
the ART-resistant linked missense mutations, and V3931 occurs within the active pocket. We
investigated the global top 5%, which accounts for residues with the highest centrality metrics.
The results are presented as heat maps in Figure 4.20. Persistent hubs across all systems are
highlighted in Table 4.3. By applying BC metric, we determine how frequently residues are
used in network navigation. There is evidence that residues with high BC values play a critical
role in protein-ligand [284], protein-protein [285], or allosteric communication [286,287]. BC
persistent hubs across the WT and mutant systems are C285, F288, L383, 1389, M420, Y441,
Y443, 1445, and 1480 (Figure 4.20A). Residue C285 forms part of the catalytic triad that forms
part of the trench-like binding pockets. Visual inspection and mapping of the hubs on the
protein structure show that most hubs are located within the binding site of FP-2 (Figure S4.8).
1291 and G292 were distinctive in both mutant systems. In the WT system, V294 and active
site residues N447 were distinctive and absent in the mutant systems indicating that the usage
of these residues in the communication network was lost in the mutant systems. CC persistent
hubs across the WT and mutant systems are S289, S290, G292, S293, P388, 1389, S390, 1391,
V419, M420, L421, and 1445 (Figure 4.20B). DC persistent hubs across the WT and mutant
systems are S284, W286, S289, S296, 1328, 1389, 1391, and M420 (Figure 4.20C). The
communication importance of residues N320 and 1368 in the WT were lost in the mutant
systems. Distinctive hubs observed in the mutant systems: K255R (D334, 1341, and 1461), and
V3931 (1341, C411, 1461). EC persistent hubs across the WT and mutant systems are S286,
A287, S289, S290, 1291, S293, 1328, A331, S390, and M420 (Figure 4.20D). The usage of
residues F288 and G292 in communication was lost in all mutant systems. Distinctive hubs
1389 and 1391 were observed in the mutant systems K255R and V3931. KC persistent hubs
across the WT and mutant systems are S286, A287, S289, S290, 1291, S293, 1328, 1389, S390,
M420 (Figure 4.20E). The usage of residue S284 in communication was lost in all mutant

systems. Distinctive hubs 1391 were observed in the mutant systems K255R and V3931.
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Table 4.3: Persistent hubs in all WT and mutant-bound systems of FP-2.

Metric Persistent hubs
Betweenness | DB00312 285, 288, 383, 389, 420, 441, 443, 445, 480
Centrality DBO00951 288, 293, 383, 389, 420, 442, 445, 480
(BC) DB14159 288, 389, 420, 441, 445
Closeness DB00312 289, 290, 292, 293, 388, 389, 390, 391, 419, 420, 421, 445
Centrality DBO00951 289, 290, 292, 293, 388, 389, 390, 391, 419, 420, 421, 445
(CC) DB14159 289, 290, 292, 293, 388, 389,390, 391, 419, 420, 421, 445
Degree DB00312 284, 286, 289, 296, 328, 389, 391, 420
Centrality DBO00951 286, 289, 293, 296, 328, 389, 420
(DCO) DB14159 296, 328, 389
Eigenvector | DB00312 286, 287, 289, 290, 291, 293, 328, 331, 390, 420
Centrality DBO00951 286, 289, 290, 293, 328, 390, 420
(EC) DB14159 286, 289, 290, 293, 328, 390, 420
Katz Centrality | DB00312 286, 287, 289, 290, 291, 293, 328, 389, 390, 420
(KO) DBO00951 286, 289, 290, 293, 328, 389, 390, 420
DB14159 286, 289, 290, 293, 389, 390, 420
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Figure 4.20: Heatmap representation of the global top 5% for each centrality metric of
the WT and mutant systems of FP-2 bound to DB00312. Hubs are shown along the x-axis,
and WT and mutant complexes along the y-axis. The detected hubs are annotated with a
centrality value, and the homologous residues of the alternate samples are not annotated. Low
to high central values are colour-coded from yellow, green, and blue.

DB00951

DB00951 was stable in the WT and six mutant systems (E248D, E249A, D345G, A353T,
A400P, and V393I). BC persistent hubs across the WT and mutant systems are F288, S293,
1383, 1389, M420, Y442, 1445, and 1480 (Figure 4.21A). Visual inspection and mapping of
the hubs on the protein structure show that most hubs are located within the binding site of FP-
2 (Figure S4.9). A number of distinctive hubs were observed in the mutant systems; E248D
(1291 and Y443), E249A (V419 and Y443), D345G (V419 and Y443), A400P (Y443), and
V3931 (I1291). CC persistent hubs across the WT and mutant systems are S289, S290, G292,
S293, P388, 1389, S390, 1391, V419, M420, L421, and 1445 (Figure 4.21B). DC persistent
hubs across the WT and mutant systems are W286, S289, S293, S296, 1328, 1389, and M420
(Figure 4.21C). Active site residue A394 was observed as a distinctive hub in E248D, E249A,
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and V3931. Additionally distinctive hubs were observed in A353T (S290, 1445, G457, and
1461) and A400P (A331, 1368, V422, and 1461).

