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PREFACE

This thesis is grouped into eight chapters, with the present chapter included:
Chapter 1

This chapter provided the study's background, rationale, aim and objectives, significance, and the
novelty of the findings reported.

Chapter 2

This chapter gave an overview of the research and expounded the background information. It
discussed the life-cycle and transmission of cryptosporidiosis, target-based drug design for
cryptosporidiosis, and inosine monophosphate dehydrogenase as a viable drug target in

Cryptosporidium parvum.
Chapter 3

This chapter elaborated on the specific computational tools, methods, and analyses that were
utilized in achieving the aim and objectives of this study. It explained how the methodologies were

integrated in inferring the conclusions.

Chapter 4: (Published work- this chapter is presented in the required format of the journal

and is the final version of the published manuscript)

This chapter employed meta-analysis to report the incidence and prevalence of cryptosporidiosis
in humans in the southern Africa region over a twenty-year span (2000-2020). The article has been

published in Journal of Parasitic Diseases (IF=1.21)

Chapter 5: (Published work- this chapter is presented in the required format of the journal

and is the final version of the published manuscript)

This section is entitled "Molecular Basis of P131 Cryptosporidial-IMPDH Selectivity — A
Structural, Dynamical and Mechanistic Stance". The chapter unraveled the mechanism of
inhibition and selectivity of P131- a promising anticryptosporidial. We combined both
bioinformatics and computational tool to elucidate the structural mechanism of inhibition and

selection by P131. Sequence alignment, total binding free energy, conformational perturbations



were examples of the analysis used. The article has been published in Cell Biochemistry and
Biophysics (IF=2.03).

Chapter 6: (Published work- this chapter is presented in the required format of the journal

and is the final version of the published manuscript)

This chapter is captioned, "A Probable Means to an End: Exploring P131 Pharmacophoric Scaffold
to Identify Potential Inhibitors of Cryptosporidium parvum Inosine Monophosphate
Dehydrogenase™. The study selected the pharmacophoric moieties of P131 that were responsible
for its inhibitory potential. A pharmacophore scaffold of P131 was created and used as a screen in
ZINC database to mine for other ligands that share similar moieties. The ligands that were
identified were docked in the co-factor binding site of CpIMPDH, and the top-three compounds
that had the highest molecular docking scores were selected. The complexes were subjected to
molecular dynamics simulation and thereafter, conformational and pharmacokinetic analyses were

done. The article has been published in the Journal of Molecular Modeling (IF=1.34)

Chapter 7: (Published work -this chapter is presented in the required format of the journal

and is the final version of the submitted manuscript).

This chapter is entitled "Finding the Needle in the Haystack"- Will Natural Products Fit for
Purpose in the Treatment of Cryptosporidiosis? - A Theoretical Perspective. We employed
structure-based virtual screening of 107,000 natural compounds deposited in ZINC database. This
was in a bid to find an alternative therapy to cryptosporidiosis. The top three compounds that best
fit in the co-factor binding site of CpIMPDH were selected. The complexes were simulated on an
extended scale. Their respective total binding free energy was estimated, their drug-likeness was

also evaluated. The manuscript has been published in Molecular Simulation (IF=1.71)
Chapter 8

This is the final chapter that has the concluding remarks and proposes future work



ABSTRACT

Cryptosporidiosis caused by Cryptosporidium species is an enteric disease infecting vertebrate.
The disease is associated with poor living conditions, such as contamination of recreational water
facilities with infective oocysts. Transmission can be zoonotic or anthroponotic through direct
contact or faeco-oral routes. Cryptosporidiosis is a significant opportunistic parasitic organism of
immune-compromised patients. Globally, The World Health Organisation (WHO) reported three
million infections annually, mostly in developing countries. Notably, cryptosporidiosis self-
resolve in immune-competent individuals after few days of watery diarrhea. However, infection is
often treated by nitazoxanide, a thiazolide class of drug. Previous studies have reported
nitazoxanide's ineffectiveness in immune-compromised patients (such as pregnant women,
children, and HIV/AIDS individuals). Hence, there is a need for continuous research on effective
drugs against cryptosporidiosis in individuals with a challenged immune system. This study
investigates the pooled prevalence of Cryptosporidium infection in the southern Africa region and

also the molecular mechanism of action of potential anticryptosporidials.

Meta-analysis was conducted by screening literature database (Google Scholar, PubMed, Ovid
Medline, AJOL, and Web of Science) between 2000 and 2020 to estimate the recent pooled
prevalence of Cryptosporidium infection in southern Africa. This thesis investigated the inhibitory
dynamics of the promising anticryptosporidial drug P131 on Cryptosporidium parvum inosine
monophosphate dehydrogenase (CpIMPDH) compared to the orthologous mouse protein
(mIMPDH). Crucial moieties of P131 were identified and subsequently adopted to create a
pharmacophore model for virtual screening in the ZINC database through the per residue energy
decomposition approach. This was done to mine for compounds that could be as effective as or
more effective than P131. The potential inhibitory mechanism of these compounds was probed
using molecular dynamics simulation and Molecular Mechanics Generalized Poisson Boltzmann
Surface Area (MM/PBSA) analyses. In addition, a dedicated library of 107,000 natural compounds
available in the ZINC database was virtually screened against CpIMPDH —NAD* binding site to

determine the compounds that have the best complementarity to the binding site.

Cryptosporidium infection in southern Africa shows the pooled prevalence of 16.8% (95%CI 9.7-

25.3), with subgroup analyses revealing the highest pooled prevalence of 25.2% in HIV/AIDS



patients. The high prevalence of Cryptosporidium spp. infections among immune-compromised
patients in southern Africa showed that the pathogen is of significant importance in this region.
The relatively high-affinity interactions occurring at the CpIMPDH-NAD" site were majorly
mediated by SER22, VAL24, PRO26, SER354, GLY357 and, TYR358 located on chain D of
CpIMPDH. These residues are unique to the parasite IMPDH and not in their eukaryotic host,
thereby explaining the selective action of P131. Three compounds ZINC46542062,
ZINC58646829, and ZINC89780094, which contained the pharmacophore of P131, showed a
respective, favorable docking score of -8.3kcal/mol, -8.2 kcal/mol, and -7.5kcal/mol in CpIMPDH-
NAD" site. Results revealed that one of the hits (ZINC46542062) exhibited a higher binding free
energy of -39.52kcal/mol than P131, which had -34.6 kcal/mol. Conformational perturbation
induced by the binding of the identified hits to CpIMPDH was similar to P131, suggesting a
similarity in inhibitory mechanisms. The top three natural compounds identified with the best
complementarity to the CpIMPDH-NAD? binding site included ZINC5225833, ZINC4258873,
and ZINC3841381. The latter (ZINC3841381) had the best binding free energy of -58.43kcal/mol.

The high prevalence of Cryptosporidium infections among immune-compromised patients in
southern Africa revealed that cryptosporidiosis is of significant importance in this region. The
molecular dynamics approaches presented revealed positive prospects toward the identification of
novel anticryptosporidials. Identified ZINC compounds from both inorganic and natural sources
could serve as the basis for further experimental investigations, optimization for improved

selectivity, thereby providing several therapeutic options of treatment.

Vi
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CHAPTER 1

1.1 Background and Rationale

Cryptosporidiosis remains a significant parasitic disease, most especially in sub-Saharan Africa. It
is one of the leading causes of mortality and morbidity in infants (< 5 years) [1-6]. Nitazoxanide
is the only FDA-approved for treating cryptosporidiosis, though other drugs have also been
adapted for its treatment, e.g., azithromycin, paromomycin, rifamycin, etc. [7-10]. These drugs
can resolve cryptosporidiosis in immune-competent patients. However, in immune-compromised

patients, e.g., HIV/AIDS patients and infants, the drugs are not very effective [11,12].

Target-based drug design, which is one of the approaches to rational drug design, has been
explored to design and develop drugs that have the propensity to inhibit one or multiple targets in
the disease-causing organism. These targets must be crucial to the survival of the organism. This

approach is faster and economically efficient than the traditional method of drug design.

The limitations of existing anticryptosporidials have led to the synthesis of other compounds that
can overcome the disadvantage of mainstream drugs. P131 emerged as the most promising ligand
from this effort [13,14,23,15-22]. The compound specifically targets inosine monophosphate
dehydrogenase in Cryptosporidium parvum. IMPDH is crucial to the differentiation and
replication of the parasite as it controls the guanine and the adenine pool in the cell. The inhibition
of CpIMPDH will lead to the blockade of guanine and adenine nucleotide synthesis thereby,
causing the death of the parasite [24].

It has also been established that CpIMPDH, despite a eukaryote, has a prokaryotic IMPDH. This
property has allowed for the selective targeting of the prokaryotic IMPDH in a eukaryotic host.
P131, therefore, only inhibits the parasite IMPDH and leaves the host IMPDH unaffected [25].
However, the structural mechanism of inhibition and selection of P131 has not been investigated.

The evolution and progression of computational tools have made possible the elucidation of

ligands' molecular mechanism of action. It has also facilitated the processes of design and

optimization of drugs in silico before they are subjected to further test in the laboratory. One of

the computational approaches known as pharmacophore-based virtual screening [26] was used to
1



build a scaffold containing the active moieties of P131 to obtain from the ZINC database other
compounds that might be as active as or more active than P131. These compounds can serve as
leads for potential anticryptosporidials. Through structure-based virtual screening, another
computational tool, natural compounds were tested in silico for their potential to mitigate

cryptosporidiosis.

1.2 Aims and Objectives

This study is aimed at investigating the significance and burden of cryptosporidiosis in the
southern African region. The structural mechanism of inhibition and selectivity of
anticryptosporidials targeting CpIMPDH with P131 as the test ligand was investigated. We wish
to determine why P131 will inhibit the prokaryotic CpIMPDH and leave the eukaryotic host
IMPDH unaffected from a dynamical perspective. Secondly, to mine for compounds sharing
similar pharmacophoric moieties with P131 that can have comparable or superior efficacy to P131
when bound to the co-factor site of CpIMPDH. Lastly, in addition to the synthetic compounds
discovered as potential anticryptosporidials, do natural compounds also have a place in mitigating

cryptosporidiosis?

To achieve the aim above, the following objectives were set

1. The pooled prevalence of cryptosporidiosis and associated risk factors in southern African

countries among immune-compromised patients. This will be achieved by:
1.1 Meta-analysis of cryptosporidiosis among children in southern Africa
1.2 Meta-analysis of cryptosporidiosis among pregnant women in southern Africa
1.3 Meta-analysis of cryptosporidiosis among HIV/AIDS in southern Africa

2. Understand the observed selectivity in action of the compound and the structural inhibitory
dynamics of P131 when bound to CpIMPDH and mouse IMPDH (mIMPDH). This will be
accomplished by:

2.1 Comparing the amino acid sequence of CpIMPDH (prokaryotic model) and mIMPDH-
eukaryotic model to know the percentage similarity and disparity.



2.2 Subjecting the complexes (CpIMPDH-P131 and mIMPDH-P131) to a long scale MD
simulation (280ns) and subsequently analyzed to generate data that can be meaningfully

extrapolated.

2.3 Estimating of the binding free energies of P131 in CpIMPDH and mIMPDH using the
MMPB/SA method

2.4 Evaluating of structural computation matrices to explain the motion, dynamics,
mechanics, and structural variations in understanding the mechanism of selection of P131
in CpIMPDH and mIMPDH.

3. As P131 has been shown to be more efficacious than paromomycin, we screened for other
potential drug candidates that have a similar scaffold with P131 and, for this reason, may be more
effective than P131

3.1 Pharmacophore modeling will be employed, which incorporate both structure-based
and ligand-based virtual screening. The per-residue energy decomposition method will be

employed in modeling the pharmacophore.

3.2 The pharmacophore of P131 will be used as a screen in the ZINC database to output
ZINC compounds with similar pharmacophore

3.3 The ZINC compounds and P131 bound to the co-factor site of CpIMPDH will be
subjected to 200ns molecular dynamics simulation, and after that, the total binding free
energy will be quantified and also the resulting structural perturbation patterns will be
compared to P131

3.4 The pharmacokinetic parameters (ADMET) of the ZINC compounds will be evaluated
and compared to P131 to determine the compound that has superior ADMET properties

and is more drug-likely

4. To investigate, using computational tools, the potential of natural compounds in

cryptosporidiosis treatment. This will be made possible by

4.1 Virtually screening a dedicated library of 107,000 natural compounds available in the
ZINC database against the co-factor site of CpIMPDH



4.2 Computing the molecular docking scores of the natural compounds

4.3 The top three compounds with the highest docking scores in complex with CpIMPDH

will be subjected to molecular dynamics simulation (300ns).

4.4 The total binding free energy, conformational dynamics, and druggability scores of the

natural compound will be evaluated.

1.3 Novelty and Significance of the study

The current treatment of cryptosporidiosis has its challenges, most especially its inefficacy in
immune-compromised patients. This has led to the synthesis of potential anticryptosporidials,
which have the propensity of overcoming the drawbacks of mainstream drugs. The progression in
the integration of bioinformatics, computer science, physics, mathematics, etc., has made the
possible target-based drug design and the in silico investigation of the mechanism of action of
promising drugs. P131, an alternative yet promising drug, binds to the co-factor site of CoIMPDH
and inhibits it while sparing the IMPDH of the eukaryotic host it infects. To the best of our
knowledge, this study is the first to highlight from a structural and mechanistic perspective why
anticryptosporidials are selective in their therapeutic action using P131 as a model. We also
projected through the pharmacophore modeling of P131, other compounds that have greater
potential than P131 in mitigating cryptosporidiosis infection. To the best of our knowledge, this
study is the first to report the virtual screening of a library of natural compounds in the ZINC
database that displayed good complementarity with the NAD* binding site of CpIMPDH. Insight
from this study could serve as a starting point in optimizing these new inhibitors for CpIMPDH
(from pharmacophore modeling and the virtual screening with natural compounds) with improved

therapeutic properties.
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CHAPTER 2

2.1 Introduction

For both individuals and animals worldwide, cryptosporidiosis is a serious diarrheal disease caused
by the many parasitic protozoa- Cryptosporidium, which oocysts are widespread in the ecosystem
[27]. Cryptosporidium belongs to the Phylum- Protozoa, Subphylum- Apicomplexa, Class-
Conoidasida, Subclass- Coccidia, Order- Eucoccidiorida, Suborder- Eimeriorina, Family-
Cryptosporidiidae, and Genus- Cryptosporidium. At present, 41 species of Cryptosporidium have
been recorded with greater than 60 genotypes. These species include C. meleagridis, C. ubiquitum,
C. muris, C. andersoni, C. parvum, C. hominis. The commonest pathogenic species affecting both
immune-competent and immune-compromised human species are C. parvum and C. hominis,
which account for close to 90 percent of human infection [28-31]. Diarrhoeal diseases killed 1.6
million people worldwide in 2017. Children under five years of age accounted for one-third of
these deaths, with the highest mortality rate from South Asia and sub-Saharan Africa, which are
low-resource countries [32]. Cryptosporidium contamination has been reported as the most
prominent cause of 905 waterborne outbreaks globally [33]. More than 8 million foodborne disease
cases per year and 25 confirmed foodborne outbreaks have been reported to be responsible by

Cryptosporidium [34,35].

2.2 Transmission and lifecycle of Cryptosporidium.

Cryptosporidium is the parasite responsible for cryptosporidiosis, affecting humans and animals
worldwide. Cryptosporidiosis has been reported to be one of the leading causes of diarrhea. Hence
it is an enteric pathogen parasitizing the epithelia of host intestinal cells [36]. There are several
reported Cryptosporidium species, of which the first recognized species in humans was
Cryptosporidium parvum. However, in recent years, both zoonotic and anthroponotic species have
been reported, with Cryptosporidium parvum and C. hominis standing out as opportunistic
pathogen of significance in immune-compromised individuals. Significant infections are more
likely in children, pregnant women, aged, HIV/AIDS patients, and very ill individuals. Other
reported species in humans include, C. meleagridis, C. viatorum, C. bovis, C. cuniculus, C.

ubiquitum, C. muris, C. xiaoi, C. felis, C. canis and C. suis, most of which have their origins from
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animals [37]. Clinical signs include acute diarrhea, weakness, dehydration, amongst others. It has
also been established to be a disease of poverty, being related to contaminated drinking water and
poor hygiene across the world [38]. In healthy individuals, cryptosporidiosis is self-limiting with
9-15 days [39]. Hence, infected individuals' immune system status could determine the severity
and duration of disease symptoms, especially in intestinal cryptosporidiosis. Extraintestinal
cryptosporidiosis has been reported in HIV patients, such as biliary cryptosporidiosis, though less
common in immunocompetent patients [40]. Transmission of Cryptosporidium occurs through
ingestion of water contaminated with feces (recreational, drinking or occupational water) or food
(vegetables, raw milk, and fruits) or those associated with direct contact with infected animals
(farm, domestic or wild) or humans. Excystation occurs after ingestion (and possibly inhalation)

by the susceptible vertebrate host.

Cryptosporidium sporulated oocysts are shed in feces containing four sporozoites. The oocysts are
resistant to tensed environmental factors such as temperature, rainfall, and humidity. The oocyst
wall is composed of inner and outer protective walls containing protein-lipid-carbohydrate matrix
[41]. Vertebrates ingest the oocysts from the environment, and the infectious cycle commences, of
which all the developmental stages are completed in a single host [42] (Figure 2.1). The oocysts
containing the four infective sporozoites excyst in the intestinal tract with the help of intrinsic
(pancreatic enzymes, carbon dioxide and bile salts) and extrinsic (temperature and pH) factors
[43-46]. Other molecules associated with excystation include arginine aminopeptidase [47],
protein-associated molecules such as ribosomal-associated and heat shock proteins [48],
sporozoite-associated serine and cysteine proteases [48,49] and secretory phospholipase A2 [50].
The sporozoite becomes encapsulated by the host membrane in form of a parasitophorous vacuole.
The vacuole presents an extra-cytoplasmic form, yet largely considered intracellular because of its
position within the host-derived parasitophorous vacuole membrane on top of epithelial cells. The
trophozoite is formed and undergoes asexual reproduction by merogony forming type-l1 meronts
[40]. Autoinfection by thin-walled oocysts and the recycling of type-1 meronts is the major cause
of persistent chronic infection, as observed in immunocompromised patients. Type Il meronts are
formed after series of developmental stages. Each of these can infect another enterocyte, with cells
differentiating into gametocytes to form the sexual stage of cell development. Male or female

gametocytes are formed, which are also known as microgametocytes and macrogametocytes,
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respectively. Meanwhile the non-fertile microgametocytes fertilize the motile macrogametocytes
to form the diploid zygote, which undergoes sporogony to produce the four haploid sporozoites

within the oocyst, which is sporulated [40].
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Figure 2.1 Cryptosporidium species lifecycle stages. A. Oocysts ingestion during
Cryptosporidium infection. B. Sexual and asexual stages of Cryptosporidium in a single host [40].
(Public domain)
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2.3 Treatment options of cryptosporidiosis

Immune-competent individuals will recover from cryptosporidiosis without treatment. Cases
involving fatal diarrhea can be managed by drinking plenty of fluids to prevent dehydration.
However, immune-compromised individuals are at higher risk for more severe and prolonged
illness. Fluid replacement therapy options for children, pregnant women, and other immune-
compromised patients are essential in fatal diarrhea cases to avoid sudden deaths associated with
dehydration. Anti-diarrhoeic drugs could assist in slowing down diarrhea, but not reduce oocyst
burden. Nitazoxanide has been FDA-approved for the treatment of diarrhea caused by
Cryptosporidium species in immune-competent individuals [51]. Meanwhile, the effectiveness of
nitazoxanide in immune-compromised individuals is still unclear. There are reports of individuals
with HIV/AIDS but are placed on anti-retroviral therapy to improve their immune status, hence
decreasing the burden associated with cryptosporidiosis. There is often cryptosporidiosis relapse
when the immune status worsens. Nitazoxanide is presently not approved to treat immune-
compromised individuals because nitazoxanide tablets and nitazoxanide oral suspension have not
been shown to be superior to placebo for the treatment of fatal diarrhea caused by Cryptosporidium
in HIV-infected or immune-deficient individuals [52]. Immune-competent individuals with
cryptosporidiosis treated with multiple three-day courses of nitazoxanide have been effective.
During early studies, seven-day treatment courses have been used for cryptosporidiosis and other
parasitic infections with positive responses [53,54]. HIV/AIDS patients with Cryptosporidium-

associated diarrhea received the drug for 28 days [55].

2.4 Rational drug targeting in the treatment of cryptosporidiosis

Rational drug design (RDD) harnesses the advances in the current bioinformatics tool. RDD
identifies a biomolecular target in the parasite, which is crucial to the survival of the organism and
the inhibition of which will lead to the impairment in the parasite's pathogenesis [56-58]. Once
the targets have been recognized, small-molecule inhibitors are screened against them via high-
throughput screening of chemical libraries or virtual screening using the available drug database
[59,60]. The small inhibitors can perturb the functions of the identified targets in two ways.

1. It can stop the cross-talks between the identified targets and other biomolecular targets necessary
for the progression of the disease [61].
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2. By activating and up-regulating the biomolecules that are important for the normal functioning

of the living system but has been hitherto suppressed in diseased condition [56].

Generally, in practice, the inhibitors must have a more competitive and higher binding affinity for
the identified targets' active sites more than the natural ligands of the targets [62]. The small
molecules which inhibit the target effectively are tagged as the lead compounds [63]. The
compounds are then subjected to further optimization processes. In the optimization process, the

properties below are evaluated and optimized initially by in silico methods [56,64]

The hydrophilicity/lipophilicity balance

The ADMET properties (Absorption, Distribution, Metabolism, Excretion, and Toxicity)

Quantitative structure-activity relationship (QSAR)

Quantitative structure-property relationship (QSPR)

Biodegradation and biotransformation products, etc.