Figure 4.21: Heatmap representation of the global top 5% for each centrality metric of
the WT and mutant systems bound to DB00951. Hubs are shown along the x-axis, and WT
and mutant complexes along the y-axis. The detected hubs are annotated with a centrality value,
and the homologous residues of the alternate samples are not annotated. Low to high central
values are colour-coded from yellow, green, and blue.

EC persistent hubs across the WT and mutant systems are W286, S289, S290, S293, 1328,
S390, and M420 (Figure 4.21D). Visual inspection and mapping of the £C hubs on the protein
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structure show that most hubs are located within the binding site of FP-2 (Figure S4.10). Each
hub is coloured according to whether it occurs only in the mutant-bound systems or is shared
with the WT-bound system. We identified a semi-allosteric path consisting of three distinct
hubs (1291-F288-S284) that are connected to each other in E249A (Figure 4.22B) and V3931
(Figure 4.22C) bound systems. KC persistent hubs across the WT and mutant systems are
W286, S289, S290, S293, 1328, 1389, S390, and M420 (Figure 4.21E). Several distinctive
hubs were observed in the mutant systems; E248D (1291 and G292), E249A (S284, 1291, and
A331), D345G (S284 and 1291), A353T (S296), A400P (V294), and V3931 (S284, 1291, and
A331).

Figure 4.22: Cartoon representation of the averaged EC hubs of the WT and mutant
systems. A) WT with the distribution of averaged EC hubs depicted as salmon spheres. B) and
C) E249A and V3931 with their distinct EC hubs depicted in skyblue spheres and the one
common to the WT hubs (salmon).

DB14159

DB14159 was stable in the WT and nine mutant systems (M2451, E248D, E249A, N257E,
T343P, D345G, A353T, V3931, and A400P) (Figure 4.23A). BC persistent hubs across the
WT and mutant systems are F288, 1389, M420, Y441, and 1445. Visual inspection and mapping
of the hubs on the protein structure show that most hubs are located within the binding site of
FP-2 (Figure S4.11). Active site residue N447 increased usage in the majority of the mutant
systems (M2451, E249A, T343P, D345G, and A353T). 1291 also appeared as a distinctive hub
in the majority of the mutant systems (N257E, T343P, D345G, V3931, and A400P). Additional
distinctive hubs present in the mutant systems include M2451 (L383), E248D (L383 and 1391),
E249A (V294 and L383), N257E (1328). CC persistent hubs across the WT and mutant systems
are S289, S290, G292, S293, P388, 1389, S390, 1391, V419, M420, L421, and 1445 (Figure
4.23B). DC persistent hubs across the WT and mutant systems are S296, 1328, and 1389
(Figure 4.23C). Distinctive hubs observed in mutant systems include M2451 (313 and 1368),
E248A (S293, 1368, and G457), E249A (1368, V374, 1461, and 1480), N257E (A331, 1341,
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G457, and 1461), T343P (S293, 1341, A394 and G457), D345G (S293, 1341, and 1461), A353T
(A331, 1368, G457, and 1461), V3931 (A394), and A400P (S293, A331, and A394).

Figure 4.23: Heatmap representation of the global top 5% for each centrality metric of
the WT and mutant systems of FP-2 bound to DB14159. Hubs are shown along the x-axis,
and WT and mutant complexes along the y-axis. The detected hubs are annotated with a
centrality value, and the homologous residues of the alternate samples are not annotated. Low
to high central values are colour-coded from yellow, green, and blue.
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EC persistent hubs across the WT and mutant systems are W286, S289, S290, S293, 1328,
S390, and M420 (Figure 4.23D). Distinctive hubs in mutant systems include M2451 (1391 and
L421), E248D (1291 and 1391), E249A (1391 and L421), N257E (1291, A331, and 1391), T343P
(S284 and 1291), D345G (1291), A353T (S284, 1291, and A331), V3931 (I391 and L421), and
A400P (A331, and 1391). KC persistent hubs across the WT and mutant systems are W286,
S289, S290, S293, 1389, S390, and M420. Distinctive hubs in mutant systems include M245I
(S296 and P388), E248D (G292 and V294), E249A (P388 and N460), N257E (1291 and A331),
T343P (A331), D345G (1291), A353T (1291, V294, and A331), V3931 (S296 and P388), and
A400P (S296 and P388).