RDD in drug discovery has grown exponentially due to the advances in computer-aided
methodologies, molecular docking tools, and availability of the 3D X-ray and NMR structures of
the biological targets[65-67]. Using the RDD approach, some advances have been made in the
discovery of drugs against cryptosporidiosis. Cryptosporidim parvum calcium-dependent protein
kinase 1 (CDPK1) is a validated target, and the bumped kinase inhibitor-1294 (BK1-1294) has
been recognized as a putative and effective inhibitor of CDPK-1 [68]. Other targets in
Cryptosporidium parvum spp are phenylalanl-tRNA synthetase with BRD7929 as its inhibitor
[69], long chain fatty acid co-enzyme A (CpLC-FACS) is inhibited by compound R134 [70]. Lysyl
tRNA-synthetase has compound 5 as its inhibitor [70]. Another critical target in Cryptosporidium
species is inosine monophosphate dehydrogenase (IMPDH) which will be discussed in the next

section.

2.5 IMPDH as a potential therapeutic target in Cryptosporidium

Inosine monophosphate dehydrogenase (IMPDH) is the first and rate-limiting enzyme in the de
novo synthesis of guanine nucleotide. It does this by converting inosine monophosphate to
xanthosine monophosphate (XMP) while reducing NAD* to NADH at the same time [71]. This
reaction bridges the synthesis of adenine and guanine nucleotide biosynthesis (Figure 2.2). This
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implies that IMPDH regulates the pool of nucleotides in the living system. As it controls the RNA
and DNA biosynthesis, IMPDH is vital in signal transduction and other mechanisms that are
important to cell proliferation [72]. Therefore the inhibition of Cryptosporidium parvum IMPDH
(CpIMPDH) will lead to the diminution of both guanine and the adenylate nucleotide pool,
eventually resulting in cell death [73]. Thus, targeting IMPDH has been validated, and it is
repeatedly being targeted in the treatment of cryptosporidiosis [14,15,21,25]. It is noteworthy that
Cryptosporidium parvum, despite being an eukaryote, has a prokaryotic IMPDH made possible by
lateral gene transfer from e-proteobacterium [19]. This makes selective targeting of a prokaryotic

IMPDH in a eukaryotic host possible.
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Figure 2.2 Reaction Pathway showing the conversion of inosine monophosphate (IMP) to guanine
monophosphate (GMP) and adenosine monophosphate (AMP). IMP dehydrogenase (IMPDH)

catalyzes the rate-limiting step in the conversion to GMP (prepared by author)

The x-ray crystal structures of IMPDH have been determined by various research groups either as
an apo, in complex with ligands, cofactors, inhibitors, etc. [25,74,75]. IMPDH is a 4-fold
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symmetric and homotetrameric structure (Figure 2.3). The tetramer has four active sites, which
are situated close to the subunit interfaces [25]. The monomer has two binding pockets, which are
the active site and the co-factor site. The active site naturally binds IMP, it is confined in a
monomer, and its binding residues are strictly conserved in all IMPDHSs. The co-factor site which
binds NAD" has adenosine and nicotinamide subsites. The nicotinamide subsite lies within the
same monomer as the IMP binding site. However, the adenosine subsite is contained in an adjacent
monomer (peculiar to prokaryotic IMPDH alone). Therefore any inhibitor targeting the NAD™ site
(cofactor site) of prokaryotic IMPDH, their binding will traverse an IMPDH dimer [25]. In
eukaryotes, however, the adenosine subsite is located in the same monomer as the active site. The
adenosine site is highly divergent among organisms, and this accounts for the mechanism of

selection of anticryptosporidials [25].

Figure 2.3 X-ray crystal structure of tetrameric IMPDH. Chain A (dark grey), chain B (coral),
chain C (medium purple), and chain D (pink) The NAD" site (co-factor site) is colored blue while
the active site is in red (prepared by author)

2.6 P131 as a potential drug candidate

The research group of Hedstrom et al. was involved in a program to develop potential
anticryptosporidials which specifically target IMPDH. This led to the synthesis of numerous

compounds that were structurally distinct. These compounds were tested in a mouse model and
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displayed a 1000-fold in potency and selectivity over the human IMPDH counterpart [13,15-
17,19,22]. Of all these compounds, eight were most promising when tested in an interleukin-12
knockout mouse model. Compound P131 had the most remarkable antiparasitic effect. P131 when
administered at a single dose of 250mg/kg body weight, showed an equivalent activity compared
to the control group, which was treated with paromomycin at 2000mg/kg body weight. However,
when both drugs were administered thrice-daily at the same concentration (200mg/kg), P131
elicited a superior anticryptosporidial activity when compared to paromomycin[14]. X-ray crystal
structure of CpIMPDH showed that P131 binds in the co-factor site of CpIMPDH. P131 has two
aromatic rings (Figure 2.4). In CpIMPDH, one of these rings interacts with the hypoxanthine ring
of IMP while the other with Tyr358 residue in the adjacent subunit [25].
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Figure 2.4 2D structure of P131, a novel Cryptosporidium inhibitor that elicited a superior

parasiticidal activity compared to paromomycin. (prepared by author)

Computational chemistry is vital to drug discovery processes as it reduces the time and capital
investment involved in the pure traditional method of drug discovery [26]. Newer and more
efficacious drug candidates are needed for the treatment of cryptosporidiosis. The faster means of
achieving this is the integration of computational techniques. To achieve the study's aim and
objectives stated earlier, we employed various computational methods such as molecular docking
and modeling, homology modeling, virtual screening, pharmacophore modeling, molecular
dynamics simulation, etc. All these are expounded in subsequent chapters.
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CHAPTER THREE

3.1 Introduction to methods in Computational Chemistry

Computational chemistry, which is also known as molecular modeling, is defined as the
consortium of techniques carried out principally on a computer to model, probe, and understand
the atomistic behavior of molecular systems, whether large or small [1]. In theoretical chemistry,
drug design driven by molecular modeling protocols is rapidly gaining ground as it allows the
integration of chemical theories and models with experimental inferences [2]. Computational
chemistry also utilizes artificial intelligence, algorithms, and statistics to coin out large database,
meaningful, understandable, and effective solutions to chemical and chemical-related challenges.
Though a scientifically exciting field, computational chemistry is laden with its challenges, two of
which are the choice of theory to adapt in interpreting a chemical problem and assessing the quality
of and synthesizing the results obtained to draw out a meaningful extrapolation [3]. In the
description of computational chemistry, three standard methods can be used. They are quantum
mechanics, molecular mechanics, and molecular dynamics simulation with the latter mainly
focusing on the Newtonian laws of physics. In this chapter, the computational methods utilized in

this study are elucidated in a step-wise fashion.

3.2 Quantum Mechanics.

Quantum mechanics, which involves studying the chemistry of molecules at the electron levels
was initiated, invented, and developed by Werner Heisenberg, Max Born, Pascal Jordan, Max
Planck, Wolfang Pauli, Neils Bohr, Albert Einstein, and Paul Dirac [4]. In this approach, the
electrons making up an atomic particle are wave-like properties and are regarded as having their
energies (quantum particles) [5]. When analyzing a biomolecular system using the quantum
mechanics method, the electrons are arranged in a 3D space and subsequently mapped using the
continuous electronic density method [6]. The Schrodinger equation gives insight into the
bioenergetics and movement of the biomolecular systems and how these wave-like properties

behave is presented in the next section.
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3.3 The Schrodinger equation

Erwin Schrodinger, born in 1926, put forward the time-dependent equation of quantum mechanics
[7, 8]. This is described as

Hy = Ey Eq.3.1
Where,
H — Hamiltonian operator,
E - Total energy of the system

¥ - Wave function of the chemical system. It also represents the Eigenfunction which gives the
probable but not exact location of the nuclei and electrons. The molecular Hamiltonian is an

expression of the sum of its operators:
H=T+V Eq. 3.2
Where,

H denotes Hamiltonian operator, T is the system's kinetic energy operator, and V denotes potential
energy operator. The Hamiltonian has the propensity to be composed of all the kinetic and potential
energy operators for the entire electrons and nuclei if particles are treated as point masses ad other

effects are neglected. The Hamiltonian equation can also be denoted as:

Ze 247 2

H=-
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Eq. 3.3

Here, A and B are the nuclei, i and j are the electrons, Ma is the nucleus mass, me is electron mass,
Rag is a nucleus A and B stand for inter-distance, rj is the distance between i and j electrons, Za
is a nucleus A charge, rai a nucleus A and electron i inter-distance. In the equation above, the first
notation represents the kinetic energy operator of the electrons, and second is the nuclei kinetic
energy operator, third represents the electron-nuclei attractions kinetic energy operator, fourth
notation is the potential energy operator for electron-electron repulsions, and finally, the fifth
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notation is the nuclei-nuclei repulsions, potential energy operator. The main disadvantage of the
Schrodinger equation is its inability to be used in solving molecular system problems. In this

instance, the Born-Oppenheimer approximation is used [9].

3.4 Born-Oppenheimer approximation

Born and Oppenheimer in 1927 posited that nuclear coordinates are the parameters that define
molecular geometry and also give the relationship between energy and nuclear coordinates. It is
anchored on the fact that the nucleus mass is more than the electron mass, which leads to the faster
movement of the latter compared with the former [10, 11]. The opposite charges possessed by both
nucleus and electrons also allow for the generation of an attractive force, leading to the rate of
movement of both molecules. This approximation equation excludes the nucleus's motion assumes
that the movement of electrons and nucleus can be independently treated [10, 11]. Therefore,

statically distributed electron contributions within a molecule can be solved as

h? at @t @
Te!er — [_ d foectrﬂ-ﬂs — o —y ]
8m=m (5.1, ay dz ) Eq. 3.4
While Schrodinger equation for electrons in a fixed nucleus is
Hefﬂ' elecy. R) = Eeff R elecy. R
@ (r,R) (R)@“*“(r.R)
Eq. 3.5

3.5 Molecular Mechanics

Owing to the greater computational speed and efficiency of molecular mechanics, it is used in
calculating thermodynamics properties of biomolecular systems (through molecular dynamics),
molecular docking etc. It is also used to analyze molecules that contain thousands and millions of
atoms, deducing the structural conformations given by the MD ensemble and all other applications
that call for numerous energy valuations [12-15]. The principle guiding molecular mechanics

include the following-
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e Unlike quantum mechanics, the mathematical model analyses the nucleus' position while
neglecting that of electrons' contribution.

e Electrons and nuclei atom-like particles are regarded as spheres

e The bonds between each particle are considered harmonic oscillators

e The spatial distribution of particles and their individual energies determine the interaction

e Springs and classical potential govern interaction

Molecular mechanics is also known as force field calculation. A force field is a mathematical
function that correlates the coordinates of specific particles to the molecular systems' overall
energy and analyzes the potential energy of the interatomic interactions [16]. Force-field
parameters are either determined semi-empirically through QM calculations or experimental data
such as infrared, X-ray diffraction, NMR, etc. There are different force fields with their differing
complexities used in treating biomolecular systems. Examples are AMBER [17], CHARMM [18],
NAMD [19], GROMOS [20], GROMACS [21], DL_POLY [22]. According to the specific type
of molecules, each force field must be chosen carefully for its parameterization. Due to the force
field variation within a molecule, there must be a corresponding adjustment of the force field

parameters [23]. Typically, a force-field expression is like this:

1 2 1 2 M, :
U= Z :kh{f‘ =ra) + Z :.lilru"!l}_ )™ + Z Tﬂl] + cos(ng — 0)]

bonds angles torsions
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.~ iF.. q q .
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Eq. 3.6

The first four notations are referred to as the contributions of the intramolecular forces to the
binding energy. They are bond stretching, angle bending, dihedral, and improper torsions, while
the last two notations are Lennard-Jones potential and the Coulombic force, which is also the
electrostatic interactions between the non-bonded atoms. Force fields are only limited to analyzing
bond interactions. They cannot be used in forming and breaking bonds [24]. In this study, we made

use of the AMBER force field in parameterizing the biomolecular systems.
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3.6 Molecular Dynamics

Computer simulation serves as a compliment and a bridge to experimental investigations in the
sense that we may test a theory by simulation and correlate it with the same model's experimental
findings. Simulation allows for the understanding of the interaction between atoms [25].
Simulations can be divided into two distinct classes, and they are molecular dynamics (MD) [26,
27] and Monte Carlo (MC ). Other types consist of the hybrid of the two classes mentioned above
[28]. MD is preferred to MC because it allows for dynamical analysis and subsequent time-
dependent structural perturbations etc. MD also gives room for the evaluation of the
thermodynamics and Kinetic properties of a biomolecular system (whether bound to a ligand or
not). It allows for the manipulation of the factors like temperature, flexibility, and velocity to
determine its effect on the time-evolution of interacting particles. Finally, it provides a real-time

view of the chemical reaction and biological systems

MD simulation comprises the Newtonian classical equation of motion, which is defined for the
atomic system as

dir; (t)
Fi=mj——
1 1 d[’z

Eq.3.7
In the equation above ri(t) is the particle position vector, t is the time-evolution, m= mass of the

particle, and Fy is the force acting on the atom.

However, to apply this equation in MD simulation, the individual particle position and velocity
making up a biomolecule must be known as this is required, a force-field must be applied for the
parameterization of the molecular system, and lastly, there must be specificity in boundary
conditions. To perform both quantitative and qualitative analysis on MD simulated systems,
trajectories must be generated. For trajectories to be generated, then parameters such as the
coordinates, bond-characteristics, acceleration, and potential energy of each atom must be defined.
Also, potential energy must be incorporated into the Newtonian equation above. The generated

trajectory is then analyzed.
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3.7 Molecular Dynamics Post-Analysis

To understand the macromolecules' behavior presented in this thesis, they were MD simulated,
and the resulting trajectories generated from the production run were subjected to post dynamical
analysis. The MD trajectories are a series of sequential and time-progressive snapshots that give
the individual atom's coordinates and velocities. The equilibrium of the systems, binding free
energies, conformations, and configuration changes in the 3D structure of the protein are
significant results determined by post-MD analysis. Software to be adopted for use in the post-MD
analysis should not just be chosen randomly. They must have embedded in the various analytical

tools and efficiently process large datasets, and their image resolution must be top-notch.

3.8 Molecular Dynamics Solvent Parameters

Particle-Mesh Ewald (PME) method, which is an efficient computational tool, is best used in
parameterizing solvated systems. It is imperative to solvate a system in an explicit solvent as it
gives relatively stable trajectories. In the PME method, the potential energy is distinctively
separated into Ewald's standard direct and procal sums. The former is determined by cut-offs while
the latter by Fast Fourier Transform (FFT). FFT transforms the 3D coloumbic charges to 2D,

leading to the reduction of the time and memory for the estimation of PME [29, 30].

3.9 Stability of systems
3.9.1 System convergence

The quality of the post-MD analysis depends on ensuring simulation convergence. Convergence
in MD simulation is defined as when conformational ensembles peak after a considerable length
of time [31]. It describes the structural stability imbued by bond torsions, angles, and types during
protein motion. It is the point at which optimum distance from the reference structure is reached,

exhibiting the most energetically stable conformations of our protein-ligand system [32, 33].

38



3.10 Conformational Analysis
3.10.1 Root Mean Square of Deviation

The root mean square of deviation of atomic position is being used to compare biomolecular
structures [34-36]. It has found its use as an index for observing the folding and conformation
dynamics of a protein after MD simulation [37—40]. It validates the quality of predicted structures
and also experimentally determined structures [41-44]. In relation to its reference structure, it
assesses the extent of structural (dis)similarity of a biomolecule brought about during the process
of refinement or innate flexibility [45, 46]. RMSD also points out the segment in a protein with
more significant fluctuation than its reference structure. Mathematically, RMSD can be

represented as

1
In(R; —RDZ)\?
N

RMSD = (
Eq.3.8

N is the total number of atoms in a biomolecular system, i is calculated via the fitting of the least
square protocol to the initial conformation and the one obtained after simulation, refinement etc.
Ri is the position of the c-alpha atoms. The mean RMSD applies to the receptor, ligand or the
ligand complexed to a receptor. It is almost always calculated by averaging the structural deviation

observed in the frames in each trajectory.

3.10.2 Radius of Gyration

The radius of gyration (RoG) is defined as the root mean square distance from each atom of the
protein to its centroid. It gives insight into how compact or loosely packed the atoms in a
biomolecule is [47]. Compactness in this sense evaluates the degree of the accessible surface area
of a protein to that of an ideal sphere of the same volume. RoG does not factor in the size of the
protein; it is also inversely proportional to the rate of protein folding [48]. Mathematically, it is

represented as:
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Eq. 3.9

Here, ri is the position of i atom and r is the weight of the center of atom i

3.10.3 Root Mean Square of Fluctuation

RMSF is much more specific than RMSD. RMSD gives the flexibility of the global structure of
the protein, while RMSF gives information about the flexibility of each residue making up the
protein [49-51]. Furthermore, it provides insight into the heterogeneity and thermal stability of
macromolecules [52-54]. RMSF is often obtained through Debye-Waller factors (B factors). B
factor quantifies the fluctuation of individual atoms about their mean position. B-factors has
various application, few of which are diagnosing errors in the structure of a protein, analysis of
active sites and pockets, relating structural mobility with conformation and the extent of disorder
in protein structures [55-59]. RMSF is given by the equation below

(RMSF; — RMSF)

RMSF =
S o (RMSF)

Eq. 3.10

3.10.4 Principal Component Analysis

PCA is a technigue used in determining the structural fluctuation within a biomolecular system
and the overall motion of the protein backbone [60]. A decomposition process reduces the dataset
needed to explain protein dynamics by ordering the motions observed from the largest to the most
miniature spatial scale. It linearly transforms the dataset to filter important information via a
correlation matrix built from Cartesian coordinates, which is the atomic displacement in a
trajectory [61-63]. Essential dynamics is when PCA is applied to protein trajectory to extract
important motions from the conformation. In PCA, protein movement is called an eigenvector

while the motion's energy contribution is called eigenvalue [60].
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3.10.5 Dynamics Cross Correlation Matrix

DCCM depicts graphically time-correlated motions of the residues making up a protein [64].
Visual inspection of the residue time-correlated pattern is principally used in evaluating DCCM
[49, 65]. Positively correlated residues tend towards the same direction while that of anticorrelated
residues is in the opposite direction. Completely correlated or anti-correlated motion, C(i, j) = 1 or
C(i, j) = —1, represent residues which are in the similar phase and period(66). The equation below

gives the dynamic cross-correlation matrix:

< Arl. Arj =
ij — 1
P 2 _\2
( Ary >< Ar; ;,)2

Eq.3.11

Cij is the cross-correlation coefficient, i and j are the i'" and j" residue, respectively, and Ari or Arj

stands for displacement vectors of ith and jth residue, respectively.

3.11 Binding Free Energy Calculations

Estimation of binding free energy calculations is crucial in understanding the interaction and the
binding mechanism and affinity of ligand-protein complexes. in silico analysis of free binding
energies of macromolecular complexes can be calculated by two mainstream methods, which are
the Molecular Mechanics/Poisson-Boltzmann Surface Area (MMPB-SA) or Molecular
Mechanics/Generalized Born Surface Area (MMGB-SA) techniques which combines MM with
the continuum solvation of a molecular system at low computational cost [66-68]. In the studies
reported in subsequent chapters, the MM-PBSA approach was used. Apart from MM/PBSA and
MM/GBSA, other algorithmic approaches in calculating BFE are free energy perturbation
estimation, thermodynamic integration, linear interaction energy calculation and, molecular

docking calculation [69].

The MM/GBSA and MM/PBSA free energy calculations aids the determination of the inhibitory
properties of ligands, has wide application in virtual screening and molecular docking of potential

drug candidates [66—68]. The two methods employ the principles of molecular mechanics by using
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an implicit solvent model to solve the binding free energy computation. The subset that contribute
to the total binding free energy (AGnind) is the gas-phase energy (Egas), the solvation free energy
(Gsol), and entropy (S).

Mathematically, AGpind is given as

AGbind = AEmm +AGsol — TAS @
AGsol = AGpol (pB) + AGnp )
Therefore, AGbind = AEmm + AGgpol (pB) + AGnp 3)
AEmm = AEint + AEele + AEvaw (4)

AEint is given by the summation of AEangie, AEpond, and AEtorsion. Molecular dynamics simulation
was run on the complex only, and a single trajectory was used. This approach minimizes error and

noise; therefore, AEint Was canceled between receptor, ligand, and complex.[70]
AEmm = AEele + AEvaw ®)

In the equation presented above, AEele and AEvaw represent electrostatic and Vander Waal energy
contributions, respectively. AEmm IS gas-phase energy. The solvation energy contribution is AGsol,
which is constituted by polar solvation energy contribution (AGpol (p8)) and non-polar solvation
energy contribution (AGnp). AEint represents the internal energy contribution, and TAS, the

conformational entropy change.

3.12 Additional Computational Tools Used in this Study
3.12.1 Homology modeling

In target-based drug design, the 3D structure of the protein of interest is essential, and this can be
readily downloaded from online database such as protein data bank (PDB). The advances in X-ray
crystallography, NMR spectroscopy, and electron microscopy had made the determination of
protein structures possible. However, there are several scenarios where some biologically
important targets may not have been structurally determined. The structures of these proteins can

then be homology modeled. Homology modeled predicts the 3D structure of a protein by using its
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protein sequence and the 3D X-ray crystal structures of proteins related to it [71]. Homology
modeling is hinged on the fact that the structure of a protein is stringently conserved than its amino
acid sequence, and a minor change in its amino acid sequence does not significantly affect its 3D
structure [72]. In this study, the homology modeling concept was employed in chapter 5, where
the IMPDH of the mouse (UNIPROT ID: P24547) was modeled using Cricetulus griseus IMPDH
(PDB code 1JR1) as a template as it shares 99.22% similarity with IMPDH. The homology

modeling was carried out SwissModel algorithm.

3.12.2 Virtual Screening (VS)

Virtual screening is indispensable in the field of drug discovery and development. Virtual
screening allows for thousands and millions of small molecules to be screened against a biological
target's binding site [73-75] . These molecules can then be filtered using different drug-likeness
criteria to a sizeable number that has the potential to be a lead compound [76]. Pharmacophore-
based virtual screening was employed in chapter 6, where the active moieties of P131 were selected
in building a pharmacophore scaffold. The scaffold was then deposited in the ZINC database to
screen for ligands that share similar pharmacophoric moieties as P131. The outputted compounds
were thereafter docked in the co-factor site of CpIMPDH. Structure-based virtual screening was
also introduced in chapter 7. Therein, the 107,000 natural compounds deposited in the ZINC
database were sampled for their complementarity in the co-factor binding site of CpIMPDH, and

the top three compounds which had the highest docking scores were selected.
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4.1 Abstract

Introduction- The epidemiology of cryptosporidiosis in southern Africa is largely unknown. The
disease is associated with diarrhea and nutritional deficiencies, leading to severe morbidity and
mortality among immune-compromised patients. This study aimed to assess the pooled prevalence
of Cryptosporidium spp. infection among immune-compromised humans in southern Africa over

the past 20 years.

Methods- Reports of Cryptosporidium spp. infection in humans published between 2000 and 2020
using Google Scholar, PubMed, Ovid Medline, African Journal Online (AJOL), and Web of
Science literature database were obtained. Inclusion criteria of sorted articles for Cryptosporidium
spp. infection were standardized using preferred reporting items for systematic reviews and meta-

analyses (PRISMA) checklist. A total of 22 eligible studies were sorted for meta-analysis.

Results- Overall prevalence of Cryptosporidium spp. infection in southern African countries with
reports was 16.8% (95%CI: 9.7-25.3). Sub-group analysis showed a pooled prevalence of 25.2,
20.5, and 17.9% among HIV/AIDS patients, children, and diarrhoeic individuals, respectively.
Pooled prevalence was highest in South Africa and lowest in Zimbabwe across examined
individuals. The pooled prevalence of Cryptosporidium spp. infections in diarrhoeic patients was
highest in individuals from Botswana (17.6%) which is significantly different (X2 = 9.337; P =
0.002) from South Africans (12.7%). South African individuals with HIV/AIDS showed the

highest pooled prevalence of Cryptosporidium infections than other countries.

Discussion- The high prevalence of Cryptosporidium spp. infections among immune-
compromised patients in southern Africa showed that the pathogen is of significant importance in
this region. Continuous studies on the genetic characterization of Cryptosporidium spp. isolates
and associated risk factors are needed across southern Africa to identify the predominant subtypes

in humanes.

Keywords: Cryptosporidiosis, Zoonotic Disease, Prevalence, HIV, Public Health, Protozoa
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4.2 Introduction

One of the most important neglected tropical diseases is cryptosporidiosis caused by
Cryptosporidium spp. Cryptosporidiosis is primarily a water-borne disease associated with fatal
diarrhea and is often reported in immune-compromised individuals. A joint Food and Agriculture
Organization (FAO)/World Health Organization (WHQO) expert committee has ranked
Cryptosporidium spp. enteropathogen fifth among the 24 most significant foodborne parasites in
a global ranking. [1, 2]. Cryptosporidiosis perception among people in southern Africa is low,
while the disease is exacerbated by the widespread human immunodeficiency virus/acquired
immunodeficiency syndrome (HIV/AIDS), rural settlements with poor hygiene, and water

shortages [3].

The disease is common in children, and several identified risk factors include contact with animals,
malnutrition, HIV status, and water-related activities [4, 5]. Indicators of Cryptosporidium spp.
infection include presence of watery diarrhoea, nutritional defects, elevated levels of lactoferrin
and immune system related defects. Infection can be contracted through direct contact with

infected humans, zoonotic (animal), and can likewise be foodborne or waterborne [6, 7].

Water left untreated and still used for domestic purposes such as cooking, drinking, swimming,
and bathing in many rural African homes mediates the exposure to waterborne Cryptosporidium
spp. [8]. Cryptosporidium spp. has been identified in animals such as poultry, fish, dogs, horses,
sheep, cattle etc. [2, 9, 10]. Only a few studies have been directly conducted in southern Africa on

the identification of Cryptosporidium spp. species in different vertebrate hosts.

Cryptosporidium spp. enteropathogen genotypes identified in humans from Africa include, C.
andersoni, C. bovis, C. canis, C. cuniculus, C. felis, C. hominis, C. meleagridis, C. muris, C.
parvum, C. suis, C. ubiquitum, C. viatorum, and C. xiaoi [5]. However, most important species
identified in southern Africa were C. hominis, C. meleagridis and C. parvum. Some of the subtypes
of these species are zoonotic and more studies are needed to identify the most prevalent and

distributed species in humans from these regions.

To decrease the prevalence of Cryptosporidium spp. among HIV patients, the introduction of
antiretrovirals have been reported to slightly restore immune function [11, 12]. Besides, HIV

protease inhibitors have been suggested to serve as antiparasitic drugs in cases of
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cryptosporidiosis. For example, the drugs indinavir, ritonavir, and saquinavir were confirmed to
have anti-cryptosporidial effects in experimental studies [13]. However, their efficacy as an anti-

cryptosporidial is limited and cannot be substituted as mainstream antiparasitic drugs.

The diagnosis of cryptosporidiosis in this region is mainly based on the morphological
identification of Cryptosporidium spp. oocysts in faecal samples by microscopy using acid-fast
stains or immunofluorescent antibody staining. More sensitive test such as polymerase chain
reaction (PCR) has been limited to research and not diagnostic purposes in Africa due to the cost

and expertise required.

Studies conducted on Cryptosporidium spp. infection from southern African countries have not
been adequately synchronized with its associated risk factors to develop public health implications
and the disease's distribution rate. Similarly, meta-analyses conducted have focused on individual
studies with a regional explanation of its prevalence with many comparisons rather than improving

disease awareness and providing data for policymakers.

Therefore, we investigated the prevalence, risk factors, and sub-group analyses of published data
on Cryptosporidium spp. infection from humans in southern Africa. Distribution and impact of the
pathogen on immune-compromised patients based on reporting was also examined in the study.

4.3 Materials and methods
4.3.1 Strategic searching of items

Literature database (PubMed, Ovid Medline, AJOL, Google Scholar, and Web of Science) were
searched for published articles on Cryptosporidium spp. infection in southern Africa in the English
Language from January 2000 to October 2020. The considered articles were those with full-texts.

Keywords for searches include, "Cryptosporid™, "parvum", "hominis", "species”, "humans",
“children”, "HIV", "patients"”, "diarrhoea"”, "intestinal™*, "prevalence"”, "epidemiology", "South
Africa", "Botswana”, "Lesotho”, "Malawi”, "Angola”, "Namibia”, "Zambia", "Zimbabwe",
"Mozambique", "Swaziland" and "Southern Africa". Missing articles were avoided by carefully
examining the references of identified articles, while the authors independently did the extraction

process to minimise error.
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4.3.2 Inclusion and exclusion criteria

An article's inclusion criterion was primarily identified, provided the conducted study that
investigated the prevalence of cryptosporidiosis in humans by a diagnostic tool was a cross-
sectional type and such detected positive cases in Southern Africa. Exclusion criteria focused on
study review, case reports and letters to the editor, animal studies, duplicated manuscripts, and

articles with insufficient information.

4.3.3 Data extraction

All the authors independently examined downloaded articles to avoid bias. Articles with irrelevant
objectives were removed after reading through the titles, abstracts, and full texts. Variables were
generated for each manuscript and were entered in Microsoft Excel spreadsheet. Some of the
variables included record information of the authors, total cases examined, the number of positive
cases detected, diagnostic techniques (Microscopy, Polymerase Chain Reaction, and IFAT-
indirect fluorescent antibody test), the country where the study was done, study area, age group,
and gender. Other attributes were those associated with risk factors such as occupation, contact
with animals, water use, frequency of use, disease pathologies etc. Cross evaluation among authors

was done to resolve all forms of disagreements in computing the data.

4.3.4 Quality assessment

PRISMA checklist was used to standardize the inclusion criteria of all relevant information in the
study analysis [14] (Supplementary file). Each article was subjected to a quality assessment scale
(1-10) generated in line with the objective of the study (low quality, <5.0; moderate quality, 5.0-
7.5; and high quality, 7.5-10.0). Excluded published articles were those with lesser than acceptable
qualities (> 5.0) for the analysis.

4.3.5 Statistical analysis

METAXL® (version 3.1) was used to perform the meta-analysis. The quality effects model was
used to obtain the pooled prevalence of the study estimate. The overall prevalence of the quality
effects model findings was assessed using the validity of the tests. To evaluate the heterogeneity
between test results, Cochran's Q test and the inconsistency (12) indicator were used. The Luis
Frya-Kanamori (LFK) index was obtained by plotting the z-score against the double-arcsin
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prevalence of the publications examined. This suggests substantial asymmetry when the LFK
index reaches £2, (publication bias) [15]. WINPEPI (version11.65) was used for the Pearson chi-
square, while Tukey's post-hoc multiple pair-wise one-way ANOVA comparison test was used to
compare disease trends among countries using GraphPad Prism (version 5). Confidence intervals
was set at ninety-five percent with minimum and maximum values. A map was constructed with
qGIS (version 2.8.10) to show Cryptosporidium spp. infection distribution in southern African

countries.

4.4 Results
4.4.1 Study characteristics

A total of 431 articles were selected on Cryptosporidium spp. infection from five database and
reference lists of relevant studies (Figure 4.1). Excluded studies from title screening and abstracts
was 61 from the combined searches of 98 studies. Further excluded studies due to duplication were
five studies. The inclusion criteria lists were major standards, and 15 studies did not meet the
requirements (these were studies outside the range of selected years). Therefore, 22 studies were
included in the meta-analysis (Figure 4.1). Examined cases were observed in South Africa (n=7),
Botswana (n=5), Zambia (n=4), Malawi (n=3), Zimbabwe (n=2) and Angola (n=1). It was
observed that several southern African countries have not published data for human
cryptosporidiosis or published in non-visible journals in recent years as observed from the
database. In total, 5932 individuals were considered in the study, and the immune-compromised
patients include 3517 children, 1280 diarrheic patients, 1073 HIVV/AIDS seropositive individuals.
and 589 individuals who were immune-competent. Four studies reported patients who were both
children and HIV patients, three studies reported patients who were both children and diarrheic,

while a study reported patients who were diarrheic and positive for HIV/AIDS.

4.4.2 Cryptosporidium infections in southern Africa

The pooled prevalence estimates of Cryptosporidium spp. spp. in humans (n=22) with individual
studies from southern Africa on human Cryptosporidium spp. infections are shown in a forest plot
(Figure 4.2). Studies revealed pooled prevalence of 16.8% (95%Cl: 9.7-25.3); 12 =97.6; Q = 869.9;
df = 21; P < 0.0001. The prevalence of Cryptosporidium spp. of each study varied from 2.4 to
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65.7% (median=14.5), with substantial heterogeneity among studies (Figure 4.2). The LFK index
of 1.17 showed no asymmetry, indicating that there was no bias. Based on available information
from countries with cryptosporidiosis reports, the pooled prevalence was highest in South Africa
with 21.8% (95%Cl: 6.1-42.9), and lowest in Zimbabwe 6.6% (95%CI: 4.4-9.3) (Table 4.1). Only
one study met the inclusion criteria in Angola, with prevalence of 29.9%. Statistical analysis
showed that there is significant increase (X2 = 67.9; P < 0.0001) in the prevalence of immune-
compromised patients (20.3%) compared to immune-competent individuals (6.3%). The forest
plot of the prevalence of immune-compromised patients was reported (Figure 4.3). A map showing
the recent distribution of Cryptosporidium spp. infection studies across southern African countries

was illustrated in Figure 4.4.
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Figure 4.1 Literature database search on Cryptosporidium infection of humans in southern Africa.

4.4.3 Pooled prevalence and heterogeneity of Cryptosporidium infections in children

Substantial heterogeneity was observed across studies on Cryptosporidium spp. infections in
children. The pooled prevalence and heterogeneity variables revealed 20.5% (95%CI: 9.6-34.1);
12 = 98.1; Q = 626.7; P < 0.0001. The LFK (0.02) indicates that there is no asymmetry.
Cryptosporidiosis pooled prevalence showed that children in Zambia were most vulnerable with
26.6% (95%Cl: 13.2-42.5), followed by South African children with 24.1% (95%CI: 1.9-56.5),
and least in Malawian children 8.5% (95%CI: 0.0-100) (Table 4.1). Considering the latter pooled
prevalence, the confidence interval showed that the prevalence could rise further depending on the
number of studies conducted across the country (Figure 3A).

Study | - Prev (95% Cl) % Weight
Samie et al. [22] - 0.18 ( 0.13, 0.23) 4.3
Sinyangwe et al. [26] - 0.10 ( 0.07, 0.13) 5.6
Siwilaetal. [27]| = 0.06 ( 0.04, 0.09) 5.0
Morse etal. [28] | & 0.06 ( 0.04, 0.08) 14.4
Gasparinho et al. [31] —a— 0.30 ( 0.25, 0.35) 5.2
Msolo et al. [32] | —&— 0.06 ( 0.01, 0.14) 0.9
Leav et al. [33] 0.25 ( 0.17, 0.34) 16
Creek et al. [34] —_— 0.60 ( 049, 0.71) 1.3
Alexander et al. [35] | = 0.02 ( 0.01, 0.05) 29
Goldfarb et al. [36] —— 0.17 ( 0.13, 0.21) 49
Mokomane et al. [37] ——— 0.18 ( 0.13, 0.24) 3.7

Walker et al. [38] | —=— 0.06 ( 0.02, 0.11) 1.9
Cranendonk et al. [39] —-— 0.07 ( 0.04, 0.11) 4.0
Samra et al. [40] - 0.12 ( 0.09, 0.15) 6.7
Samie et al. [41] —— 0.26 ( 0.20, 0.34) 2.7
Siwila et al. [42] - 0.31 ( 0.27, 0.34) 134
Mtapuri-Zinyowera et al. [43] —— 0.07 ( 0.03, 0.13) 1.8
Peng et al. [44] —s—— | 062 ( 051, 0.73) 1.3
Samraetal. [45] | —=— 0.06 ( 0.02, 0.10) 2.6
Masungo et al. [46] - 0.06 ( 0.04, 0.09) 4.6
Siwila et al. [47] —a— 0.28 ( 0.24, 0.33) 6.9
Bartelt et al. [48] —a— 0.66 ( 0.60, 0.71) 44
Overall ‘ 0.17 ( 0.10, 0.25) 100.0

Q=869.92, p=0.00, 12=98%

0 0.2 0.4 0.6
Prevalence

Figure 4.2 Forest plot of Cryptosporidium infection among human population in southern Africa
between 2000-2020.
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Table 4.1: Total report of Cryptosporidium infection in humans and associated species in southern
Africa between 2000-2020

Sample  No Pooled 95% Cl  Cochran’s |2 df 00,05 Chi?, OR/
size positive  Prev. Q Anova

Total infection 5932 1121 16.8 9.7-25.3  869.9 976 21 <0.0001

Countries

South Africa 1385 339 21.8* 6.1-426  289.2 979 6 <0.0001 P <0.0001

Botswana 849 142 13.3 1.8-31.1 1193 9%.6 4 <0.0001

Zambia 1804 403 20.3* 7.5-36.8 139.8 979 3 <0.0001

Malawi 1144 109 8.5 0.0-100.0 1125 99.1 2 <0.0001

Zimbabwe 413 27 6.6 4.4-9.3 0.1 0.0 1 0.729

Angola 337 101 - - - - - -

Children with Cryptosporidium spp. infection

Children 3959 913 20.5 9.6-34.1 626.7 98.1 12  <0.0001

infection

Countries

South Africa 1069 306 24.1* 1.9-56.5 285.9 986 4 <0.0001 P <0.0001

Botswana 327 51 15.3 8.0-243 21 518 1 0.1500

Zambia 1309 362 26.6*  13.2-425 427 953 2 <0.0001

Malawi 917 93 8.5 0.0-100.0 1125 9.1 1 <0.0001

Diarrhoeic patients with Cryptosporidium spp. infection
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Diarrhoeic 1722

patients

Countries

South Africa 592
Botswana 685
Malawi 108
Angola 337

333

81

138

13

101

17.9

12.7

17.6"

9.8-27.6

3.6-25.6

3.5-37.9

HIV/AIDS patients with Cryptosporidium spp. infection

HIV/AIDS 1073
patients

Countries

South Africa 747
Zambia 326

Diagnostic technique

ZN 3676
ELISA 1501
PCR 2486

Species in humans

305

274

31

568

413

313

25.2

34.9

135
24.4*

11.0

Cryptosporidium spp. species characterised

C. hominis 186
C. parvum 182
C. meleagridis 79

C. andersoni 50

105

58

4

1

56.5

31.9

5.1

2.0

5.7-51.0

10.9-63.3

6.1-23.1

7.8-45.8

4.0-20.5

61

126.9

121

75.8

240.5

143.8

332.7

318.9

181.1

93.7

83.4

96.0

96.8

97.9

97.3

98.1

96.1

<0.0001

0.0020

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

X2 =
9.337; P =
0.002;

OR =0.63

F2.22

0.5646

0.0506



C. parvum/C. 50 1 2.0 - - - - -

hominis

Abbreviations: 12= level of inconsistency, df = degree of freedom, oo.05 = level of significance, OR
= odd ratio, CI = confidence interval, HIV* = human immunodeficiency virus positive, HIV™ =
human immunodeficiency virus negative, * = shows significance at P < 0.05, * = no significance
at P > 0.05.

4.4.4 Heterogeneity of Cryptosporidium infections in diarrhoeic patients

A total of 1280 individuals with diarrhea were examined for cryptosporidial infections, of which
279 were reported positive. It was observed that most examined studies (98.3%) with diarrhoeic
patients were children. Reported studies were from Botswana, South Africa, Malawi, and Angola.
The pooled prevalence and heterogeneity variables of diarrhoeic patients with cryptosporidiosis
showed 17.9% (9.8-27.6); 1> = 93.7, Q = 126.9; df = 8; P < 0.0001 as observed from the forest plot
(Figure 4.3B). Most studies were retrieved from Botswana, followed by South Africa. The pooled
prevalence was highest in Botswana (17.6%) but not significantly different (X =0.357; P = 0.550)
from South Africa (12.7%) (Table 4.1).

4.4.5 Pooled prevalence of Cryptosporidium infections in HIV/AIDS patients in southern
Africa

A total of 305 individuals positive with HIV/AIDS were observed to test positive to
Cryptosporidium spp. infection out of examined 1073 individuals. The LFK index of 0.59 indicates
that there is no asymmetry in the analysed studies. There is substantial heterogeneity with pooled
prevalence showing 25.2% (5.7-51.0); 12 = 98.3; Q = 240.5; P < 0.0001 (Figure 4.3C). Studies
were only reported in South Africa and Zambia (Table 4.1). The prevalence in South Africa
(34.9%) was significantly higher (X? = 81.024; P < 0.0001) than the study from Zambia (9.5%).
The presence of lactoferrin was 59.1% in Cryptosporidium spp.-positive patients observed in a

study.

A Study | - Prev (95% CI) % Weight
Samie et al. [22] — 0.41 ( 0.33, 0.49) 3.8
0.07 ( 0.03, 0.12) 34
0.06 ( 0.04, 0.08) 24.1
Gasparinho et al. [31] 0.30 ( 0.25, 0.35) 9.6
Leav et al. [33] — 0.25 ( 0.17, 0.34) 26
Alexander et al. [35] | —%— 0.09 ( 0.02, 0.19) 14
Goldfarb et al. [36] —-— 0.17 ( 0.13, 0.21) 8.0

Sinyangwe et al. [26]
Morse et al. [28]

"4

4




Figure 4.3 Forest plot of Cryptosporidium infection among immune-compromised patients. A.
Cryptosporidium infection in children; B. Cryptosporidium infection in diarrhoeic patients; C.
Cryptosporidium infection in HIVV/AIDS patients
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4.4.6 Diagnostic techniques

Studies were mostly examined with light microscopy using Ziehl-Neelsen staining techniques. The
pooled prevalence based on light microscopy, immunoassay (IFAT, ELISA) and PCR methods
was 13.5% (6.1-23.1), 24.4% (7.8-45.8) and 11.0% (4.0-20.5), respectively (Table 4.1). Tukey
post-hoc multiple comparison test showed no significant difference (P = 0.5646; R = 0.0506)
between the three diagnostic techniques. Five countries (Zambia, Malawi, Botswana, South Africa,
and Zimbabwe) reported studies using light microscopy and immunoassay, respectively. For the
PCR technique, studies were observed in four countries with most reports from South Africa (n =
3), while Malawi and Botswana (n = 2) followed, and least in Zambia (n = 1).

4.4.7 Species variability in southern Africa

A total of eight studies characterized Cryptosporidium spp. subtypes with PCR. The characterized
Cryptosporidium spp. species showed that C. hominis was mostly observed with 56.5%
distribution, followed by C. parvum with 31.9%. Cryptosporidium spp. hominis sequences analysis
with either HSP70 and GP60 genes showed the presence of five sub-families (la, Ib, Id, le and If)
across all available studies. The sequence analysis of GP60 genes of C. parvum showed three sub-
families (I1b, Ilc and Ile) across examined studies. Mixed infection of C. parvum and C. hominis
showed a 2.0% distribution of the examined studies (Table 4.1). Only one sub-family (I1d) was
identified for C. meleagridis (Table 4.2). Of the reviewed studies, C. meleagridis showed 5.1%

distribution, while C. andersoni stands at 2.0%.