4.5.9.2 Falcipain 3
DB00853

DB00853 was stable in WT and two mutant systems (R411K and E446G). Persistent hubs
across all systems are highlighted in Table 4.3. BC persistent hubs across the WT and mutant
systems are F296, S301, 1397, 1428, L429, 1453, and V488 (Figure 4.24A). In the WT system,
G300 and Y451 were distinctive and absent in the mutant systems indicating the loss of
communication in the presence of mutations. Distinctive hubs observed in mutant system
R411K are S297, V302, and L391. Distinctive hubs observed in mutant system E446G are
S297, V302, L391, and F448. CC persistent hubs across the WT and mutant systems are S297,
S298, G300, S301, P396, 1397, S398, 1399, V427, 1428, and L429 (Figure 4.24B). Active site
residue 1336 appeared as a distinctive hub in E446G. DC persistent hubs across the WT and
mutant systems are S292, W294, S297, S301, S304, N328, 1336, 1397, and 1428 (Figure
4.24C). The usage of residue D342 and active site residue A402 were lost in the presence of
the mutant systems. Distinctive hubs observed in mutant system R411K are F296 and V430.
Distinctive hubs observed in mutant system E446G are V302, V322 and V430. EC persistent
hubs across the WT and mutant systems are W294, A295, S297, S298, G300, S301, 1336, S398,
and 1428 (Figure 4.24D). Distinctive hubs were only noticed in mutant system E446G,
including S304, P396, and 1397. KC persistent hubs across the WT and mutant systems are
W294, A295, S297, S298, S301, 1336, 1397, S398, and 1428 (Figure 4.24E). The usage of
residues G300 and A339 were lost in the presence of the mutant systems. Distinctive hubs
observed in mutant system R411K are F296 and S304. Distinctive hubs observed in mutant

system E446G are S292, S304, and P396.
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Table 4.4: Persistent hubs in all WT and mutant-bound systems of FP-3.

Metric Persistent hubs
Betweenness DBO00853 296, 301, 397, 428, 429, 453, 488
Centrality (BC) DB00951 296, 397, 428, 429, 453, 488
Closeness DBO00853 297, 298, 300, 301, 396, 397, 398, 399, 427, 428, 429

Centrality (CC) DB00951 297,298, 300, 301, 396, 397, 398, 399, 427, 428, 429

Degree Centrality DB00853 292,294, 297, 301, 304, 328, 336, 397, 428

(DO) DB00951 292,294, 301, 304, 336, 397, 401, 430

Eigenvector Centrality | DB00853 294, 295, 297, 298, 300, 301, 336, 398, 428

(EC) DB00951 294, 297, 298, 300, 301, 336, 398, 428

Katz Centrality (KC) | DB00853 294, 295, 297, 298, 301, 336, 397, 398, 428

DB00951 294,297,298, 301, 336, 398, 428

DB00951

Interestingly, DB00951 was stable in WT and all mutant systems. BC persistent hubs across
the WT and mutant systems are F296, 1397, 1428, 1429, 1453, and V488 (Figure 4.25A).
Distinctive hubs observed in some mutant systems include N371K (S297), R411K (S5297),
E446G (S297 and L391), and N468Y (G300, 1399, and V427). C293 (catalytic thiol), 1399,
and 1401 (active site residue) were distinctive hubs in A422T. CC persistent hubs across the
WT and mutant systems are S297, S298, G300, S301, P396, 1397, S398, 1399, V427, 1428, and
L429 (Figure 4.25B). Active site residue 1336 appeared as a distinctive hub in mutant systems
A422T and N468Y. Additionally, 1453 appeared as a distinctive hub in E446G. DC persistent
hubs across the WT and mutant systems are S292, W294, S301, S304, 1336, 1397, and 1428
(Figure 4.25C). The usage of residue G465 were lost in the presence of the mutant systems.
Additionally, active site residue A402 was lost in the presence of all mutant systems except
A422T.). Distinctive hubs observed in some mutant systems include N371K (W275, 1428, and
V488), R411K (W275 and 1428), A422T (W275 and D342), E446G (F296 and 1428), and
N468Y (S317, A339, and L349). EC persistent hubs across the WT and mutant systems are
W294, S297, S298, G300, S301, 1336, S398, and 1428 (Figure 4.25D). The usage of residue
S292 were lost in the presence of the mutant systems. Distinctive hubs observed in some mutant
systems include N371K (P396), R411K (S304, A339, and P396), A422T (A339), E446G
(S304, P396, and 1397). KC persistent hubs across the WT and mutant systems are W294, S297,
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S298, S301, 1336, S398, and 1428 (Figure 4.25E). S304 appeared as a distinctive hub in all
mutant systems except A422T. Additional distinctive hubs were observed in some mutant
systems, which include N371K (G300), R411K (V430), A422T (F296), E446G (V302 and
L429), and N468Y (A339).

Figure 4.24: Heatmap representation of the global top 5% for each centrality metric of
the WT and mutant systems of FP-3 bound to DB00853. Hubs are shown along the x-axis,
and WT and mutant complexes along the y-axis. The detected hubs are annotated with a
centrality value, and the homologous residues of the alternate samples are not annotated. Low
to high central values are colour-coded from yellow, green, and blue.
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Figure 4.25: Heatmap representation of the global top 5% for each centrality metric of
the WT and mutant systems of FP-3 bound to DB00951. Hubs are shown along the x-axis,
and WT and mutant complexes along the y-axis. The detected hubs are annotated with a
centrality value, and the homologous residues of the alternate samples are not annotated. Low
to high central values are colour-coded from yellow, green, and blue.
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4.6 Conclusion

In recent years, allosteric modulators have received considerable attention because they offer
several advantages over classical orthosteric modulators [249]. Thus, this chapter aims to
identify potential allosteric modulators targeting FP-2 and FP-3 using in silico approaches such
as high-throughput virtual screening, molecular dynamics, comparative essential dynamics,
and dynamic residue network (DRN) analysis. In Chapters 2 and 3, we identified six potential
allosteric pockets in FP-2 and FP-3 using various computational tools. Of the six potential
allosteric pockets, pocket 1 was considered druggable in both FP-2 and FP-3; hence we
screened 2089 FDA compounds obtained from DrugBank to identify potential allosteric
modulators binding to pocket 1. High-throughput virtual screening identified 22 and 15
compounds successfully bound to FP-2 and FP-3, respectively. In order to isolate compounds
specific to Plasmodium proteins, compounds binding to human homologs (Cat K and Cat L)
were excluded from further analysis. A total of eight compounds were shortlisted for FP-2, and
five were shortlisted for FP-3 based on the above criteria. In both FP-2 and FP-3, DB00951
(Isoniazid) was identified as a potential hit. These compounds were subjected to 100 ns to
evaluate their stability on the respective WT systems. Three compounds (DB00312, DB00951,
and DB14159) in FP-2 and two (DB00853 and DB00951) in FP-3 were stable and further
subjected to MD simulation to assess their stability and effect on the respective mutant systems.
Post-MD analysis and comparative essential dynamics revealed the effect of the potential hits
on the mutant systems. We determined the effects of the potential hit on the six potential
allosteric pockets. The presence of a cryptic pocket was observed in A400P mutant system
when bound to DB14159. DRN analysis identified the changes in communication networks in
the WT and mutant systems when bound to the potential hits. Overall, DB00312, DB00951,
and DB14159 in FP-2 and DB00853 and DB00951 in FP-3 have been identified as potential

allosteric hits that will be further examined in vitro for their allosteric properties.
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Chapter 5

5.1 Conclusion and Future Perspectives

Antimalarial drugs are an integral part of global malaria mitigation and elimination efforts.
However, the parasite’s resistance to all currently available antimalarial drugs is the biggest
challenge toward malaria treatment and eradication. Mutations in genes encoding key
plasmodial enzymes confer antimalarial resistance. Determining the consequences of
mutations on protein structure and function continues to be a critical method for understanding
the underlying resistance mechanisms. With increasing technological advancements in the
post-genomics era, numerous computational approaches for elucidating mutation effects have
been established. This thesis provided insights into the conserved mutational effects in FP-2
and FP-3. Both enzymes are synthesized as zymogens and subsequently activated during the
erythrocytic stage and play integral roles in nutrient acquisition and mediation of ART
therapeutic action in P. falciparum. Thus, deciphering underlying ART resistance mechanisms

is paramount with the increased detection and spread of ART resistance Pf strains.