Table 4.2: Reported genotypes of C. hominis, C. parvum and C. meleagridis in southern Africa
from molecular characterization and sequencing.
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Species/ Host Percentage  Subfamily  Subtype References
Genotype positives
Total Country
C. hominis
Malawi 63.6 la, Ib, Id, le Peng et al., 2003
95.3 Morse et al., 2007
58.1 Gatei et al., 2003
South 75.0 Ib, le IbA12G3R2; IbA10G2; Samraet al., 2016
Africa leA11G3T3
76.0 la, Ib, Id, le, 1aA20R3; 1aA25G1R3; Samra et al., 2013
If laA17R3; IbA9G3;
IbA10G1; IdA20; IdA25;
IdA26; 1dA24;
leA11G3T3b; IfA14G1;
IfA12G1
75.0 la, Ib, Id, le Leav et al., 2002
20.0 Siwila et al., 2007
81.8 Samie et al., 2006
Botswana 41.0 Creek et al., 2010
C. parvum
Malawi llc, lle Peng et al., 2003
South 20.0 l1b, llc, lle  1IbA11; lIcA5G3bb; I1eA12G1 Samraet al., 2013
Africa
25.0 llc Leav et al., 2002
80.0 Siwila et al., 2007
18.2 Samie et al., 2006
Botswana 50.0 Creek et al., 2010

C. meleagridis
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Malawi 4.7 Morse et al., 2007
South 4.0 lld IH1dA4 Samra et al., 2013
Africa

4.4.8 Sensitivity test and limitations

The stability and reliability of the analysed results were examined from the sensitivity tests of
individual data analysed in the METAXL. The analysis from the funnel plot within the 95%
confidence interval and doi plot showed LFK index of 1.17 on the overall analysis, which ruled
out significant bias risk of the analysed studies on human cryptosporidiosis in southern Africa. The
LFK indexes of sub-group analysis have been reported in each sub-section of the result. In cases
of publication bias, there is major asymmetry that could result from few cases examined in sub-

group assessment.

4.5 Discussion

Cryptosporidiosis is a disease of the immune-compromised individuals, and it is often endemic in
areas with poor social infrastructures such as lack of safe drinking water and sanitation problems.
Studies on Cryptosporidium spp. infection in southern Africa within the past 20 years have been
scanty, despite the burden of cryptosporidiosis and its associated risk factors. Southern Africa is
disproportionately affected by cryptosporidiosis. This may be due to the fact that approximately
70% of its population live with HIV/AIDS, 31% of newly infected individuals with HIV, and 34%
of individuals dying from AIDS are in the region [3, 16]. South Africa has the largest population
living with HIV [17].

The result from this meta-analysis showed that the overall prevalence of 16.8% Cryptosporidium
spp. infection among examined humans is high in southern Africa. The published articles showed
that perception and awareness of the pathogen are low. The high number of immune-compromised
individuals could be correlated with the high prevalence of Cryptosporidium spp. infection. For
instance, the prevalence rate of HIV individuals was estimated between 1.0-26.5% in this region,

while adult HIV prevalence exceeded 20% in Lesotho, Swaziland and Botswana. Cryptosporidium
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spp. infection was highest in South Africa compared to other pooled studies from other countries
from this study. This could be associated with the high population of immune-compromised

individuals within the country.

Notably, Cryptosporidium spp. infection was highest in children less than five years old.
Meanwhile, children are disproportionately affected by cryptosporidiosis as observed in this study.
The watery diarrhoea accompanied by dehydration and weakness, could lead to death easily. The
global estimated 800,000 deaths due to cryptosporidiosis have been reported annually, mostly

occurring in sub-Saharan Africa and south Asia [2,18].

The high prevalence of Cryptosporidium spp. infection observed in diarrhoeic patients, especially
studies from Botswana and South Africa, could be linked to the anthroponotic nature of some
subtypes and hygiene. For instance, Cryptosporidium spp. oocysts and isolates have been reported
to be present in the surface waters of the Vaal Dam, treated effluents, drinking water in South
Africa [19], and piped-water in Zambia [20]. The burden of diarrhea is particularly high in
children, which could be linked with water-borne cryptosporidiosis. This protozoon is the second
cause of severe diarrhea and the leading cause of death in children [18, 21]. The elevated lactoferrin
level observed in Cryptosporidium spp. positive individuals in a study [22] indicated that
inflammation is likely present. However, more studies are needed to correlate elevated lactoferrin

and cryptosporidiosis in immune-compromised patients.

Low sensitivity diagnostic techniques are major problems in southern African countries. Even
though molecular studies were done, genetic characterization of Cryptosporidium spp. species is
lacking, which has limited our knowledge of Cryptosporidium spp. species and subtypes across
the region. The high prevalence observed from studies examined with immunoassay, could be due

to circulating 1gG antibodies or sensitivity of the rapid diagnostic kits used for diagnosis.

Most characterized species with GP60 genes revealed C. hominis followed by C. parvum across
southern Africa [5]. Moreover, C. hominis and anthroponotic C. parvum subtypes isolated revealed
both zoonotic and anthroponotic transmission in southern Africa. Earlier, there have been reports
of C. hominis subtypes dominance infecting humans in several studies from Africa, regardless of
the immune status [23-25]. Although only a study from Zambia reported an animal contact rate of

11.4% [26], the association between human and animal with diarrhea, could be responsible for the
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increasing zoonotic danger of C. parvum isolates [27], particularly among the immune-

compromised patients in southern Africa. Some C. parvum subtypes have been reported to be

human-adapted subtypes, that could be transmitted from person to person, with origins from

humans [28]. The reporting of C. meleagridis in this study is not surprising, as the African

population has a growing immune-compromised population with a previous report of 21% in these

populations prone to infection by this pathogen [25, 29, 30]. Cryptosporidial infection was

observed to be highest among HIV/AIDS patients, followed by children and then diarrhoeic

individuals. The pooled prevalence across these groups was higher than 20%, which indicates that

infection is more likely within the immune-compromised patients.

Recent studies showed that the absence of reports for four countries (Lesotho, Namibia,

Mozambique, and Swaziland) could be due to low awareness of the importance of

cryptosporidiosis or local publication of Cryptosporidium spp. infection reports (Figure 4)
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4.6 Conclusions

Cryptosporidium spp. infection was highest in HIV/AIDS patients (25.2%), followed by children
(20.2%) and diarrheic patients (17.9%). Although, there is no significant difference in the
prevalence. These categories of individuals could be at risk of infection if prompt awareness and
treatment are neglected. Areas with a high density of livestock and the presence of humans with
Cryptosporidium spp. infection, especially immune-compromised individuals, could mean that
routine screening for opportunistic infections should be prioritized to avoid mortalities and spread
of infection. More studies are needed to be conducted in southern Africa, such as correlating the
significance of highly active antiretroviral therapy (HAART) positive or negative individuals and
evaluating the CD4" cell counts with Cryptosporidium spp. infections. Awareness on the zoonotic
and anthroponotic nature of several Cryptosporidium spp. subtypes is needed.
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5.1 Abstract

Cryptosporidiosis accounts for a surge in infant (< 5 years) mortality and morbidity. To date,
several drug discovery efforts have been put in place to develop effective therapeutic options
against the causative parasite. Based on a recent report, P131 spares Inosine Monophosphate
Dehydrogenase (IMPDH) in a eukaryotic model (mouse IMPDH - mIMPDH) while binding
selectively to the NAD™ site in Cryptosprodium parvum-CpIMPDH. However, no structural detail
exists on the underlining mechanisms of P131-CpIMPDH selectivity to date. To this effect, we
investigate the selective inhibitory dynamics of P131 in CpIMPDH relative to mIMPDH via

molecular biocomputation methods.

Pairwise sequence alignment revealed prominent variations at the NAD* binding regions of both
proteins that accounted for disparate P131 binding activities. The influence of these variations was
further revealed by the MM/PBSA energy estimations coupled with per-residue energy
decomposition which monitored the systematic binding of the compound. Furthermore, relative
high-affinity interactions occurred at the CoIMPDH NAD™ site which were majorly mediated by
SER22, VAL24, PRO26, SER354, GLY357 and TYR358 located on chain D. These residues are
unique to the parasite IMPDH form and not in the eukaryotic protein, highlighting variations that
account for preferential P131 binding. Molecular insights provided herein corroborate previous

experimental reports and further underpin the basis of CpIMPDH inhibitor selectivity.

Findings from this study could present attractive prospects towards the design of novel

anticryptosporidials with improved selectivity and binding affinity against parasitic targets.

Keywords: Cryptosporidiosis; Inosine Monophosphate Dehydrogenase; P131; target selectivity;
Molecular dynamics simulation; structural mechanisms; Per residue energy decomposition;

sequence alignment
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5.2 Introduction

Cryptosporidium is gaining increasing recognition as the most significant protozoan parasite
causing diarrhea in animals and humans [1]. Presently, it is reputed to be the principal cause of
mortality in children less than five years old, claiming 800,000 lives annually and close to three
million cases of detected infection [2]. The bulk of the burden of this infection falls in sub-Saharan
Africa and South Asia [3-6]. A joint expert committee from the Food and Agricultural
Organization (FAO) and World Health Organization (WHO), undertook a worldwide ranking
which placed Cryptosporidium as fifth among the twenty-four most important foodborne parasites
[7. 8]

The infection is self-limiting in immunocompetent individuals and typically would resolve within
two weeks [9]. This is converse to the outcome in immunodeficient individuals (Human
Immunodeficiency Virus /Acquired Immunodeficiency Syndrome (HIV/AIDS), organ transplant
patients, etc., where infection can cause severe and chronic diarrhea, wasting and most times death
[10]. Symptoms are most times aggravated when HIV/AIDS is left untreated, especially in low-

resource countries where antiretroviral drugs are not easily accessible and affordable [11].

The causative agent of human cryptosporidiosis is either Cryptosporidium hominis or
Cryptosporidium parvum. [12, 13] The latter has been found to infect several mammals and
therefore responsible for most zoonotic infections [7]. Some risk factors include contaminated
water facilities and foods, unhygienic environments, and malnutrition [14]. South Africa is not
spared from this menace as Cryptosporidium species are frequently isolated from her surface
waters used for domestic purposes [15]. The circumstance poses more problems as HIV/AIDS is

endemic in South Africa, with the prevalence rates among the highest in the world [16].

There is a shortage of therapeutic agents employed in the treatment of cryptosporidiosis.
Nitazoxanide remains the only Food and Drug Administration (FDA)-approved drug [17]. As it
stands, nitazoxanide has an inexplicit mechanism of action, and it is not especially effective in
immunocompromised individuals [18]. Nitazoxanide administration is also punctuated with
adverse side effects which include hives, decreased liver function, respiratory problems etc [19].
Apart from nitazoxanide, several drugs though not FDA approved, have been deployed in the

treatment of cryptosporidiosis. However, they also have limited efficacy as they failed in
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controlled trials in AIDS patients [20, 21]. Examples include CD40 agonist antibody [22],
paromomycin [23, 24], spiramycin, azithromycin and bovine anti-Cryptosporidium
immunoglobulin [20, 25, 26], rifamycin [27], rifaximin [28, 29]. Better responses have been
documented when nitazoxanide, azithromycin and/or paromomycin are combined [30-32]. In the
wake of the ineffectiveness of the drugs, as mentioned above, the discovery of novel

anticryptosporidial drugs is pressing.

Inosine monophosphate dehydrogenase (IMPDH) is a crucial enzyme in Cryptosporidium and has
been a target for some antibiotic discovery [33-36]. It is responsible for the synthesis of guanine
nucleotides. It catalyzes the initial and rate-limiting step of the oxidation of inosine 5’-
monophosphate (IMP) to xanthosine 5’-monophosphate (XMP) and simultaneously reducing
NAD* to NADH [37]. Its inhibition results in the diminution of guanine nucleotide reservoir and
consequently, cell death [38] . It is worthy of note that Cryptosporidium though a eukaryote has a
prokaryotic IMPDH, which was made possible by a horizontal gene transfer from a bacterium [9,
39]. Prokaryotic and eukaryotic IMPDHs are quite diverge in both their structural and Kinetic

properties, and these account for the selectivity in action of anticryptosporidial agents [40].
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Figure 5.1 Reaction Pathway showing the conversion of Inosine Monophosphate (IMP) to Guanine
monophosphate (GMP). IMP dehydrogenase (IMPDH) catalyzes the rate-limiting step in the conversion to

GMP [41]

IMPDH are homotetramers with a D4 square symmetry [42]. It is made up of an IMP-binding site,

a co-factor site (NAD™ binding site), and a mobile flap [43]. The four IMP and co-factor binding

sites are situated close to the subunit interfaces [44]. The IMP site is confined within a monomer,
and it is highly conserved in the IMPDH of all organisms [44]. On the other hand, the NAD+

binding site sequence is diverged.
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The NAD™ binding site has been consistently targeted for the design of IMPDH inhibitors [33, 44,
45]. Three subdomains make up the NAD*-binding site, namely nicotinamide riboside-binding site
(N-subdomain), the pyrophosphate-binding site (P-subdomain); and the adenosine-binding site (A-
subdomain) [45]. The N-subdomain lies in the same monomer as IMP, and it is also strongly
conserved, being the site of chemical transformation [43]. On the contrary, the adenosine subsite
is highly divergent in different organisms [42]. In eukaryotic organism, it is in the same monomer

as IMP [46] while in the prokaryote, it interacts with a pocket in the adjacent monomer [42].

A Cryptosporidium drug discovery program targeting IMPDH was undertaken by Hedstrom et al.
research group, which led to the synthesis and production of a battery of Cryptosporidium
inhibitors [9, 47-56]. Of all these inhibitors, in a murine model, P131 at a single dose demonstrated
an equivalent activity when administered at 250mg/kg bodyweight in comparison to the control
group, which was treated with paromomycin at 2000mg/kg body weight. Following a thrice-daily
administration of both drugs at the same concentration stated earlier, P131 elicited a superior
parasiticidal activity when compared to paromomycin. This was followed by a crystallographic
determination of the structure of CpIMPDH with P131 bound at the NAD" binding site [42].

NO,
o Cl
Hyc. St
N~ "N
O-N
—~ N N A H
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Figure 5.2 2D structure of P131, a novel Cryptosporidium inhibitor that elicited a superior

parasiticidal activity when compared to paromomycin

Although the selectivity of anticryptosporidial drugs for Cryptosproridium parvum (Cp) IMPDH
has been established [34, 43], the molecular mechanism of non-selectivity towards the hosts’
IMPDH unaffected is unclear. Herein, we attempted to explain from bioinformatics and molecular
bio-computation point of view, the molecular mechanisms associated with the selectivity of P131
towards CpIMPDH. We further compare the structural and conformational dynamics of P131
when bound to the NAD" site of CpIMPDH and mouse IMPDH (mIMPDH). Findings from this
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study could present an attractive prospect in informing the design of new and potential inhibitors
that possess improved binding, pharmacokinetics, and pharmacodynamics properties and

selectivity for parasitic targets, that are able to overcome the problems of drug resistance.

5.3 Computational Methodology
5.3.1 Sequence Mapping and Alignment

There was a need to determine the disparity among the binding site residues of Cryptosporidium
parvum IMPDH (CpIMPDH) and Mouse IMPDH (mIMPDH) as regards P131. The divergence in
these residues may unravel the basis for the differential drug activity. Clustal Omega was used in
performing sequence mapping and alignment. The well-suited match for the selected sequences is
calculated and presented in a form in which their identities, similarities, and differences can be
seen. [57]. The FASTA sequences of the IMPDH of the two different hosts were retrieved from
UNIPROT. CpIMPDH (ID:Q5CPK?7) [58] and mIMPDH2 (ID: P24547) [59]. All these sequences
were fed into the Clustal Omega webserver, and the output was retrieved. Residues that make up

the P131 binding sites were then investigated for their variations.

5.3.2 Systems Retrieval, Preparation and Molecular Dynamics (MD) Simulations

Two systems were constituted (mMIMPDH and CpIMPDH) as investigated in the experimental
paper [49]. X-ray crystal structure of the catalytic domain of CpIMPDH co-crystallized with
inhibitor P131, was obtained from the RSCB Protein Data Bank (Entry code: 4RV8) [42]. The
protein (4RV8) retrieved was a tetramer however, we only made use of a dimer (Chain A and D)
to minimize computational cost and reflect experimental study [42]. The dimer used had 652
residues in total. The crystal structure of mIMPDH is not available therefore we retrieved the
FASTA sequence from UNIPROT (ID: P24547) [59] for homology modeling using the
SwissModel algorithm [60]. Moreover, the crystal structure of Cricetulus griseus IMPDH in
complex with Mycophenolic Acid (PDB entry: 1JR1.A) [61] which has a 99.22% identity with
mIMPDH was used as the template for modeling. The modelled structure was then validated using
RAMPAGE, PROCHECK and VERIFY3D webservers [62—64].

Using the Clustal Omega Sequence Alignment, CpIMPDH and mIMPDH have 35.1% sequence
similarity. It is important to note that mIMPDH shares 98.83% sequence similarity to human
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IMPDH (hIMPDH). The dissimilarities in both sequences hIMPDH and mIMPDH are in 11192,
Asp215, GIn265, Asp292 and Asn296 in hIMPDH which are replaced by Vall192, Asn215,
Leu265, Glu292 and Ser296 in mIMPDH. The two proteins also share 100% sequence identity in
the co-factor binding site. This could explain the choice of selection of murine subject as a
representative eukaryotic model in the report by Gorla et al [49]. Although, the CgIMPDH on
which the mIMPDH was built shared a higher similarity with hIMPDH (99.6%) than mIMPDH
did (98.83%), we made use of the putative structure of mIMPDH rather than CgIMPDH to keep
in line with the experimental model used in the investigating the in vivo efficacy of P131 as
reported by Gorla et al [49].

In CpIMPDH, the binding of P131 has been established to span both adenosine and nicotinamide
subdomains of the co-factor (NAD™) binding site in IMPDH. Having a prokaryotic antecedent, the
binding of P131 at the adenosine subsite interacts with chain D of the IMPDH [42]. The target
protein structures (CpIMPDH and mIMPDH) were prepared using the Graphical User Interface
(GUI) of UCSF Chimera [65], which involves the removal of ions, crystal waters, and non-
standard residues. Missing residues were added using MODELLER [66]. The co-crystallized P131
in CpIMPDH (4RV8) was retained and its binding orientation to chains A and D was used as the
starting structure for MD simulation. However, ligand P131 retrieved from 4RV8 was docked to
mIMPDH using Autodock Vina [67], which has been widely used over other docking algorithms
due to its high scoring power [68]. The co-factor binding site of the mIMPDH was defined using
the coordinates of co-crystallized P131 in the NAD™ binding site of CpIMPDH achieved by the
superimposition of CpIMPDH and mIMPDH. The grid-box was defined as centre (X=2.6487,
Y=21.9974, Z=77.3995) and size (X=11.1647, Y=9.4625, Z=7.3236). The best docked pose (most
negative score) was aligned with the co-crystallized P131 in CpIMPDH to obtain similar binding
orientation for P131 in mIMPDH, which was also used as the starting MD structure [65]. The

proteins were prepared further by Molegro Molecular Viewer software prior to MD simulation.

5.3.3 Molecular Dynamics simulation

This was performed using standard simulation protocol which has been extensively employed in

previous studies [69—71]. Each system was further subdivided into apo (IMPDH bound to IMP in

its active site) and complexes which comprised of apo bound by P131 in the co-factor site.

Afterward, these were set up for MD simulations according to previously reported protocols [72—
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74]. MD simulation was performed using Graphical Processor Unit (GPU) version of the Particle
Mesh Ewald Molecular Dynamics (PMEMD) engine in AMBER18 suite coupled with integrated
modules [75]. FF14SB forcefield was used in defining protein parameters. P131 parameterization
was done using the ANTECHAMBER module, which generated atomic partial charges (Gasteiger
- gaff) through the bcc charge scheme [76]. Sequel to this is the generation of topology and
parameter files for complexes using the LEAP module, which neutralized the complexes by adding
counter ions at a constant pH (cpH) and solvated them in a 10 A TIP3P water box. Partial
minimization was executed in 2500 steps, using a 500 kcal/mol A restraint potential followed by
full minimization for 5000 steps with no energy restraints. The systems were heated for 50 ps from
0 to 300 k in an NVT canonical ensemble using a Langevin thermostat [77] and a harmonic
restraint of 5 kcal/mol A2. The systems were then equilibrated at 300 k for 1000 ps without energy
restraints while the Berendsen barostat was used to maintain atmospheric pressure at 1 bar [78].
The MD production run was carried out for 280 ns with the SHAKE algorithm used in constricting
all atomic hydrogen bonds [79]. The trajectories obtained were analyzed by the integrated
CPPTRAJ and PTRAJ modules [80]. Origin data analytical tool was used in creating the needed
plots [81]. 3D visualization of the structures and corresponding analyses were carried out on the
GUI of UCSF Chimera.