The objective of Chapter 2 was to analyse the effects of mutations on the structure and
dynamics of FP-2. Mutations were identified from the PlasmoDB [101,102]. With the
exception of V3931 and A400P, all other mutations are distal to the orthosteric site. WT and
mutant systems were predicted using homology modeling, and these structures were validated
using Verify3D, ProSA, and PROCHECK. We identified six putative pockets using a
combination of structure-based tools, and the effects of mutations on these pockets were also
characterized. We performed MD simulations and observed the conformational changes
associated with each mutation via post-MD analysis, such as RMSD, Rg, and RMSF. Using
comparative essential dynamics analysis, we analyzed the correlation in dynamics of the
different systems (WT and mutant protein systems). The analysis was based on the whole
protein, central core residues, binding pocket residues, and potential allosteric pockets.
Observations from the global level reveal the effects of mutations on the conformation of the
partial zymogen complex and the catalytic domain of FP-2. We zoomed in on the potential
allosteric pockets to analyse the effects. In the catalytic domain, M245I, located in the nose
region, a structural characteristic unique to FP-2 and other related Plasmodium homolog,
exhibited the highest conformational changes compared to the WT. This resulted in the
formation of a cryptic pocket where pocket 6 opened up, and residues in pocket 2 migrated into

it. Interestingly, in the partial zymogen complex of FP-2, mutant systems A159V, M245I, and
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E249A had the same effect (formation of the cryptic pocket) on their respective systems.
Overall, the global analysis revealed the conformational changes associated with mutations.
Application of local analysis based on the centrality and weighed residue contact maps presents
a reliable approach to identifying subtle changes associated with mutations, especially in
proteins showing conformational variability. Using DRN analysis, we examined the effects of
mutations on the residue communication network and identified key residues responsible for
the alterations in the conformational variability of the mutant systems. Overall, in silico
analysis provided insights into the effects of mutations on the partial zymogen complex and

the catalytic domain of FP-2.

The objectives in Chapter 3 mirror that of Chapter 2, and in this case, we characterize the
effects of mutations on FP-3. FP-2 and FP-3 share a sequence similarity of 68%, so we sought
to understand the effects of mutations on FP-3 and establish any similarity with FP-2.
Mutations occurring in the partial zymogen complex and catalytic domain were identified from
the Pf genomic resource database (PlasmoDB) [101,102]. Mutant systems were built using the
WT as a template, and these systems were validated using Verify3D, ProSA, and PROCHECK.
We also identified six putative pockets using a combination of structure-based tools, and the
effects of mutations on the whole protein, central core, binding site residues, and the potential
allosteric pockets were characterized using long MD simulations. The conformational
sampling, global compactness, and residue contribution to variations were evaluated using
RMSD, Rg, and RMSF combined with comparative essential dynamics analysis. Observation
of the combined global analysis revealed the conformational variability associated with
mutations. In the presence of mutation A422T, a cryptic pocket was observed. A422T occurs
around the active site and has various conformational effects on various parts of its system.
Local analysis revealed the changes in the communication network associated with mutations.
Interestingly, a correlation was observed between the DRN analysis, weighted contact map,
and alanine scanning. This local analysis revealed the communication changes in the interface

residues and the general protein network.

Finally, based on the potential allosteric pockets identified in chapters 2 and 3, the most
druggable pocket (pocket 1) in FP-2 and FP-3 was screened in an effort to uncover allosteric
modulators. High-throughput virtual screening (HTVS) was applied to this course. The
compound library used in this study contained 2089 FDA compounds culled from the
DrugBank database. HTVS identified 22 compounds binding to FP-2 and 15 to FP-3. Certain
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criteria were set to ensure target specificity, including binding within the potential allosteric
site and interaction with allosteric residues. A further criterion to ensure specificity to
Plasmodium protein is the exemption of ligands binding to the human homolog (Cat K and Cat
L). Using the highlighted criteria, eight compounds were shortlisted for FP-2 and five for FP-
3. Interestingly, Isoniazid (DB00951) was shortlisted for both FP-2 and FP-3. The selected
compounds were then taken to 100 all-atom MD simulations. The criteria for selecting
compounds were based on their stability in the respective WT systems. One of Chapter 4’s
aims was to analyze the effect of selected compounds in the presence of mutations. So stable
compounds in the WT systems were selected for further mutation analysis studies. The
following compounds have been identified as potential allosteric hits: DB00312, DB00951,
and DB14159 in FP-2; DB00853 and DB00951 in FP-3; these compounds will be further

investigated for their allosteric properties in vitro.