5.3.4 Post Dynamic Analysis
5.3.4.1 Thermodynamics Calculations

This calculation was used to probe the selective binding of P131 to CpIMPDH and mIMPDH. The
estimation of free binding energy is vital as it gives insight into the binding affinity and stability
of ligands in a complex. Molecular Mechanics/Poisson-Boltzmann Surface Area (MM/PBSA)
method, was used in the estimation of the binding free energy. MM/PBSA is a reliable analytical
tool widely used for evaluating the interaction of ligands with biological macromolecules [82—

85]. Mathematically, binding free energy is depicted by the following equation;

AGbind = Gcomplex - (Greceptor + Ginhibitor) (1)
AGyind = AGgas + AGsol = TAS (2)
AGgas = AEint + AEele + AEvaw 3)
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AGsol = AGpp + Aan,soI (4)
AGnpsol = YSASA + f %)

From the above equation, AGgas depicts the gas-phase energy while the internal energy is
represented as AEint. In the same vein, the coulomb and van der Waals energies are represented as
AEele and AEvqw respectively. In addition, AGso depicts the free energy of solvation while the polar
solvation contribution is represented as AGpg. On the other hand, AGnpsol depicts the non-polar
contribution and is determined by the linear relationship between the surface tension
proportionality constant (y), solvent accessible surface area, SASA (A?), and a constant B. The
surface tension proportionality constant (y) is given as 0.0072 kcal/(mol-A?) and B as 0.92

kcal/mol.

which is estimated by the solvent accessible surface area (SASA) that is determined by using a
water probe of radius 1.4A with a surface tension constant, y of 0.0072 kcal/(mol-A?). Per residue
decomposition analysis was also carried out to obtain the different energies each binding site

residues contributed to ligand affinity and stabilization.

5.4 Result and Discussion
5.4.1 Structural validation of the putative model of mIMPDH

The modeled structure of mIMPDH retrieved from SwissModel webserver was validated and
cross-validated on three online platforms- RAMPAGE, PROCHECK and VERIFY3D. From
Ramchandran plot, 85.6% of the total residues fell in the favored region, 12.6% of the residues
were in the allowed region, 0.4% was found in the generally allowed region while 1.4% of the
total residues were found in the outlier region. This result improved the confidence in the modeled
structure. We cross-validated with ProSA and the overall quality of modeled TcHK had a Z-score
of -7.43. According to Suppl Figure 5.1, the Z-score is within the range found for other
experimentally determined proteins of similar size. Verify3D estimated 80.52% of the residues to
have averaged 3D-1D score >= 0.2 score which corroborated the good quality of the modeled
protein. The graphical representations of the quality of TcHK on VERIFY3D and PROSA

webservers are represented in Suppl Figure 5.1.
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5.4.2 Relative sequence analysis and its effect on P131 selectivity

The basis of selectivity has been the subject of numerous researches with the intent to underpin
the targetability of small-molecule inhibitors of CpIMPDH. For instance, previous studies by
Gollapalli et al, Gorla et al and MacPherson et al, have established that the selectivity of
CpIMPDH inhibitors is based on the extension of the inhibitor binding across the subunit interface
into a pocket in the adjacent monomer.[34, 42, 48, 56] . These findings therefore serve as the

premise for this study.

Pairwise sequence alignment between CpIMPDH and mIMPDH revealed variations in their amino
acid sequences. Zoning in on the co-factor (NAD™) binding regions of both proteins, we further
identified variations among residues involved in direct contact or interaction with P131 upon
binding. As observed, most variations unique to CpIMPDH occurred at chain D which were,
Ser22, Val24, Leu25, Pro26, Ser354, Gly357, Tyr358, Lys73 while some occurred at the main
chain (chain A) which were Alal65, His166, Asn171, Lys200, 1le213, Val305, Met326, Pro328,
Glu329. Corresponding residues in mIMPDH are shown in Figure 5.3.
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Figure 5.3 (A) Superimposed structures of the of CpIMPDH and mIMPDH (colored red and gold
respectively). (B) ClustalW sequence alignment of CpIMPDH and mIMPDH. Red box highlight residues
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that are identical between both organisms. Binding site amino acid sequences that interacted directly with
P131 but were peculiar to only CpIMPDH are highlighted in yellow The position of non-identical sequences
at both CpIMPDH and mIMPDH are without annotations, while the position of highly conserved sequences
are denoted by (*). Position of less conserved sequences are denotated by (:) and (.) respectively. These
annotations are defined by the ClustalW prediction method.

We further explored the differential binding modes of P131 at the cofactor (NAD™) site of
mIMPDH and CpIMPDH as it involved varying residues among both proteins as earlier
mentioned. As shown in figure 5.4, using averaged snapshot generated across the simulation
period, the molecular interaction profiles of P131-CpIMPDH relative to mIMPDH were dissimilar.
These differences in interaction modes could in turn influence the binding affinity and stability of

P131 at the NAD" regions of both proteins.

Cryptosporidium IMPDH Mouse IMPDH P131
P131 complex complex

Met302
Asp250 o \

Cys33

7 Meta1d B
r@ﬂ Glyd15

| Met420
------- Pi-Alkyl interaction == === == Pj.pj Stacked interaction === == Salt bridge interaction
Carbon Hydrogen @~ == ===== Conventional Hydrogenbond == ====—= Ur interaction

Figure 5.4 Interaction analyses showing differences in the types and nature of interactions mediated by
P131 at the NAD" sites of CpIMPDH and mIMPDH. Unique residues involved in P131 binding at the NAD*
site of CpIMPDH are indicated in black text.

More specifically, unique CpIMPDH residues such as ALA165, HIS166, GLU329, PRO26’
TYR358’ (‘denotes chain D) facilitated strong hydrogen and salt bridge interactions with P131,
which were not observed in mIMPDH. These high-affinity and favorable interactions observed in
CpIMPDH could explain the preferential binding of P131 over mIMPDH. Also, unfavorable O---
O interactions seen in the mIMPDH-P131 complex could further reduce the binding affinity of the

compound at the NAD" site. Thus, this particular sequence variation, with accompanying distinct
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interactions, could explain the basis of selectivity and favorable binding of P131 towards
CpIMPDH. Taken together, these findings also suggest that the interactions of P131 with residues
of chain D of the CpIMPDH could be crucial to the selectivity of P131 due to the sequence
variation observed on this chain as shown. These finding lend credence to previous reports which
posited that interaction of the adenosine subsite with adjacent monomer in prokaryotic IMPDH
and the absence of this in eukaryotic IMPDH could underpin basis of selectivity of IMPDH
inhibitors [34, 42, 48, 56].

5.4.3 Peculiar Sequence Variation Favors P131 binding to CplMPDH

The MM/PBSA method was used to estimate the binding energies (4G) of P131 in CpIMPDH,
and mIMPDH. As presented in Table 1, P131 had a total 4G of -37.0 kcal/mol when bound to
CpIMPDH and -17.0 kcal/mol in mIMPDH. This notable energy difference could suggest that
P131 was bound more favorably to CpIMPDH which could involve more high-affinity
interactions, particularly with residues unique to the NAD™ site of CpIMPDH as earlier indicated
in figure 5.4. To quantify the roles of these residues to the binding and stability of P131 in
CpIMPDH, we decomposed the overall energy and measured the per-residue contributions

compared to mIMPDH.

Table 5.1 MM/PBSA-based binding free energy profile of P131 towards CpIMPDH and mIMPDH

Complexes | Energy components (kcal/mol)

AEyqw AEcie AGgas AGgor AGping
CpIMPDH | -49.82 +0.08 | -61.69 + 0.32 -111.51 +£0.31 | 74.5+0.28 -37.00+0.11
mIMPDH | -21.70 +0.48 | -28.55 + 0.66 -50.26 £ 1.09 33.2540.73 -17.01+0.38

AEele = electrostatic energy; AEvaw = van der Waals energy; AGuind = total binding free energy; AGso = solvation free
energy AGgas = gas phase free energy.

Per-residue energy plots are presented in Figure 5.5, and accordingly, residues with energies > -1

kcal/mol were considered favorable. In CpIMPDH and their respective non-conserved
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counterparts in mIMPDH, identified residues include CpGLU329 (-3.26 kcal/mol/ mGLN441 (-
3.46 kcal/mol), CpALA165 (-2.89 kcal/mol)/mSER276 (-2.63 kcal/mol), CpHIS166 (-1.11
kcal/mol)/mGLN277 (-0.49 kcal/mol). The conserved residual energy contributions in
CpIMPDH/mIMPDH are MET302 (-1.82 kcal/mol)/MET414 (-0.6 kcal/mol), GLY303 (-1.63
kcal/mol)/GLY417 (-0.49 kcal/mol). TYR358 (-2.69 kcal/mol) and PRO26 (-1.67 kcal/mol) are
present in the chain D of CpIMPDH and have no corresponding residues in mIMPDH as the P131

binding is confined to one chain in the eukaryotes.

A CpIMPDH complex B mIMPDH complex
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Figure 5.5 A) Per-residue energy decomposition analysis of P131 binding site residues in CpIMPDH. B)
Per-residue energy decomposition analysis of P131 binding site residues in mIMPDH. Both figures
represent the energies contributed by the binding sites residues to the total binding free energy of P131 in
CpIMPDH and mIMPDH.

SER276 and GLN441 were the only residues in mIMPDH that contributed above -1 kcal/mol to
the binding of P131. This was different in CpIMPDH where we had seven amino acid residues
contributing above -1 kcal/mol to the binding of P131. This disparity could have facilitated the
higher binding free energy of P131 in CpIMPDH compared to the weaker binding free energy of
P131 in mIMPDH. Interestingly, almost all the residues on chain D of CpIMPDH that interacted
with P131 contributed significantly towards the binding, as shown in Figure 5.5 (LEU25 = -0.85
kcal/mol, PRO26 = -1.67 kcal/mol, SER354 = -0.7 kcal/mol and TYR358 = -2.69 kcal/mol). This
further suggests they could be critical to P131 selectivity in CpIMPDH.
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5.4.4 Peculiar P131 binding within parasite IMPDH active site favors selectivity

The conformational dynamics and orientations of P131 upon binding to either CpIMPDH, and
mIMPDH could be crucial in its preferential binding towards CpIMPDH and the resultant
therapeutic effect. This is because the varying orientations and the mobility of P131 could
somewhat influence the motion of P131 into deep regions of the binding pocket of the enzyme to
elicit its therapeutic activity. We, therefore, analyzed the differential binding modes of P131 at the
binding site of CpIMPDH over the simulation period, as shown in Figure 5.6. The first
representative snapshots (P131-mIMPDH and CpIMPDH) were selected at 100ns, indicative of
the starting post-equilibrated timeframes. Subsequent snapshots were selected at 220ns and 280ns
representing intermediate and final post-equilibrated timeframes across both proteins. Likewise,
associated binding pocket amino acids that interacted with P131 over the MD simulation were also
explored. It was observed that in mIMPDH, a relatively fewer number of residues engaged in
interactions with P131 over the simulation period as shown Figure 5.6A.
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Figure 5.6 Binding interaction dynamics of P131 at the NAD* sites of mIMPDH and CpIMPDH. A). Time-
based analyses of P131 interactions with constituent residues of mIMPDH NAD? sites at 100ns, 220ns and
280ns. B). Time-based analyses of the interaction of P131 with constituent residues of CpIMPDH NAD*
site at 100ns, 220ns and 280ns. As shown, binding site residues involved in P131 binding are more in
CpIMPDH complex across the simulation time-frames compared to mIMPDH. Legends representing
interaction types are also shown.
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On the contrary, there was a consistently higher number of residues interacting with P131 in
CpIMPDH as the simulation proceeded, which could have favored the selective binding of P131
towards CpIMPDH as shown in Figure 5.6B. Prominent and recurring residues towards the binding
of P131 during the simulation period include ASP163, SER164, ASP252, MET302. Again, these
peculiar residues were unique to only CpIMPDH, suggesting their essential contributions to P131
stability, possibly its eventual selectivity. As shown in Figure 6.6B, the peculiar orientations of
P131 and the unique interacting residues likely defined the motion of P131 into the deep regions
of CpIMPDH hydrophobic pocket unlike in mIMPDH

The binding of a small molecule inhibitor can induce a significant conformational change in a
protein structure, which could consequently influence its known function[86-89]. As such, the
selective binding of P131 towards CpIMPDH could be affected by peculiar structural dynamics
and conformational changes on CpIMPDH. Using known computational techniques, root-mean-
square deviation (RMSD), Solvent accessible surface area (SASA), root-mean-square fluctuation
(RMSF) and radius of gyration (RoG), we explore the varying structural dynamics associated with
P131 binding to both CpIMPDH and mIMPDH. RMSD calculations allow for the estimation of
the structural deviation and stability of a IMPDH structures [90-93]. From the RMSD plot (Figure
5.7A and B), both protein systems had high deviations at starting time-frames of the MD run but
attained stability at about 250ns in both systems. The average RMSD for CpIMPDH-P131
complex and mIMPDH-P131 complex was found to be 2.84A and 2.92A, respectively, as shown
in Figure 5.7. The RMSD plot suggests that the binding of P131 stabilizes the CpIMPDH structure
and leads to a few conformational changes relative to a more unstable structure in the mouse
IMPDH (Figure 5.7). The initial jump in average RMSD for both simulated models could be
attributed to the initial orientation of P131 in the binding pocket of both CpIMPDH and mIMPDH.
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Figure 5.7 A) Comparative RMSD plots of C-a atoms of bound and unbound conformations of
CpIMPDH over the simulation period. B) Comparative RMSD plots of C-a atoms of bound and unbound
conformations of mIMPDH over the simulation period.

Solvent accessible surface area (SASA) of the bound enzymes were also calculated to ascertain
how both enzymes interact with surrounding solvents [94, 95]. SASA gives information about the
mobility of the residues and side reorientation as it alternates between the hydrophilic and
hydrophobic phases [96, 97]. The repositioning of the side chains from the hydrophilic to the
hydrophobic phase signifies protein folding while the converse depicts protein unfolding. The
binding of P131 to CpIMPDH increased the SASA values minimally when compared to the apo
(Figure 5.8). The mean SASA values were 25630A2 and 24986A72. In the mIMPDH model, the
binding of p131 did not significantly impact the reorientation and alternation of the protein side

chains.
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Figure 5.8 (a) A 3D surface representation of SASA of the inhibitor binding pocket structure of CpIMPDH
upon P131 binding. (b) A 3D surface representation of SASA of the inhibitor binding pocket structures of
mIMPDH. (c) Comparative solvent accessible surface area of CpIMPDH (blue), and mIMPDH (violet)
upon binding of P131.

We further investigated the local vibrations in both CpIMPDH and mIMPDH upon the binding of
P131 by estimating the average residual fluctuations. These were plotted as root mean square
fluctuation (RMSF) as shown in Figure 5.9. The RMSF plot highlighted several residual
fluctuations in different regions of both CpIMPDH and mIMPDH. Nonetheless, the average
fluctuation of mIMPDH in the presence of P131 was relatively higher than the CpIMPDH,
suggesting the binding of P131 increased the vibration of individual residues. The lower RMSF in
the CpIMPDH models suggests that P131 possibly engaged in stronger and steady interactions
which could have impeded individual residue motions as consistent with the minimal deviations
observed in the RMSD calculations. An average RMSF of 8.57A and 38.34A was estimated for
the CpIMPDH-P131 and mIMPDH-P131 complexes, respectively.
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Figure 5.9 (a) Comparative RMSF plots of individual residues of bound and unbound conformations of
CpIMPDH over the simulation period. (b) Comparative RMSF plots of individual residues of bound and
unbound conformations of mIMPDH over the simulation period. (c) 3D representation of superimposed
post-MD X-ray crystal structures of bound CpIMPDH (red) and mIMPDH (gold)

To further explore the conformational dynamics of both CpIMPDH and mIMPDH upon binding
of P131, we calculated the radius of gyration (RoG) of each enzyme. RoG provides insights into
stability and folding patterns of studied models [98, 99]. Relative to their respective unbound
models, the bound CpIMPDH and mIMPDH systems exhibited slightly higher average RoG values
throughout the simulation. Here, no conformational shift was observed in the RoG plot as shown
in Suppl Figure 5.2, which suggests an insignificant structural deviation or unfolding in both
CpIMPDH and mIMPDH upon P131 binding. The apo and complex CpIMPDH exhibited mean
RoG values of 27.63A and 28.07A, respectively. The average RoG for unbound and bound
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mIMPDH were also found to be 26.01A and 26.55A, respectively. The juxtaposed RoGs of P131-
bound CpIMPDH and mIMPDH is represented graphically in Suppl Figure 5.2.

5.5 Conclusion

Molecular dynamics simulation, bioinformatics and advanced post-MD tools were employed in
this study to explore the structural basis of P131 selectively towards CpIMPDH rather than
mIMPDH as reported by previous in vitro reports, regardless of the substantial structural and
sequence similarity of all the organisms. Using MD simulation, Clustal Omega sequence
alignment techniques, MM/PBSA analysis of binding free energies, and per-residue
decomposition, the structural basis of P131 selectivity was provided. Sequence alignment of the
P131 binding sites of both CpIMPDH and mIMPDH revealed variations among constituent amino
acids. This allowed the identification of crucial residues within the binding pockets of CpIMPDH
that are required binding for P131binding, however, absent in mIMPDH. Some of the residues
though identical in both organisms, it was noted that in mIMPDH, they contributed only little to
the binding free energy of P131, suggestive of a weaker binding affinity. Per-residue
decomposition plots further consolidated this finding by giving information about the energy
contributions of each binding site residue to the affinity and stabilization of P131 within the
binding pocket. Amino acid residues such as GLU329 (-3.26kcal/mol), ALA165 (-2.89kcal/mol),
HIS166A (-1.11kcal/mol), TYR358 (-2.69kcal/mol), MET302 (-1.82kcal/mol), GLY303A (-
1.63kcal/mol) and PRO26 (-1.67kcal/mol) in the CpIMPDH binding site had higher energy
contributions. However, compared to the mIMPDH complex, energy contributions of binding site
residues towards P131 binding were relatively lower, consistent with weaker binding. Calculated
binding free energy revealed that P131 binds stronger to CpIMPDH than mIMPDH with total
binding free energy of - 37.00 kcal/mol and -17.01 kcal/mol, respectively. Analysis of the binding
modes and orientations of P131 using representative snapshots showed that the orientations of
P131 at the binding site of CpIMPDH over the simulation period possibly enhanced its movement
into the deep regions of the P131 binding pocket. This was corroborated by the peculiar and higher
number of interacting residues observed as the simulation progressed. On the contrary, the
movement of P131 appeared to be restricted in mIMPDH binding sites as the simulation
progressed, since interacting residues slightly changed and were relatively fewer. Altogether, these

findings provide structural insights into the selectivity of P131 towards CpIMPDH. These findings
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are in line with earlier reports which showed that interaction of the adenosine subsite with adjacent

monomer in prokaryotic IMPDH and the absence of this in eukayotic IMPDH could underpin basis

of selectivity and potency of IMPDH inhibitors. Findings could also aid the optimization of P131

with the aim of designing new P131 analogs with improved inhibitory activity and selectivity.
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6.1 Abstract

Compound P131 has been established to inhibit Cryptosporidium parvum's inosine
monophosphate dehydrogenase (CpIMPDH). Its inhibitory activity supersedes that of
paromomycin, which is extensively used in treating cryptosporidiosis. Through the per residue
energy decomposition approach, crucial moieties of P131 were identified and subsequently
adopted to create a pharmacophore model for virtual screening in the ZINC database. This search
generated eight ADMET-compliant hits that were examined thoroughly to fit into the active site
of CpIMPDH via molecular docking. Three compounds ZINC46542062, ZINC58646829, and
ZINC89780094, with favorable docking scores of -8.3kcal/mol, -8.2 kcal/mol, and -7.5kcal/mol,
were selected. The potential inhibitory mechanism of these compounds was probed using
molecular dynamics simulation and Molecular Mechanics Generalized Poisson Boltzmann
Surface Area (MM/PBSA) analyses. Results revealed that one of the hits (ZINC46542062)
exhibited a higher binding free energy of -39.52kcal/mol than P131, which had -34.6 kcal/mol.
Conformational perturbation induced by the binding of the identified hits to CpIMPDH was similar
to P131, suggesting a similarity in inhibitory mechanisms. Also, in silico investigation of the
properties of the hit compounds implied superior physicochemical properties with regards to their
synthetic accessibility, lipophilicity, number of hydrogen bond donors and acceptors in
comparison with P131. ZINC46542062 was identified as a promising hit compound with the
highest binding affinity to the target protein and favorable physicochemical and pharmacokinetic
properties relative to P131. The identified compounds can serve as a basis for conducting further
experimental investigations towards the development of anticryptosporidials, which can overcome

the challenges of existing therapeutic options.

Keywords: P131, Cryptosporidium parvum IMPDH, Per residue energy decomposition, ADMET,
Virtual Screening, MM/PBSA.
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6.2 Introduction

Cryptosporidiosis is an opportunistic parasitic disease and a significant cause of diarrhea in
humans [1, 2]. Immunocompromised populations such as infants, HIV, and T-cell
immunodeficient patients are primarily at risk [3-5]. Clinical manifestation of the infection
includes abdominal pain, nausea, watery diarrhea, and low-grade fever. If not managed properly,
the symptoms can be life-threatening [6-9]. Cryptosporidiosis takes the second position after
rotavirus as the leading cause of diarrheal related death in children less than five years old [10]. In
sub—Saharan Africa, where the disease is highly endemic, it accounts for around 2.4 million deaths
in children young of >24months [11]. Most human cryptosporidiosis is caused by

Cryptosporidium hominis and Cryptosporidium parvum [12, 13].

Presently there is a therapeutic challenge in treating cryptosporidiosis [14]. The only FDA-
approved drug for the disease is nitazoxanide, a compound that contains both a thiazole ring and a
benzamidine ring [4]. Although nitazoxanide is well-tolerated and does not present with a
significant adverse drug reaction, it is not effective in immunodeficient individuals [15]. Other
non-FDA-approved drugs administered in treating cryptosporidiosis but with limited success
include paromomycin, azithromycin, and rifaximin [14, 16-18]. The side effects of these drugs
include nephrotoxicity, hepatotoxicity, hearing loss, seizures, etc.[19,20]. In light of the
inadequacies of the current anticryptosporidials, it is therefore urgent to discover therapeutic

compounds that have the propensity to overcome the deficiencies of these drugs.