In conclusion, we demonstrated how different in silico tools and methods can be used as a
robust and efficient way to elucidate the role of mutations in conferring antimalarial drug
resistance. As a complement to existing web servers using static information (3D structures) to
determine mutation effects, our hybrid approach incorporating global and local dynamic
analysis may be useful in various protein systems. Additionally, this framework could be
applied to other targets of interest. The current findings provide a novel understanding of the
possible effects of missense mutations which may ultimately alter the catalytic efficiency of
FP-2 and FP-3. Allosteric drugs targeting FP-2 and FP-3 are receiving increased attention in
the antimalarial drug discovery process; this study offers a fresh exploration of allosteric
modulators and the effects of mutations on these modulators. As a first-ever study, this study
provides important insights which may help in the discovery of new drugs against these

hemoglobinases.
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Appendix

Table S1: Quality assessment of protein modeled structures.

Domain | Model z- Verify ProSA PROCHECK (%)
DOPE | 3D score Ramachandran (residue location)

score (%) Favored | Allowed | Disallowed
WT -1.26 | 91.29 -8.29 90.40 9.10 0.50
M2451 -1.16 | 92.53 -8.11 92.80 6.70 0.50
E248D -1.17 87.97 -8.31 91.90 7.60 0.50
.g E249A -1.14 85.89 -8.25 92.80 6.70 0.50
g K255R | -1.16 |92.95 -8.22 92.30 7.20 0.50
3 N257E -1.13 90.04 -8.12 92.30 7.20 0.50
E T343P -1.19 90.04 -8.10 92.30 7.20 0.50
*g D345G | -1.20 |91.29 -8.17 92.80 6.70 0.50
© A353T -1.18 90.87 -8.19 92.80 6.70 0.50
V3931 -1.18 90.46 -8.16 91.90 7.60 0.50
A400P -1.19 88.80 -8.08 92.30 7.20 0.50
Q414E -1.15 88.80 -8.21 92.30 7.20 0.50
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Table S2: Quality assessment of protein modeled structures.

Domain | Model z- Verify ProSA PROCHECK (%)
DOPE | 3D score Ramachandran (residue location)
score (%) Favored | Allowed | Disallowed

WT -1.05 88.48 -8.27 88.90 10.40 0.70
AI59V | -0.98 80.30 -8.15 91.20 8.10 0.70

F1651 -0.97 82.73 -8.08 91.20 8.10 0.70
M167T | -1.00 80.61 -8.23 91.60 7.70 0.70
N197K | -0.98 80.30 -8.18 90.90 8.40 0.70
N204K | -0.96 80.91 -8.19 90.90 8.40 0.70

E) N224S -0.98 84.55 -8.15 90.90 8.40 0.70
g S228T -0.98 80.30 -8.22 90.90 8.40 0.70
8 M2451 -0.96 80.91 -8.16 90.20 9.50 0.30
°§ E248D -1.00 84.55 -8.25 91.20 8.10 0.70
g E249A -0.98 80.61 -8.13 91.20 8.10 0.70
E K255R | -1.01 80.91 -8.33 90.90 8.40 0.70
g N257E -0.96 82.12 -8.13 90.90 8.40 0.70
Qc?q T343P -1.00 80.61 -8.15 90.90 8.40 0.70
D345G | -1.01 81.21 -8.08 90.90 8.40 0.70

A353T -1.01 84.55 -8.24 90.90 8.40 0.70

V3931 -0.99 80.91 -8.34 90.20 9.10 0.70

A400P -1.00 84.55 -8.04 91.50 7.80 0.70

Q414E -1.00 80.30 -8.25 90.60 8.70 0.70

Table S3: Druggability potential of the predicted putative allosteric pockets as determined by

AutoLigand and SiteMap.

Pockets | D-score | Druggability
1 0.63 Moderate

2 0.45 Weak

3 0.54 Weak

4 0.43 Weak

5 0.50 Weak

6 0.44 Weak
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Figure S2.1: RMSD line plots of the whole trajectory (500 ns) of the WT and mutant systems of the catalytic domain of FP-2 showing
conformational changes during the simulation and selected equilibrated regions (30 ns) used for DRN analysis. This figure is produced with
permission from Okeke et al. 2021 [118].
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Figure S2.2: RMSD line plots of the whole trajectory (500 ns) of the WT and mutant systems of the partial zymogen complexes of FP-2 showing
conformational changes during the simulation and selected equilibrated regions (30 ns) used for DRN analysis.
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Figure S2.3: Rg violin distribution plots of the WT and mutant systems (whole protein) of A)
partial zymogen and B) catalytic domain of FP-2.
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Figure S2.4: Comparative essential dynamic analysis of active site pocket residues of the WT
and mutant systems of the catalytic domain of FP-2 along PC1 and PC2. The simulation time
(ns) is represented by a color code (black = start, yellow = end). In each PCA plot, the time
stamp with the most stable structure is indicated in blue. This figure is produced with
permission from Okeke et al. 2021 [118].
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Figure S2.5: Comparative essential dynamic analysis of pockets 1, 3, 4, and 5 along PC1 and
PC2 of the WT and mutant systems of the catalytic domain of FP-2. The simulation time (ns)
is represented by a color code (black = start, yellow = end). In each PCA plot, the time stamp
with the most stable structure is indicated in blue. This figure is produced with permission from
Okeke et al. 2021 [118].