Hedstrom et al. research group tackled this by synthesizing several thiazole-based ligands
inhibiting Cryptosporidium growth [21, 22, 31, 23-30]. These efforts produced a potential drug
molecule- P131, which demonstrated excellent anticryptosporidial activity in vivo. In the in vivo
experiment using a murine model, paromomycin was used as a control as nitazoxanide is not
bioavailable. P131 at a single dose had the same therapeutic outcome when administered at
250mg/kg body weight compared to the control group, which was treated with paromomycin at
2000mg/kg body weight. With a thrice-daily administration of both drugs at the same
concentration stated above, P131 elicited a superior parasiticidal activity when compared to

paromomycin [23].
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P131 potentiates its therapeutic action by inhibiting the Cryptosporidium parvum's inosine
monophosphate dehydrogenase (CpIMPDH). It does this by binding to the NAD™ site (co-factor
binding site) of the enzyme [32-35]. Inosine monophosphate dehydrogenase (IMPDH) is an
essential enzyme for almost all organisms [34]. It catalyzes the conversion of inosine
monophosphate (IMP) to xanthine monophosphate (XMP), which is the first and the rate-limiting
step in the biosynthesis of guanine nucleotides [34]. Guanine nucleotides function as precursors
for glycosylation, RNA, DNA, and tetrahydrobiopterin synthesis [36, 37]. Therefore the inhibition

of IMPDH hinders proliferation and eventuates in cell death.

Pharmacophore modeling is gaining ground as one of the paths to discovering novel drug
candidates with favorable pharmacokinetics and pharmacodynamics properties [38]. These
properties will altogether function to overcome the drawbacks limiting the efficacy of existing
drug molecules. Among many others, these downsides include cross-resistance, toxicity, and
adverse drug reaction [39]. The primary application of pharmacophore modeling is virtual
screening, which is a shorter but efficient route to otherwise capital-intensive and time-consuming

processes of drug discovery [40].

Although an abstract concept, pharmacophore modeling is an approach that elucidates and
identifies the common chemical moieties of a set of ligands, which are crucial in eliciting a
biological function [41-48]. In this study, the per residue energy decomposition (PRED) method
was employed in the pharmacophore modeling of P131 coupled with a virtual screening of the
ZINC database. The screening is to generate compounds with the potential to treat
cryptosporidiosis. We examined the physicochemical and therapeutic suitability of the compounds
as anticryptosporidials. Finally, to understand the molecular mechanism of these new drugs' action,
molecular dynamics simulation of the new compounds was carried out using the parent compound
P131 as a comparative reference. The conclusions from this might give the experimental research

groups potential drug leads that probably would overcome the limited efficacy of nitazoxanide.

115



6.3 Computational Methods
6.3.1 Pharmacophore model generation and virtual screening

At the initial step, We obtained Cryptosporidium parvum IMPDH (CpIMPDH) co-crystallized
with P131 at the co-factor site and inosine monophosphate at the active site from Protein Data
Bank (PDB code:4RV8) [32]. Although a tetramer, only chains A and D with 652 residues were
used to reduce computational resources. The target protein structure (CpIMPDH) was prepared
using the Graphical User Interface (GUI) of UCSF Chimera [49], which involved the removal of
ions, crystal waters, and non-standard residues. Missing residues were added using MODELLER
[50]. A molecular dynamics simulation run of 20ns was carried out to stabilize the pose of P131
in the co-factor pocket of CpIMPDH and serve as the cornerstone for the generation of a P131
pharmacophoric model. The total binding free energy of P131 to CpIMPDH was computed. After
that, the per residue energy decomposition (PRED) was analyzed by manually adding the binding
residues of P131 to the MMPB/SA.py script integrated with Amber18Tools. PRED estimates the
binding free energy each binding site residue contributes to the ligand's overall binding free energy
to the protein. Extrapolating from the PRED, the residues which contributed most to the binding
of P131 and the moieties these residues interacted with in P131 were used to build a
pharmacophore model (Figure 6.1A-D). The pharmacophore query was uploaded in ZINCPharmer
[51] to screen the ZINC database [52] for hits that possess these pharmacophoric moieties. The
inclusion criteria were as follows: molecular weight of<500g/mol, hydrogen bond acceptors<10,
hydrogen bond donors<5, and rotatable bonds<5. The output was further filtered down to exclude
non-druglike hits by further screening with Lipinski's rule of five and ADMET properties [53, 54].

6.3.2 Molecular docking

With the prior definition of the P131 binding site in CpIMPDH, we performed molecular docking
of the hits generated through virtual screening. Molecular docking was done to ascertain the
complementarity of the hits to the co-factor binding site in CpIMPDH [55]. With Autodock Vina,
the ligand docking estimations were carried out [56]. Employing the Autodock Graphical user
interface by MGL tools, Gasteiger partial chargers were assigned, and atom types were defined
[57]. The docked conformations were produced using the Lamarckian Genetic Algorithm [58]. In

converting the ligand SDF file to the mol2 format, Maestro software was used [59], and to pdbqt
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format, we employed Raccoon integrated with AutoDock suite [57]. Autodock Vina was used in
defining the dimensions and coordinates of the grid box. The grid box was defined as center
(X=2.649, Y=21.997, Z=77.399) and size (X=11.165, Y=9.462, Z=7.323. During the docking
process, a maximum of 8 conformers was considered for each compound. After screening,
molecular docking, and filtering, we selected the top three ligands with the best binding affinities
towards CpIMPDH. The docked conformation of the compounds complexed with CpIMPDH was
generated and visualized in the ViewDock plugin-integrated Chimera [49]. After that, MD
simulation and post-MD analysis were carried out on the docked complexes.

6.3.3 Physicochemical properties and bioactivity screening of identified compounds

The pharmacokinetic (ADMET) properties of the identified compounds and the parent compound
P131 were evaluated using validated online prediction tools, which have also been used
extensively in other studies [60-62]. These include SWISSADME [53], which was used to
predict/compute molecular weight, synthetic accessibility, lipophilicity, hydrogen bond acceptor
and donor, bioavailability score, water-solubility, gastrointestinal absorption and, blood-brain
barrier permeability. Molinspiration Cheminformatics [63] was employed in predicting the
topological surface area (TPSA) and the number of rotatable bonds. Likewise, oral toxicities and
L Dso of the identified compounds and P131 were predicted using the ProTox web server [64]. This
presents a faster approach for determining doses that are or have the potential to be toxic. Finally,
DataWarrior [65] was used to predict ligand efficiency (LE), ligand lipophilic efficiency (LLE),
and ligand-efficiency dependent lipophilicity (LELP). All these web servers were used to
determine the pharmacokinetic (ADMET) properties of the ligands and to evaluate how well they
adhered to Lipinski's rule of five, which are a set of rules that predict the drug-likeness of a

molecule [54].

6.3.4 Molecular dynamics (MD) simulation

Sequel to the docking of the identified hits in the co-factor site of CpIMPDH, we prepared the
docked complexes for MD simulation. Each system was subdivided into apo (IMPDH bound to
IMP in its active site) and complexes, comprised of apo bound by P131 and apo bound by the hits
in the co-factor site. Afterward, these were set up for a 200ns-MD simulation according to
previously reported protocols [66-68]. MD simulation was performed using the Graphical
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Processor Unit (GPU) version of the Particle Mesh Ewald Molecular Dynamics (PMEMD) engine
in the AMBER18 suite coupled with integrated modules [69]. FF14SB forcefield was used in
defining protein parameters. P131 parameterization was done using the ANTECHAMBER module
[70]. Afterward, the topology and parameter files for P131 and the identified compounds
complexes were generated with the LEAP module, which neutralizes the complexes by adding
counter ions and solvates them in a 10 A TIP3P water box. The systems were minimized partially
at 2500 steps, with the restraint potential set at 500 kcal/molA2. A full minimization followed this
for 5000 steps without energy restraints. Heating of the systems took place for 50 ps from 0 to 300
k in an NVT canonical ensemble using a Langevin thermostat [71] and at a harmonic restraint of
5 kcal/mol A2, The systems were then equilibrated at 300 k for 1000 ps without energy restraints
with Berendsen barostat, keeping the atmospheric pressure at 1 bar [72]. The MD production run
was after that carried out for 200 ns [73]. The trajectories obtained were analyzed by the integrated
CPPTRAJ and PTRAJ modules [74]. Origin data analytical tool was used in creating the needed
plots [75]. 3D visualization of the structures and corresponding analyses were carried out on the
GUI of UCSF Chimera.

6.3.5 Thermodynamics calculations

This calculation estimates the binding free energy (BFE) of P131 and the identified compounds to
CpIMPDH. BFE gives information about the stability and the binding free energy of a ligand
bound to a protein [76]. In our study, Molecular Mechanics Generalized Poisson Boltzmann
Surface Area (MM/PBSA), which evaluates ligand interaction in biological macromolecules, was
employed in estimating the BFE of the compounds [76, 77]. It is a very robust, widely used, and
reliable analytical tool [78, 79]. MM/PBSA was calculated via AmberTools18-integrated
MM/PBSA.py python script. This script employs continuum solvent models to automatically
analyze binding free energies of snapshots from MD simulation [80].

Mathematically, binding free energy is depicted by the following equation;

AGypind = AEmm +AGsol — TAS (D)

AGsol = AGpoI (PB) T Aan (2)
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Therefore, AGpind = AEmm + AGgpol (pB) + AGnp (3)
AEmm = AEint + AEele + AEvaw 4)

AEint is given by the summation of AEangle, AEbond, and AEtorsion. Molecular dynamics simulation
was run on the complex only, and a single trajectory was used. This approach minimizes error and

noise; therefore, AEint was canceled between receptor, ligand, and complex.[77]
AEmMm = AEele + AEvaw (5)

In the equation presented above, AEee and AEvqw represent electrostatic and Vander Waal energy
contributions, respectively. AEmm iS gas-phase energy. The solvation energy contribution is AGsol,
which is constituted by polar solvation energy contribution (AGpol (p8)) and non-polar solvation
energy contribution (AGnp). AEint represents the internal energy contribution, and TAS, the
conformational entropy change. To estimate the different energy each binding site residues
contributes to the stabilization and affinity of the ligand, we analyzed the per residue
decomposition (PRED), which, as earlier stated, was investigated by manually adding the binding
residues of P131 and the hits generated to MMPB/SA.py script integrated with Amber18Tools

6.4 Results and Discussion

6.4.1 Per-residue-based energy decomposition upon P131 binding leads to the creation of a
pharmacophore model for hit search.

In constructing our PRED-based pharmacophore model, a 20ns MD of P131 bound to CpIMPDH
was performed, and the total binding free energy was computed. The overall binding free energy
was subsequently decomposed on a per residue basis to determine the energy contributed by each
binding site residue to the stability of the protein-ligand complex [81]. The residues contributing
considerably higher energy to the binding and stability of P131 were analyzed vis-a-vis the
structural features of P131 they interacted with. These residues were deemed crucial to the
interactions of P131 in CpIMPDH. These residues and the respective binding free energies they
contributed were ASP252 (-9.82 kcal/mol), SER164 (-2.62 kcal/mol) ALA165 (-1.65 kcal/mol)
MET302 (-1.73 kcal/mol) and in the second chain (chain D), PRO26 (-1.28 kcal/mol) and TYR358
(-1.7 kcal/mol) . The interaction between these residues and P131 is shown in Figure 6.1. The

moieties interacting with the residues contributing these energies made up the chemical scaffold
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that was used in screening the ZINC database for potential compounds that might portend a better

therapeutic outcome than P131 (Figure 6.1b).
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Figure 6.1 P131 pharmacophore model creation. A) 2D layout of binding site residue interaction
with P131 after 20ns MD simulation. B) The pharmacophoric moieties selected in P131, which
interacted with the highest energy contributing binding site residues. C) Per residue energy
decomposition showing different energy components, each binding site residue contributed to the
total binding free energy of P131. D) Per residue plot showing only the total binding free energy
contributed by each binding site residue.
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6.4.2 Pharmacophore-based virtual screening

Virtual screening has evolved as a rapid and dynamic approach to produce potential drug-like
compounds that may be optimized to interact efficiently with its therapeutic target [82]. It provides
an important starting point in drug discovery called lead identification [83, 84]. The moieties in
P131 interacting with the critical amino acid residues were selected on the ZINCPharmer platform.
These included two aromatic rings, four hydrogen bond acceptors, and three hydrophobic rings.
This pharmacophore scaffold was submitted to ZINCPharmer for pharmacophore pattern
matching. The parameters of the hits to be generated were set to have the following- rotatable bond
of < 5 molecular weight of < 500Da. This was necessary to filter out non-drug-like hits that
deviated from Lipinski's rule of 5. With the pharmacophoric moieties selected as well as the
filtering parameters, a total of eight ZINC- compounds were outputted. Subsequently, these
compounds were docked into the NAD* binding site of CpIMPDH, and their binding affinity was
scored. The top three of the identified compounds having the best docking scores were selected
for further analysis. These compounds and their respective docking scores were ZINC46542062 (-
8.3 kcal/mol), ZINC58646829 (-8.2 kcal/mol), and ZINC89780094 (-7.5 kcal/mol).
ZINC46542062 and ZINC58646829 docking scores were better than P131, which was -7.9
kcal/mol. The 2D representation of the identified hits and their respective docking scores are
presented in Table 1.
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Table 6.1 2D representation of P131 and the identified compounds with their docking scores
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Compound 2D representation (kcal/mol)
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6.4.3 The differential binding free energy profiles of P131 and the identified compounds in
CpIMPDH

Binding free energy calculations have evolved as a dynamic, inexpensive, and extensively used
tool in estimating at the atomic level, the interactions between a therapeutic compound and its
biological target. It elucidates the role of each binding site residues in the ligand's stability and
binding. The binding free energies of the identified compounds were calculated after molecular
dynamics simulation. We excluded the conformational entropy effect as it is computationally
expensive to calculate by normal mode analysis [85]. Snapshots from 100ns-200ns exhibited
relative stabilities and were sampled for the energy calculation to minimize conformational
entropy. All the compounds presented with favorable binding free energies (Table 6.2). However,
ZINC46542062 had the highest binding free energy of -39.52 kcal/mol, which was better than the
reference compound P131 (-34.61 kcal/mol). This was followed by ZINC89780094 (-32.68
kcal/mol) and ZINC58646829 (-23.15 kcal/mol). Per-residue energy contribution to the overall
total binding free energies of the identified compounds and prominent energy contributing residues
for each complex are presented in Suppl Figure 6.1 — 6.3 and Suppl Table 6.1.

124



Table 6.2 Differential MM/PBSA binding free energies of Cryptosporidium parvum IMPDH in

complex with P131 and the identified compounds

System Energy components
(kcal/mol)
AEyqw AE¢e AEMM AGg AGping
P131 -51.36 £0.19 -74.65 £ 0.57 -126.+0.48 91.4+0.45 -34.61+0.17
ZINC46542062 -45.75+0.09 -200.86+0.26 -246.61+0.2 207.08+0.23 -39.52+0.01
ZINC58646829 -38.4540.27 -17.16%0.25 -55.6+0.41 32.22+0.26 -23.15+0.26
ZINC89780094 -38.74+0.22 -22.84+0.29 -61.59+0.41 28.91+0.20 -32.68+0.28

6.4.4 Exploring the interaction dynamics of P131 and the identified compounds across the

simulation period

To further understand what could have accounted for the favorable interactions of P131 and the

identified compounds evidenced by the binding free energies (Table 2), we visualized the

molecular interactions taking place at different time points of the MD simulation. The snapshots

were selected at 50ns, 100ns, 150ns, and 200ns, representing the initial, intermediate, and final

time-points. In P131, at the initial stage of simulation (50ns), three conventional hydrogen bonds

were formed by Glu329, Ser164, and Met302. This number thinned out as the simulation went on,

leaving only Glu329 as the only consistent hydrogen-bond forming residue (Figure 6.2). Asp252

and Aspl163 also were consistent in forming an attractive charge interaction during the period of

simulation (Figure 6.2). Asp252 and Ser164 were among the highest energy contributing residues
to the binding and stabilization of P131 in the NAD™ binding site in CpIMPDH (Suppl Table 6.1).
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The binding sites' multiple interactions with the three fluorine atom of ZINC46542062 could have
afforded it the highest binding free energy value than P131 and other ZINC compounds. At each

time point, the fluorine atoms were engaged in forming a conventional hydrogen bond, fluorine,

pi-alkyl, and pi-sigma interactions at almost the same time. TYR358D, ASP163, LYS73, and

CYS219 formed a steady conventional hydrogen bond throughout the simulation while MET302
maintained a constant pi-sulfur interaction.

P131 ZINC46542062
50ns 100ns
55 e 00 [0y = 100ns s IE /Gy (2:\1(3 TYR
'msen 16 @ 2 oeo 309 ‘l\gé IR ALA 358D
Asp G 252 2 GLY 165 GLY
2 Y SER VAL 303 TYR 1 212
2 305 358D
TYR »:
P ASP ILE
‘1\%3 4 55 163 HIS 358D ovs SER : 213
: & %08 & S\ aop 219 LYS 164 4m
508 MET 4329 wer (73 (438 73 mer (438
S e 165 302 302
6L 150ns o O 200ns ALA o 150ns e 4G 200ns
56D 22 6L (252|163 & e 164 163
| o BB e .
PZRGO 25 e 164 (2:\1{3
TYR
- 358D
MET 2 g LYS ALA
HIS 302 K b, Ly
NS R & # Z MET 165|LE s i
5 MET ASP 165 GLY MET | 163
5 163 MED e 302 302 213 1219
Interactions Interactions
|:] Attractive Charge [:l Pi-Sulfur [] ven der waals [ pisulfur
l:l Conventional Hydrogen Bond l:] Alkyl [ conventional Hydrogen Bond I Avide#istacked
[ ] CarbonHydrogen Bond [ iAo [ ] carbonHydrogen Bond [] Axy
Pi-Sigma :] Halogen (Fluorine) D pi-Akyl

Figure 6.2 A comparative time-based interaction dynamics of P131 and ZINC46542062 at the

NAD*
for both compounds.

binding site of CpIMPDH. Time-points were selected at 50ns, 100ns, 150ns, and 200ns

The interaction dynamics of ZINC58646829 and ZINC89780094 are presented in Figure 6.3. In
ZINC89780094, consistent conventional hydrogen bonds were formed by SER164, SER169,
ASN171 in the entire course of the simulation. A favorable pi-sigma bond mediated by HIS 166

was also observed all through. On the converse, in ZINC58646829, weaker interactions were
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observed when compared to other screened compounds. Alkyl and pi-alkyl interactions dominated

the simulation period. The foregoing could have accounted for ZINC58646829 having the lowest

binding free energy than other compounds examined (Table 2).
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interaction dynamics of ZINC58646829 and

ZINC89780094 at the NAD* binding site of CpIMPDH. Time points were selected at 50ns, 100ns,
150ns, and 200ns for both compounds.

It is also important to note that Cryptosporidium parvum though a eukaryotic organism, however

through lateral gene transfer, it possesses a prokaryotic IMPDH [21, 89]. This permits

anticryptosporidial selective inhibition of CpIMPDH, leaving the eukaryotic hosts’ IMPDH
unaffected. There are two residues in the NAD* site of CpIMPDH and prokaryotic IMPDH,

responsible for anticryptosporidial drugs' selectivity. These are Alal65 in chain A, and Tyr 358 in

chain D. These residues have been substituted in eukaryotic IMPDH [90]. We examined the

consistency of these residues' interaction with P131 and the identified compounds at different time-

points selected. Despite their constant motion, the ligands interacted with at least one of these

critical residues (Figures 6.2 & 6.3). This interaction further underpins their importance in the

potentiation of the therapeutic action of potential CpIMPDH inhibitors.
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6.4.5 Evaluation of the drug-likeness and pharmacokinetics of P131 and the identified
compounds

Early in drug discovery stages, drug lead pharmacokinetics properties must be determined to
funnel down to compounds that can be optimized to a favorable range of optimal absorption,
distribution, metabolism, excretion, and toxicity (ADMET). 60% of drug failures have been
attributed to ADMET challenges [91]. The conventional rules of 5 by Lipinski summarily posits
that, for a drug to be orally active, it must violate not more than two criteria from the following:
not more than 10 hydrogen bond acceptors and 5 hydrogen bond donors, octanol-water partition
effect of not greater than 5, lipophilicity not greater than 5 and a molecular weight of less than
500g/mol [54, 92]. Going by the rule above, the molecular weight of P131 and the identified
compounds were within the range of acceptable limits (<500). ZINC46542062 had the highest
(435.37 g/mol), while ZINC89780094 had the lowest (351.38 g/mol).