146




Figure S2.6: Comparative essential dynamic analysis of active site pocket residues of the WT
and mutant systems of the partial zymogen complexes of FP-2 along PC1 and PC2. The
simulation time (ns) is represented by a color code (black = start, yellow = end). In each PCA
plot, the time stamp with the most stable structure is indicated in blue.
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Figure S2.7: Comparative essential dynamic analysis of pockets 1, 3, 4, and 5 along PC1 and
PC2 of the WT and mutant system of the partial zymogen complex of FP-2. The simulation
time (ns) is represented by a color code (black = start, yellow = end). In each PCA plot, the
time stamp with the most stable structure is indicated in blue.
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Table S4: Quality assessment of the WT and mutant modeled structures of the partial zymogen
complex and catalytic domain, respectively.

Domain | Model z- VERIFY | ProSA PROCHECK (%)
DOPE 3D score Ramachandran (residue location)

score (%) Favored | Allowed | Disallowed
WT -1.41 89.67 -7.35 85.60 13.90 0.50
o N371K | -1.27 90.08 -7.25 91.90 7.60 0.50
.:;\ R411K | -1.27 92.98 -7.28 92.30 7.20 0.50
= A422T |-133 94.63 -7.10 | 90.90 8.60 0.50
© E446G | -1.26 98.35 -7.27 91.30 8.20 0.50
N468Y | -1.29 90.08 -7.42 91.40 8.10 0.50
WT -0.94 84.64 -7.84 89.70 10.30 0.00
8 E177Q |-0.95 83.73 -7.96 90.10 9.60 0.30
%D 1193L -0.95 83.13 -7.73 91.50 8.20 0.30
a N371K | -0.93 90.36 -7.83 91.20 8.50 0.30
E R411K | -0091 89.16 -7.77 91.20 8.50 0.30
S A422T | -0.97 83.43 -7.74 90.80 8.90 0.30
g E446G | -0.93 84.64 -7.84 91.10 8.60 0.30
- N468Y | -0.94 81.33 -7.85 91.20 8.50 0.30

Table S5: Druggability potential of the predicted putative allosteric pockets as determined by
AutoLigand and SiteMap.

Pockets | D-score | Druggability
1 0.84 Druggable

2 0.76 Moderate

3 0.43 Weak

4 0.68 Moderate

5 0.51 Weak

6 0.51 Weak
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Figure S3.1: RMSD line plots of the whole trajectory (500 ns) of the WT and mutant systems
of the catalytic domain of FP-3 showing conformational changes during the simulation and
selected equilibrated regions (30 ns) used for DRN analysis.
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Figure S3.2: RMSD line plots of the whole trajectory (500 ns) of the WT and mutant systems of the partial zymogen complex of FP-3 showing

conformational changes during the simulation and selected equilibrated regions (30 ns) used for DRN analysis.
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Figure S3.3: Rg violin distribution plots of the WT and mutant systems (whole protein) of A)
partial zymogen and B) catalytic domain of FP-3.
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Figure S3.4: Comparative essential dynamic analysis of active site pocket residues of the WT
and mutant systems of the catalytic domain of FP-3 along PC1 and PC2. The simulation time
(ns) is represented by a color code (black = start, yellow = end). In each PCA plot, the time
stamp with the most stable structure is indicated in blue.
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Figure S3.5: Comparative essential dynamic analysis of pockets 1, 3, 4, and 5 along PC1 and
PC2 of the WT and mutant systems of the catalytic domain of FP-3. The simulation time (ns)
is represented by a color code (black = start, yellow = end). In each PCA plot, the time stamp
with the most stable structure is indicated in blue.
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Figure S3.6: Comparative essential dynamic analysis of active site pocket residues of the WT
and mutant systems of the partial zymogen complex of FP-3 along PC1 and PC2. The
simulation time (ns) is represented by a color code (black = start, yellow = end). In each PCA
plot, the time stamp with the most stable structure is indicated in blue.
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Figure S3.7: Comparative essential dynamic analysis of pockets 1, 3, 4, and 5 along PC1 and
PC2 of the WT and mutant systems of the partial zymogen complex of FP-3. The simulation
time (ns) is represented by a color code (black = start, yellow = end). In each PCA plot, the
time stamp with the most stable structure is indicated in blue.
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Figure S3.8: Cartoon representation of WT and A422T mutant protein of the catalytic domain
of FP-3 with its BC hubs. (A) The distribution of the averaged BC hubs of WT (salmon
spheres). (B) A422T with its distinctive hubs (sky-blue) and the ones common to the WT hubs
(salmon). (C) and (D) show the allosteric communication path formed by the three distinctive
hubs originating from A422T and going to the catalytic site, passing through the interface of
three pockets.
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Figure S4.1: Violin distribution of the Rg of the WT and mutant-bound systems of FP-2. A)
WT and mutant systems bound to DB00312, B) WT and mutant systems bound to DB00951,