One of the vital indices in determining the pharmacokinetic properties of drugs is lipophilicity
(logP). For a drug to potentiate its action, it must interact with its specific target protein. In doing
this, it must cross cell membranes, which are almost always lipophilic; therefore, the drug must be
soluble in non- polar solvents, fats, and lipids [93]. Lipophilicity impacts drug potency, solubility,
permeability, selectivity, and toxicology [94-98]. Lipinski places the logP benchmark as 5 [92].
Compounds with logP higher than 5 have higher toxicity, poorer absorption, lower solubility, and
excretion [99, 100]. Also, a very low logP value of compounds presents with ADMET challenges
[93]. Generally, drug leads having a logP ranging from 2 to 3 are favorable.[101] ZINC89780094
had the lowest value of LogP of 2.45; however, the parent drug P131 and the other two drug leads
had >3 value of LogP (Table 3). This implies that ZINC89780094 has a higher propensity for cell
membrane permeability and bioavailability. Beyond Lipinski's rules, other parameters have been
established to play a role in estimating the drug-likeness of compounds. These parameters include
ligand efficiency (LE), ligand lipophilic efficiency (LLE), and ligand-efficiency dependent
lipophilicity (LELP)[102]. Both LLE and LELP take logP into account while LE does not [93].
LE is used in estimating the affinity of a ligand to its therapeutic target [103]. It also calculates
and compares the potency of compounds vis-a-vis their molecular size [104, 105].
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Table 6.3 Comparative evaluation of the drug-likeness of P131 and the identified compounds

Parameters P131 ZINC46542062 ZINC58646829 ZINC89780094 Acceptable
Limit

Molecular C19H24CIN503 | C20H12F3NO5S C20H16N203S C18H13N303s

Formular

Parameters predicted accurately

Molecular  weight 405.88 435.37 364.42 351.38 <500

(g/mol)

H-Bond Acceptor 8 6 5 6 <10

H-Bond Donor 4 0 0 0 <5

Rotatable Bonds 10 4 3 3 <10

Parameters predicted to reasonable accuracy

Lipophilicity 3.19 3.20 3.11 2.45 <5

(logP)

Water Solubility Moderately Moderately soluble | Moderately soluble Moderately

soluble soluble
TPSA (A?%) 1175 86.48 69.16 82.05 <140
Parameters roughly estimated

LE 0.44 0.41 0.47 0.49 >0.3

(kcal/mol/heavy

atom)

LLE 10.19 5.4 5.09 6.36 >5

LELP -2.70 8.74 8.24 5.34 -10 to +10

Bioavailability 0.55 0.55 0.55 0.55

Score

LDso (mg/kg) 2000 2662 10750 11500

Synthetic 3.85 3.34 3.06 2.89 10

Accessibility

GI Absorption High Low High High

BBB Permeability No No No No
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Though it can account for the potency irrespective of their molecular sizes, however, not factoring
their lipophilicity has its drawbacks as employing LE as an efficiency index alone can lead to the
selection of compounds with higher potency but low ADMET characteristics [106—108]. From our
results, P131 and the identified compounds are within the LE range, which is >0.3 kcal/mol/heavy
atom (Table 3). This indicates that they have desired potency at the right weight, and their ADMET

properties may further be optimized without losing their potencies.

LLE measures both the potency of the compounds and its lipophilicity while excluding its
molecular size[95, 109]. It exploits how the potency of compounds can be improved while at the
same time maintaining low lipophilicity.[95] With the optimal value set at >5 [95], P131 had the
highest LLE value of 10.31, followed by ZINC89780094, ZINC46542062, and ZINC58646829,
which had 6.36, 5.4, and 5.09, respectively (Table 3). The import of the result is that the

compounds can serve as a suitable starting material for further optimization and development.

LELP, on the other hand, considers the molecular size, potency, and lipophilicity of compounds
as a composite unit [102]. It overcomes the lipophilicity exclusion of LE and the molecular size
exclusion of LLE. It has been found that drugs having a suboptimal value of LELP did not go far
in the drug development process as their drug-likeness is negatively affected [102]. P131 and the
identified compounds all had LELP value within the acceptable range of LELP (Table 3), with the
lowest being P131 (-2.7kcal/mol) and the highest as ZINC46542062 (8.7 kcal/mol).

Synthetic accessibility score (SA score) is another parameter that evaluates how easy or difficult
it is to synthesize a compound [110]. SA score must be determined early as a compound that might
have been assessed to have excellent ADMET properties might be challenging to synthesize. SA
score ranges from 1 (easy to synthesize) to 10 (difficult to synthesize).[110] From the four
compounds assessed, P131 was the hardest to synthesize with an SA score of 3.85, followed by
ZINC46542062, ZINC58646829, and ZINC89780094 with SA score of 3.34, 3.06, and 2.89,
respectively (Table 3). Further works involve evaluating the topological polar surface area (TPSA)
metric of the compounds that measure the contribution of oxygen, nitrogen, and hydrogens to the
compound molecular surface area [111]. It gives information about the ability of compounds to
permeate the cells. Therefore, it has been postulated that the lower the TPSA value, the easier will
be the assimilation of the compounds into the cell [112-114]. Although all the compounds fell
within the range of allowable TPSA (140A2) [115], P131 will have some difficulty in permeating
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the cell when compared to the hits as it has the highest TPSA (117.5A%) while ZINC58646829
has the lowest (69.16A?) (Table 3). The value of TPSA of P131 is not far removed from the higher
number of hydrogen bond donors and acceptors it possesses compared to other identified
compounds as the number of hydrogen bonding bears a correlation with TPSA [114].

Finally, the toxicological assessment of the compounds was done. This parameter is presented as
LDso. It has been established that the lower the LDso, the more toxic the drug and otherwise [64].
Extrapolating this to P131 and the identified compounds, P131 has the lowest LDsg (2000mg/kg),
making it the most potentially toxic of all the hits, closely followed by ZINC46542062, which has
2662mg/kg. Both ZINC58646829 and ZINC89780094 appear safer, having an LDso value of
10750mg/kg and 11500mg/kg, respectively (Table 3). All the physicochemical properties that have
been evaluated and their established upper limits, both P131 and the identified compounds, have

favorable ADMET properties but can still benefit from some improvements.

6.4.6 Conformational perturbations induced by the binding of P131 and the identified
compounds

When ligands bind to proteins, they induce conformational changes that that may consequently
affect the functions of the proteins [116, 117]. The structural changes that occur when P131 and
the identified compounds bind to CpIMPDH were evaluated by calculating the root mean square
deviation (RMSD), the root mean square fluctuation (RMSF), and the radius of gyration (RoG) of

the generated MD trajectories.

RMSD has evolved as a parameter for comparing protein structure, characterizing related proteins
conformation, and stability. It also assesses the quality of molecular dynamics simulation [118,
119]. It uses the alpha carbon of each amino acid residues that make up the protein to estimate the
conformational changes during the simulation with reference to its initial structural conformation
[118]. From the RMSD graph (Figure 6.4a), all systems attained equilibrium at around 30ns and
exhibited variations in their stability throughout the simulation time. The binding of P131 and the
identified hits stabilized the structure of CpIMPDH when compared to the apo. The RMSD of the
unliganded CpIMPDH was 2.92A; the binding of P131 to CpIMPDH minimally stabilized the
system with RMSD value of 2.84 A. However, ZINC46542062, ZINC58646829, and
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ZINC89780094 stabilized it more than P131 with an RMSD value of 2.47A, 2.24A, and 2.48A,

respectively.

The root mean square fluctuations estimates the flexibility of the protein structure [120]. This it
does by measuring the fluctuation of the C-alpha atom of each of the amino acid residues that
make up the protein. It is interesting to note that in the apo and complexes, the highest residue
fluctuation occurred at chain B (Figure 6.4b). The unbound system had an average RMSF value
of 12.57A, while P131-CpIMPDH had 8.57A. The average RMSF values of CpIMPDH complexed
with the identified compounds followed that of the apo closely. CpIMPDH- ZINC46542062 had
12.40A while CpIMPDH- ZINC89780094 had 12.79A. However, CpIMPDH- ZINC58646829
had the highest average residue fluctuation of 13.89A. The discrepancy in the RMSF values of
P131 relative to the identified compounds might stem from the size of P131, which is bigger than
the other ligands, and the fact that it bends at the linker region, which affords it more allowance to
interact with more residues in the adjacent chain of CpIMPDH (chain B), thereby reducing the

fluctuation of that particular chain.

Closely related to the RMSD is the RoG, which also provides insight into the protein structure's
stability by determining how compact or loose the protein structure is. This is estimated by
measuring the distance of the individual atom of the protein to their centroid. A high RoG value
indicates that the protein structure is packed loosely while a lower value portrays the otherwise.
The binding of the P131and the identified compounds made CpIMPDH a bit loose when compared
with the apo (27.13A). The binding of P131 to CpIMPDH increased the protein's RoG to 28.01A.
ZINC58646829 impacted the RoG of CpIMPDH the most, with an average value of 28.13A.
ZINC46542062 had 28A, while ZINC89780094 had the least among the ligands with an average
value of 27.96A (Figure 6.4c). The slight difference in the RoG values of the apo and the
complexes shows an insignificant structural deviation of the complexes from the native structure.
This conclusion also lends credence to the information given by e average RMSD values of the
apo and the complexes. Therefore, we can safely postulate from the RMSD and RoG indices that
the identified compounds have almost the same effect on CpIMPDH compared to P131, which

implies that they might also potentiate their action by the same structural inhibitory mechanism.
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Figure 6.4 A representation of the structural alterations mediated by the binding of P131 and the
identified hits compounds to CpIMPDH. We estimated across the simulation period a) Root mean
square deviation (RMSD). b)Root mean square of fluctuation (RMSF) and c) Radius of gyration

(RoG).
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6.5 Conclusions

The limited efficacy of nitazoxanide in treating cryptosporidiosis led to the synthesis of P131,
which inhibits CpIMPDH. Inferring from the total binding free energy of P131 and the identified
compounds, ZINC46542062 had a better binding free energy to CpIMPDH than P131, suggesting
ZINC46542062 might have better inhibitory potential than P131. Also, from the evaluation of their
pharmacokinetic parameters, the identified compounds were more therapeutically suitable than
P131, especially in their toxicity (LDso) index, synthetic accessibility, lipophilicity, and the
number of rotatable bonds, hydrogen bonds, and acceptors, which altogether impact the
permeability of compounds into the cell. On the other hand, P131 and the identified compounds
influenced the conformational dynamics of CpIMPDH, almost similarly with negligible variations.
Insight from this study could serve as a starting point in designing new inhibitors for CpIMPDH
with improved therapeutic properties.
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7.1 Abstract

The limitations that have inundated mainstream anticryptosporidials have necessitated the
exploration of alternative approaches towards the design of novel anticryptosporidials with
improved therapeutic activity. We virtually screened a dedicated library of 107,000 natural
compounds available in the ZINC database against Cryptosporidium parvum inosine
monophosphate dehydrogenase-NAD™ binding site. The top three compounds identified with the
best complementarity to the CpIMPDH-NAD® binding site included ZINC5225833,
ZINC4258873, and ZINC3841381. Estimation of the total binding free energy using Molecular
Mechanics Generalized Poisson Boltzmann Surface Area (MM/PBSA) method had the three
compounds eliciting favorable binding free energies. ZINC3841381 had the best binding free
energy of -58.43kcal/mol followed by ZINC4258873 with -51.1kcal/mol and ZINC5225833, -
38.04kcal/mol. The binding of the natural compounds to CpIMPDH induced structural
perturbations in the protein compared to the apo. We evaluated the compliance of the natural
compounds to Lipinski's rule of 5 and other pharmacokinetic parameters. From this evaluation, the
natural compounds are drug-likely but can still make do with some modifications to improve their
therapeutic potentials. The results obtained from this study can serve as a preliminary background
in the further experimental exploration of ZINC5225833, ZINC4258873, and ZINC3841381 as

potential anticryptosporidials.

Keywords: Virtual screening; Molecular docking; Molecular dynamics simulation; ADMET

compliance; Binding free energy.
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7.2 Introduction

Cryptosporidium infection remains the leading cause of diarrhea-related morbidity and mortality
in children younger than five years old, especially in developing countries[1-3]. Adult patients
who are immune-compromised by HIV-infection, organ-transplants, etc., are not spared from this
menace [4]. Presently, there is still the need to discover newer chemotherapeutic compounds that
can overcome the challenges mounted against nitazoxanide, which is the only FDA- approved drug
for cryptosporidiosis. Early clinical trials revealed that nitazoxanide was able to clear only 75% of
the parasitic load in immune-competent children, 52% in immune-compromised children, and with
prolonged use in HIV co-infected patients, it was almost ineffective [5-7]. Other drugs, though
with limited efficacy, have been repurposed as anticryptosporidials. Examples of this include
spiramycin, azithromycin, paromomycin, rifamycins, clarithromycin, etc [8-10].

In approaching rational drug design for cryptosporidiosis, Cryptosporidium parvum inosine
monophosphate dehydrogenase (CpIMPDH) has been extensively explored as a promising
druggable target [11-15]. Generally, inosine 5'-monophosphate dehydrogenase (IMPDH)
catalyzes the first and rate-limiting step in the synthesis of guanosine monophosphate (GMP),
which is the nicotinamide-adenine dinucleotide (NAD")-dependent oxidation of inosine 5'-
monophosphate (IMP) to xanthosine 5’-monophosphate (XMP) [16]. IMPDH is integral to
organisms' survival as its inhibition leads to the depletion of the building blocks of DNA and RNA,
thereby hampering cell proliferation and growth [17]. A unique attraction point of CpIMPDH
chemotherapeutic targeting is the selectivity it affords relative to its eukaryotic hosts' IMPDH.
This is because Cryptosporidium harbors a prokaryotic IMPDH despite being a eukaryote [18,19].
The differing structural properties of prokaryotic and eukaryotic IMPDHSs ensures the selectivity

observed in the mechanism of action of anticryptosporidials [20,21].

The limitations of conventional drugs in treating cryptosporidiosis spurred the exploration of
natural products as an alternative treatment for this disease. Natural products are substances
synthesized and produced by living organisms, and these substances almost always have
therapeutic activities [22]. The propensity of natural products in ameliorating disease state is being
explored in treating parasitic diseases. For instance, in Northwest Cameroon, the hexane extracts

of Salicaceae leaves, Euphorbiaceae roots, and ethanolic extracts of the bark of Combretaceae are
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used in the treatment of Onchocerciasis [23,24]. Gentistic, ellagic and gallic acids have also been
reported to inhibit the growth of C. elegans. Likewise, Aceraceae, Fagaceae, and Rosaceae
families [25]. In treating Schistosomiasis, artemisinin has been used in bringing down the
parasitemia level in mice infected with S.japonicum [26,27]. Curcumin, vernodalin, avocado, and
soybean oil have been used to disrupt mating in Schistosoma spp to mitigate egg production [28—
30]. Trypanocidal activities have also been observed with active compounds derived from plant

spp belonging to Piperaceae Asteraceae and Lauraceae's families [31-33].

In circumventing the time and financial resources invested in the traditional drug discovery
processes, high-throughput screening and combinatorial chemistry technologies have evolved to
accelerate these processes by allowing large libraries of compounds to be screened in an instant
[34]. This is made possible partly by docking the ligands in the pre-determined binding site of the
biological target's 3D-structure [35,36]. The complementarity of the molecules to the binding site
is thereafter scored [37,38]. This concept is known as structure-based virtual screening. The
compounds that displayed good complementarity to the protein's binding site are further analyzed
by integrating molecular dynamics simulation and in silico determination of drug- likeness as
carried out in similar studies [39,40]. This will lay a strong ground-work for the lead compounds’
experimental efficacy tests. Virtual screening presents with some advantages: the shortened cycle
of potential drug discovery and the possibility of generating a greater number of hits than
experimental high throughput screening [41,42].

In this study, the NAD" site of CpIMPDH, which has been validated and repeatedly targeted in
cryptosporidiosis chemotherapy, was employed in screening a dedicated library of natural
compounds. Compounds having the best complementarity to the NAD* binding site were subjected
further to molecular dynamics simulation. This was necessary to understand the possible inhibitory
mechanism of the selected ligands. We went further to analyze in silico, the physicochemical
properties of these ligands to understand the extent of their drug-likeness. We believe findings
from this study would further give the experimentalists possible drug leads from natural sources

that hold great potential better than nitazoxanide in treating cryptosporidiosis.
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7.2 Computational methodologies
7.2.1 Retrieval and preparation of systems

The 3D- crystallographic structure of CpIMPDH with P131 bound at the NAD* binding site and
IMP bound at the active site was retrieved from RCSB Protein Data Bank (Entry code: 4RV8)
[12]. 4RV8 is a tetramer with a resolution of 2.05A. However, we used a dimer (chain A and D)
principally because it reflected [12] and to minimize computational resources. Co-crystallized
molecules reported not to be relevant to the protein's function (ions, crystallographic water) were
removed, and the 68 (34 in each chain) missing residues were filled with MODELLER algorithm
on the UCSF Chimera Graphic User Interface [43,44].

7.2.2 Virtual screening of natural compounds against NAD* binding site of CplIMPDH

The coordinates of the NAD* binding site of CpIMPDH were determined using the co-crystallized
P131in 4RV8 as reference. The grid-box dimensions were center (X=2.649, Y=21.997, Z=77.399)
and size (X=11.165, Y=9.462, Z=7.323. The mapped NAD" site on the target protein was virtually
screened against 107,000 natural compounds curated in the ZINC repository of natural compounds

(https://zinc.docking.org/substances/subsets/natural-products/). Autodock Vina, which was

integrated with High-performance computing [45] was used to execute the screening, and a
maximum of 8 conformers, was considered for each compound. Thereafter, the docking score of
each compound was computed. The top three compounds with the best binding affinity were
selected. Their docked conformation in the NAD" site in CpIMPDH was visualized in the
ViewDock plugin-integrated Chimera [46]. These complexes were prepared for molecular
dynamics simulation studies to provide structural and dynamical perspective into the inhibitory

potential of natural compounds against cryptosporidiosis.

7.2.3 Molecular dynamics (MD) simulations

The systems were divided into apo- IMPDH bound to IMP in its active site and complexes, which
had apo and the natural compounds bound in the NAD™ binding site. They were then subjected to
a long-timescale MD simulation run (300ns) on AMBER18 Graphical Processing Unit (GPU) [47]
Protein parameters were determined via FF14SB force-field. The ANTECHAMBER module was
used in the ligands' parameterization [48]. The LEAP module was used in the solvation of the
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system in 10 A TIP3P water box and the generation of topology files. Partial minimization and
full minimization was executed in 2500 steps and 5000 steps, respectively. Heating the systems
was for 50 ps from 0 to 300 k in an NVT canonical ensemble using a Langevin thermostat [49].
The systems were subjected to equilibration without energy restraint for 1000ps. We carried out
the MD production run for 300 ns while constricting the hydrogen bond with the SHAKE
algorithm. CPPTRAJ and PTRAJ modules were used in analyzing the resulting trajectories [50].
The data were plotted using Origin data analytical tool [51].

7.2.4 Post- Molecular Dynamics Simulation Analysis

Post-MD analyses carried out included C-o Root mean square deviation (RMSD), Radius of
gyration (RoG), Root mean square fluctuations (RMSF), Principal component analysis, Solvent
accessible surface area, Dynamics cross-correlation matrix, and binding free energy analysis via

Molecular Mechanics Generalized Poisson Boltzmann Surface Area (MM/PBSA) method.

7.2.5 Thermodynamics Calculations

Molecular Mechanics Generalized Poisson Boltzmann Surface Area (MM/PBSA) method was
used to estimate the predicted hits' binding free energy to the NAD* binding site of CpIMPDH.
MM/PBSA is an efficient tool used to evaluate ligands' interaction with biological macromolecules
[52,53]. MM/PBSA was calculated via AmberTools18-integrated MM/PBSA.py python script.
This script employs continuum solvent models to automatically analyze binding free energies of
MD simulation's snapshots [47]. In calculating the binding free energies, only frames generated
after each protein had achieved convergence was used. These frames represented trajectories that
have completely stabilized, as shown in the RMSD plot (Figure 7.5). Therefore, any computational
or entropic artifacts that could interfere with the calculation of the total binding free energy were

minimized. In this study, stable frames from 270ns -300ns (30,000 frames) were considered.

Mathematically binding free energy is calculated as follows:

AGbind = Gcomplex - (Greceptor + Ginhibitor) (1)
AGyind = AGgas + AGsol = TAS (2)
AGgas = AEint + AEele + AEvaw 3)
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AGsol = AGpp + Aan,soI (4)

From the above, the summation of the internal (AEint), electrostatic (AEele), and van der Waals
(AEvaw) energies gives the gas-phase energy (AGgas). In contrast, the solvation free energy (AGsol)
is estimated by the polar solvation (AGpg) and non-polar (AGnpsol) contributions. The estimated
AGpind Was decomposed into individual energies contributed by each binding site residue through
the per-residue energy decomposition analysis (PRED). The PRED was analyzed by manually
adding the binding residues of the selected natural compounds to MMPB/SA.py script
incorporated in Amber18Tools. This was imperative to identify specific residues that contributed
to the ligands' affinity and stability in CpIMPDH.

7.2.6 Screening of the physicochemical properties of the natural compounds

The natural compounds' comparative physicochemical properties were evaluated using online
prediction tools, which use have also been validated in other studies.[54-56] These include
SWISSADME [57], DataWarrior [58], Molsoft program (http://molsoft.com/mprop/),
Molinspiration Chemoinformatics [59]. The evaluation of the pharmacokinetic properties of the

ligands was determined by these tools and also assessed their adherence to Lipinski's rule of five
[60].

7.3 Results and Discussion

7.3.1 Sampling the complementarity of the natural compounds in NAD* binding site of
CpIMPDH

Molecular docking models at an atomic level evaluate the complementarity, conformation,
position, and orientation of ligand in the binding site of the protein of interest [61]. Monte Carlo
methods employed in AutoDock Vina was used in this study [62]. Here, different poses of ligands
were generated via bond rotation and were selected based on their potential energies [62]. With
the defined coordinates of the NAD™ binding site of CoIMPDH as mentioned in section 2.2, the
top three compounds with the best docking scores were ZINC5225833 (-9.8 kcal/mol),
ZINC4258873 (-9.1 kcal/mol), and ZINC3841381 (-9.0 kcal/mol). The top 50 natural compounds
with the highest binding affinity scores are presented in Supplementary Table 7.1. The 2D
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structures of the top three natural compounds with the best binding scores are shown in Figure 7.1.
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Figure 7.1 A) 2D structure and docking score of ZINC5225833. B) Surface representation of the
docking of the natural compounds in NAD* binding site (coral) of CpIMPDH (light blue). C) 2D
structure and docking score of ZINC4248873. D) 2D structure and docking score of
ZINC3481381.