and C) WT and mutant systems bound to DB14159. WT is coloured magenta, and mutant
systems are coloured grey.
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Figure S4.2: Violin distribution of the Rg of the WT and mutant-bound systems of FP-3. A)
WT and mutant systems bound to DB00853, and B) WT and mutant systems bound to
DB00951. WT is coloured magenta, and mutant systems are coloured grey.

Figure S4.3: Violin distribution of the Rg values for Pockets 1 — 6 (A — F) of WT and mutant
systems of the catalytic domain of FP-2 bound to DB00853. The purple in the violin plots
represents WT.
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Figure S4.4: Violin distribution of the Rg values for Pockets 1 — 6 (A — F) of WT and mutant
systems of the catalytic domain of FP-2 bound to DB00951. The purple in the violin plots
represents WT.

Figure S4.5: Violin distribution of the Rg values for Pockets 1 — 6 (A — F) of WT and mutant
systems of the catalytic domain of FP-3 bound to DB00853. The purple in the violin plots
represents WT.
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Figure S4.6: Violin distribution of the Rg values for Pockets 1 — 6 (A — F) of WT and mutant
systems of the catalytic domain of FP-3 bound to DB00951. The purple in the violin plots
represents WT.

Figure S4.7: Comparative essential dynamic analysis of pockets 1, 3, 4, and 5 along PC1 and
PC2 of the WT and mutant systems of the catalytic domain of FP-2 bound to DB14159. The
simulation time (ns) is represented by a color code (black = start, yellow = end). In each PCA
plot, the time stamp with the most stable structure is indicated in blue.
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Figure S4.8: A cartoon illustration of the distribution of the averaged BC hubs unique to each
mutant-DB00312 bound protein compared with the WT-DB00312 bound protein (skyblue
spheres) in A) WT, B) K255R, and C) V3931. D) WT, E) K255R, and F) V393I show the
distribution of the averaged EC hubs unique to each mutant protein compared with the WT.
Hubs unique to the WT systems are represented in smudge spheres.

Figure S4.9: A cartoon illustration of the distribution of the averaged BC hubs unique to each
mutant-DB00951 bound protein compared with the WT-DB00951 bound protein (skyblue
spheres) in A) WT, B) E248D, C) E249A, D) D345G, E) A353T, F) A400P, and G) V393I.
Hubs unique to the WT systems are represented in smudge spheres.

162



Figure S4.10: A cartoon illustration of the distribution of the averaged EC hubs unique to each
mutant-DB00951 bound protein compared with the WT-DB00951 bound protein (skyblue
spheres) in A) WT, B) E248D, C) E249A, D) D345G, E) A353T, F) A400P, and G) V393I.
Hubs unique to the WT systems are represented in smudge spheres.
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Figure S4.11: A cartoon illustration of the distribution of the averaged BC hubs unique to each mutant-DB14159 bound protein compared with
the WT-DB14159 bound protein (skyblue spheres) in A) WT, B) M2451, C) E248D, D) E249A, E) N257E, F) T343P, G) D345G, H) A353T, )
V3931, and J) A400P. Hubs unique to the WT systems are represented in smudge spheres.
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Figure S4.12: A cartoon illustration of the distribution of the averaged EC hubs unique to each mutant-DB14159 bound protein compared with
the WT-DB14159 bound protein (skyblue spheres) in A) WT, B) M2451, C) E248D, D) E249A, E) N257E, F) T343P, G) D345G, H) A353T, )
V3931, and J) A400P. Hubs unique to the WT systems are represented in smudge spheres.
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