7.3.2 Quantification of the total binding free energy of ZINC5225833, ZINC4258873, and
ZINC3841381 in CpIMPDH

Binding free energies of the natural compounds were computed via MM/PBSA tools, which, aside
from estimating the total binding energy, also calculate various energetic contributions of the
binding site residues to the overall total binding free energy. In all the energy components
estimated for the ligand-protein interaction, Vander Waals force was the dominant contributory
factor to the favorable total binding energies observed in all (Table 1). CpIMPDH-ZINC3841381
had the best binding energy (-58.43 kcal/mol) despite having the lowest docking affinity of the
three (-9.0 kcal/mol). This buttresses the importance of following up molecular docking with
molecular simulation as the latter gives a more accurate representation of what obtains in the
biological system. CpIMPDH-ZINC4258873 had binding free energy of -51.10 kcal/mol, and
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CpIMPDH-ZINC5225833 had the least binding energy (-38.04 kcal/mol) though it had the best

docking score (-9.8 kcal/mol).

Table 7.1. Estimation of the total binding free energies of the natural compounds in CpIMPDH

Binding free energy analysis

Energy CpIMPDH- CpIMPDH- CpIMPDH-
Components ZINC5225833  ZINC4258873  ZINC3841381
(kcal/mol)
AEviw -48.9940.12 -64.86+0.14 -60.84+0.12
AEee -16.40+0.17 -16.45+0.15 -13.00£0.11
AGgas -65.3940.23 -81.31+0.19 -73.84+0.15
AGele sol(PB) 32.86+0.16 37.69+0.11 21.73+0.10
AGnpsol -5.51+0.11 -7.48+0.10 -6.32+0.10
AGsol 27.35+£0.15 30.21+0.11 15.41+0.10
AH -38.04+0.14 -51.10%0.12 -58.43+0.09
AGpind -38.04+0.13 -51.10+0.14 -58.43+0.13

CpIMPDH-ZINC3841381 having the best binding energy, could not be disassociated from the
lower solvation energy (AGps)) invested in solvating this complex compared to other complexes
(Table 1). In CpIMPDH-ZINC3841381, the solvation energy was 21.73kcal/mol compared to
CpIMPDH-ZINC5225833 which was 32.86kcal/mol and CpIMPDH-ZINC4258873 was
37.69kcal/mol. The orientation of the ZINC compounds in the NAD™ site of CpIMPDH deduced
from the non-polar solvation energy (AGnp,sony could have also influenced the total binding energy
of the compounds to the protein. ZINC5225833 had the least non-polar solvation energy of -5.51
kcal/mol, which meant that the ligand was oriented in a manner that made it more surface exposed,
thereby interacting more with the polar environment and reducing its total binding free energy than
ZINC4258873 (-7.48 kcal/mol) and ZINC3841381(-6.32 kcal/mol).
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7.3.3 Energy contributions of binding site residues to the affinity and stability of the natural
compounds.

The energy contributions of each residue that interacted with the ligands at the NAD™ binding site
of CpIMPDH were computed using the MM/PBSA tool. This was necessary to understand the
group of residues that significantly affect the binding and stability of the ligand. As presented in
Figure 7.2A, the first four residues that contributed the best in CpIMPDH-ZINC5225833 were
Met308 (-3.11 kcal/mol), Met302 (-1.78 kcal/mol), Alal65 (-1.65 kcal/mol) and Lys 309 (-1.48
kcal/mol). In CpIMPDH-ZINC4258873, the most favorable energy contributing residues were
Met326 (-2.37 kcal/mol), Alal65 (-2.08 kcal/mol), Pro26D (-1.91 kcal/mol) and Leu25D (-1.90
kcal/mol) (Figure 7.2C). CpIMPDH-ZINC3841381 which had the leading total binding free
energy had Ser164 (-4.37 kcal/mol), Alal65 (-3.15kcal/mol), His166 (-2.0 kcal/mol) and Met302
(-1.8 kcal/mol) (Figure 7.3A).
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Figure 7.2 A) Energy contributions of binding sites residues to the total binding energy of
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the total binding energy of ZINC5225833. C) Energetic contributions of each binding sites
residues to the total binding energy of ZINC4258873. D) Vander Waal and electrostatic energy
contributions of each binding residues to the total binding energy of ZINC4258873.

We further decomposed the total energy contributed by each binding site residues to Vander Waal
and electrostatic energies. Zeroing in on only the electrostatic energies contribution which is
reputed to be the strongest interaction, the residual contributions are enumerated as follow. In
CpIMPDH-ZINC5225833, the top four residues were Lys309 (-4.12 kcal/mol), Met308 (-1.0
kcal/mol), Serl64 (-0.26kcal/mol) and Ile172 (-0.25 kcal/mol) (Figure 7.2B). In CpIMPDH-
ZINC4258873, the best electrostatic energy contributing residues were Asn171 (-1.89 kcal/mol),

159




Serl64 (-1.3 kcal/mol), Alal65 (-0.62 kcal/mol) and Met302 (-0.5 kcal/mol) (Figure 7.2D).
Finally, in CpIMPDH-ZINC3841381, the residues were Ser164 (-5.39 kcal/mol), Alal65 (-1.16
kcal/mol), Ser354D (-0.66 kcal/mol) and Asn171 (-0.54 kcal/mol) (Figure 7.3B).
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Figure 7.3 A) Energy contributions of binding sites residues to the total binding energy
ZINC5225833. B) Vander Waal and electrostatic energy contributions of each binding residues to
the total binding energy of ZINC3841381.

7.3.4 Molecular Insights into the non-covalent interactions between CpIMPDH and the
natural compounds

We evaluated the non-covalent interactions of the binding site residues of CpIMPDH with the
natural compounds. This could lend insight into the factors affecting the compounds' stability in
the binding pockets and the observed disparity in the compounds' total binding free energy. We
took the representative interactions at 50ns intervals, from post-equilibrated time frames (200ns)

to the end of the simulation (300ns). Only residues having direct interactions were captured.

The relatively weaker but favorable binding free energy of ZINC5225833 could have been
influenced by the domination of weak interactions - alkyl and = -alkyl interactions in its binding.
The large numbers of this interaction though compensated by their consistent short distance (>6A)
between the residues and moieties of ZINC5225833 over the simulation period sampled, could
have contributed in no small way to the favorable binding free energy (Figure 7.4). The
establishment of a consistent conventional (OH--O) hydrogen bond interaction between Lys309
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(200ns and 300ns) and the oxygen group of ZINC5225833 at 1.92A and 2.35A, respectively,
explained why Lys309 was the most electrostatic energy-contributing residue (-4.12 kcal/mol) to
the binding of ZINC5225833 (Figure 7.2B). Met 302 and 326 formed SH-n bond with the aromatic
rings of the ligand. It has been reported that SH-x interactions confer ligand stability even when
the interaction is long-distance [63]. This can partly interpret why the Met302 and Met308 of all
the binding site residues were the most VVander Waal energy-contributing residues (-2.45kcal/mol
and -2.43 kcal/mol, respectively) to the binding of ZINC5225833 (Figure 7.2B). Almost all the

residues were involved in multiple bonding with the ligand.

In ZINC4258873 at 200ns and 300ns 7- 7t stacking existed between the aromatic rings of Tyr358D
and that of the ligand at a distance of 4.81A and 4.78A, respectively (Figure 7.4). This interaction
constituted one of the favorable protein-ligand interactions. n- 7 stacking plays an essential role in
forming recognition motifs and structural stability of proteins [64,65]. ASN171 prominently
formed a short distance OH-O with the ligand's oxygen group, and this binding donated the most
electrostatic energy (-1.86 kcal/mol) (Figure 7.2D) to the total binding free energy of the ligand.
The other interactions were alkyl, pi-alkyl, and pi-sulfur. These interactions were all short
distanced (>6A), and like ZINC5225833, all the interacting residues were involved in multiple

interactions with the ligand.
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Figure 7.4 Non-covalent interactions between the binding site residues and the natural compounds
at different time-points

In ZINC3841381, which had the best binding free energy could have been occasioned by it having

the most diverse interactions of all the three natural compounds. Multiple n- 7t stacking was formed

between the aromatic rings of Tyr358D and His166 in all the time-frame sampled (Figure 7.4).

The conventional hydrogen bond formed by Serl64 and the simultaneous amide- 7 stacking

interactions were pivotal to the ligand's affinity and stability in the binding pocket. These

interactions had the most favorable Vander Waal and electrostatic energy contributions (-
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2.36kcal/mol and -5.4kcal/mol, respectively) (Figure 7.3D). The o-n and SH-t bonds formed by
His166, Met302, and Met308 also contributed mostly to the Vander Waal energy and little to
electrostatic energy.

7.3.5 Structural stability patterns induced by the binding of the natural compounds to
CpIMPDH

One of the many applications of the atom-positional root-mean-square deviation (RMSD) is to
evaluate structural perturbation that has occurred during MD simulations [66,67]. In this context,
RMSD measures by sampling the entire protein structure, the mean of the movement of backbone
atoms of the complexes with reference to the apo. The RMSD analysis of the apo and complexes'
global structure shows that the natural compounds' binding stabilized the protein structure
compared to the apo, although not significantly. This implies that the complexes did not
significantly diverge from the initial coordinates of the protein. Compared to the apo (3.34A),
CpIMPDH-ZINC4258873 (2.61A) stabilized the structure the most, followed by CpIMPDH-
ZINC5225833 (2.86A) and CpIMPDH-ZINC3841381 (3.15A). In figure 7.5A, the systems
equilibrated around 140ns, and this stability was maintained till the end of the simulation to a large
extent. This stability gives a good premise for the reliability and confidence in subsequent

structural analyses and inferences.

For efficient enzymatic catalysis of a substrate to product, the enzyme's active site undergoes some
transformation and reorganization to complement the ligand's shape. This transformation can make
the active site more rigid or flexible [68-70]. The active site RMSD values in Table 2 show that
the active site of CoIMPDH-ZINC5225833 (2.06A) and CpIMPDH-ZINC3841381 (2.10A) during
catalysis requires almost no conformational alterations when compared to apo (2.01A). We can
also put forward that on its own, the active site of the apo is also catalytically competent as regards
the binding of ZINC5225833 and ZINC3841381. However, in CpIMPDH-ZINC4258873 (3.2A),
the ligand binding induced quite a large geometric and conformational reorganization in the active
site compared to apo. This is clearly shown in Figure 7.5C.
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Table 7.2 The mean values of the structural indices of the apo and complexes.

Mean RMSD Values (A)

Structural CpIMPDH CpIMPDH- CpIMPDH- CpIMPDH-
Components ZINC5225833 ZINC4258873 ZINC3841381
Whole Protein 3.34 2.86 2.61 3.15A
Active 2.01 2.06 3.20 2.10
Site Residues
Ligand 2.29 0.84 1.82
Mean RoG Values (A)

Whole Protein 28.22 28.22 28.15 28.37
Active 10.43 10.45 10.54 10.44
Site Residues

Mean RMSF Values (A)
Whole Protein 1.21 1.24 1.22 1.18
Binding 0.84 0.76 0.97 0.96

Site Residues

The stability of the ligand in the binding pocket of CpIMPDH was also examined. This is important

as the (in) stability of the ligand in the binding pocket can also give insight into the structural

mechanism of action of the ligands. ZINC4258873 was the most stable in the binding pocket

(0.84A). It was observed that during the entire simulation period, the movement of the ligand in

the binding pocket was minimal, most especially after 50ns (Figure 7.5D). This pattern was also
observed for ZINC3841381 (1.82A). These two ligands had the most favorable binding energy.
Their stability could imply that they were in continuous contact with residues crucial to their

binding and stability hence the probable reason for their better binding free energies. The converse
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was observed in ZINC5225833 (2.29A) (Figure 7.5D). It having the least binding free energy
might not be too far from the fact that the ligand continually fluctuated in the binding site during
the entire simulation period. This fluctuation might have occasioned brief and discontinuous
contact with the residues important for its stability and binding.
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Figure 7.5 A) The RMSD trend observed in the global structure of apo and the complexes during
the simulation period. B) Superposition of the global structure of apo and complexes at 60ns post-
MD simulation. C) The RMSD trend observed in the active site of apo and the complexes during
the simulation period. D) The RMSD trend observed in the ligands during the simulation period.

The radius of the C-a atoms' gyration gives insight into the compactness, shape, and folding of the
protein before and after binding [71]. In the whole structure and the active site residues of the apo

and the complexes, there was an induction of similar structural compactness in both systems
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(Figure 7.6A and 7.6B). Inferring from the RoG analysis alone (Table 2), it detected non-

significant variations in the compactness of the protein.
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Figure 7. 6 A) The pattern observed in the RoG of the global structure of apo and the complexes
during the simulation period. B) The pattern observed in the RoG of the active site of apo and the
complexes during the simulation period.

7.3.6 Evaluation of ligand-induced conformational flexibility of CplMPDH

The flexibility of a protein can be influenced by the movement of a group of residues to bind a
ligand or when the protein folds on binding a ligand [72]. Herein we analyzed two distinct classes
of the flexibility of the backbone atoms of CpIMPDH when interacting with ligands. First does the
motion of the protein’s global structure, which considers wider and inter-correlated conformational
changes in the different domains constitute the protein. The second is the motion strictly restricted
to the active site residues. In the global structures, there was only a subtle but not a significant shift
in structural flexibility of the complexes compared to apo, which is similar to RMSD result. Apo
had an RMSF mean value of 1.21A CpIMPDH-ZINC5225833, and CpIMPDH-ZINC4258873
were higher 1.24A and 1.22A, respectively (Table 2). CpIMPDH-ZINC3841381, which had the
best binding energy, had a lower residual fluctuation (more rigidity) in its global structure- 1.81A
(Table 2). A conformationally rigid protein is indicative of an inhibited protein [72], while protein
flexibility indicates a fully functional protein. It might follow that the binding of ZINC3841381 to
CpIMPDH inhibited the protein by making it more rigid than the apo. It is essential to note from
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Figure 7.7A, that in both apo and the complexes regions in chain D had the most flexibility
compared to chain A. The residues that fluctuated highly in chain D were residues 310-340, 499-
522, 590-610, and 650-652 (Figure 7.7A).
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Figure 7.7 A) Root mean square of fluctuation of the global structure of the apo and complexes,
the insets depict the region that fluctuated highly in the protein. B) Root mean square of fluctuation
of the active site of the apo and complexes.

When bound to the ligand, the active sites' fluctuation was not also spectacular compared to apo.
CpIMPDH-ZINC4258873 and CpIMPDH-ZINC3841381 had the highest fluctuation at their
active site (0.97A and 0.96A respectively) when compared to CpIMPDH-ZINC5225833 (0.76A).
Overall, ligand binding did not induce significant conformational flexibility in the complexes than
apo (Figure 7.7B).

7.3.7 Solvent accessible surface exposure and its effect on the conformational stability of
ligand-bound CpIMPDH

The functional shape of a protein is its 3D (tertiary) structure. The assumption of this shape enables
the presentation of its functional group on the outside to interact with other molecules to mediates
its function. Protein folding is critical to proteins' stability and the maintenance of the 3D shape
[73]. Solvent accessible surface area evaluates the extent to which the surface atoms of proteins

are in contact with solvent (water) in the biological system [74]. SASA principally determines
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protein (un)folding and the functional relationship between a protein and its residues [75]. Proteins
have hydrophobic cores, which are made up of non-polar amino acid residues interacting with each
other. The burial and folding of the hydrophobic core away from the aqueous region determine the
stability of the 3D structure of the protein. If the hydrophobic interaction among the non-polar
residues is weak, hydration, denaturation etc., can perturb the hydrophobic core, causing protein
unfolding, which will eventuate a loss in the integrity of the protein’s 3D structure and functionality
[76-78].

Table 7.3 The average SASA values of the components of apo and the complexes

Structural Mean SASA Values (4?)

Components

CpIMPDH CpIMPDH- | CpIMPDH-  CpIMPDH-
ZINC5225833 ZINC4258873 ZINC3841381

Whole 25295.36 25179.85 24843.15 25090.10
Protein

Active 1046.90 777.78 781.80 759.38
Site

Residues

Ligand 218.24 124.85 131.48

Bound to
Receptor

Free Ligand 579.40 618.29 571.65

% of 37.7% 20.1% 23%
Exposed
Ligand
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In the global structure, when compared to apo, the binding of the ligands non-significantly induced
an increased folding of the residues in the hydrophobic core, thereby stabilizing the protein
structure (Table 3). The same pattern followed in the active site residues. The apo's active site
residues were exposed to the aqueous environment making it unstable (1046.9A2%). However, the
active site residues of the complexes were buried in the hydrophobic core, with CpIMPDH-
ZINC3841381 buried the most (759.38A2). This stability in the active site of CpIMPDH-
ZINC3841381 induced by the less exposure to the aqueous region may have influenced the
complex having the most favorable binding energy coupled with the fact the ligand ZINC3841381
was less surface exposed than ZINC5225833 having their ligands exposed at 23% and 37.7%,
respectively. The solvent-accessible surface exposure pattern of the global structure, active site,

and ligands are presented in Figure 7.8.
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Figure 7.8 A) The solvent-accessible area of the global structure of apo and the complexes during
the simulation period. B) The solvent-accessible area of the active site of apo and the complexes
during the simulation period. C) The exposure of the natural compounds to the solvent accessible
area over the simulation period.

7.3.8 Atomistic insights into the correlated and anti-correlated motions of CplMPDH upon
ligand binding

We also analyzed the trajectories to compute the cross-correlation displacement and fluctuation
between the C-o atoms of the residues making up the respective systems [79,80]. Correlated
motions that are positive ranged from the color green to deep red (+1), while negatively correlated

motions ranged from cyan to black (-1). Generally, the unliganded protein residual movement was
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positively correlated, going by the dominant green to deep red coloration (Figure 7.9). This
positive correlation trend is also not different from the bound proteins. However, a correlated
movement that visibly stood out in the apo and complexes was that of residues 350-652,
representing the second chain. In apo and CpIMPDH-ZINC3841381, the second chain residues
were less positively correlated than CpIMPDH-ZINC5225833 and CpIMPDH-ZINC4258873,
meaning that the residues in apo and CpIMPDH-ZINC3841381 fluctuated less than CpIMPDH-
ZINC5225833 and CpIMPDH-ZINC4258873 (Figure 7.9). This is an agreement with their
residual mean fluctuation value discussed earlier in section. The less positively correlated
movement of CpIMPDH-ZINC3841381 compared to other complexes might influenced why it

had the most favorable binding free energy.

ZINC5225833

Residue Index

300
Residue Index

ZINC4248873

Residue Index
Residue Index

200 300 400 500

Residue Index

200 300 400
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Figure 7.9 The dynamics cross-correlation matrix depicting the correlation and displacement of
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residues in apo and the complexes.

In addition to the DCCM analysis, the conformational motions of apo and complexes were
investigated by principal component analysis (Figure 7.10). PCA calculates the direction
(eigenvector) and amplitude (eigenvalue) of protein motion along a simulation trajectory [81]. The
binding of a ligand to a protein can either induce a more compact or dispersed motion of the
residues of the protein. In Figure 7.10A, the binding of ligands caused a more dispersed protein
movement than apo. CpIMPDH-ZINC5225833, which had the least binding energy, was the most
dispersed, while CpIMPDH-ZINC4258873 was the least dispersed. Examining the ligands'
individual motions (Figure 7.10B), we observed that ZINC3841381which had the most favorable
energy induced the most compact motion, followed by ZINC4258873, and the most dispersed was
ZINC5225833.
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Figure 7.10 The principal component analysis showcasing the mobility of the residue in the A)
global structure of apo and the complexes and B) ZINC5225833, ZINC4258873, and
ZINC3841381

7.3.9 Evaluation of drug-likeness of ZINC5225833, ZINC4258873, and ZINC3841381

The effectiveness of a drug is dependent on it reaching the right biological target and executing its
therapeutic function without mediating unfavorable toxicities. Therefore, it is imperative to

evaluate the propensity of potential drug's absorption, distribution, metabolism, excretion, and
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toxicity in the early stage of drug development. Early evaluation of these parameters saves time
and cost. The natural compounds pharmacokinetics parameters were subjected to the Lipinski rule
of 5, which has been extensively used for assessing drug-likeness. Lipinski posited that for a drug
to be regarded as orally active, it must not run afoul of more than two criteria from the following
parameters: octanol-water partition effect of not greater than 5, not more than 10 hydrogen bond
acceptors and 5 hydrogen bond donors, lipophilicity not greater than 5 and a molecular weight of
less than 500g/mol [60,82]. The lipophilicity index, the number of hydrogen bond donor and
acceptors of the three compounds were well within the acceptable threshold described by Lipinski
(Table 4). However, the molecular sizes of the natural compounds were higher than 500g/mol.
Despite this, going by Lipinski's rule of drug-likeness, the compounds still have good ADMET
properties. Their lipophilicity value (logP) of the ligands points out that these ligands are cell-
permeable and have a high propensity to be bioavailable [83].

The synthetic accessibility is an index for assessing the ease of synthesizing a compound. It ranges

between 1-10, representing graduation from the easiest to the hardest to synthesize [84]. From the
ligands' SA values in Table 4, it is deducible that the ligands are relatively easier to synthesize and
may not pose insurmountable challenges during this process. The topological polar surface area
(TPSA) of the ligands was evaluated, the lower the TPSA value, the easier for the compound to be
absorbed into the cell and vice versa [85]. The ligands' TPSA values fell within the acceptable
limits (140A2). However, of all the three ligands, ZINC3841381, which had the most favorable
binding, may have some difficulty permeating the cell compared to other ligands as it had the
highest TPSA value of 125.1A2.

Table 7.4 Pharmacokinetic profile of the natural compounds assessing their suitability as drug
candidates.

Parameters ZINC5225833 ZINC4258873 ZINC3841381 Acceptable
Threshold

Molecular C34H29FN20 C31H29N304 C26H23N304S2

Formular

Molecular weight 500.61 507.58 505.61 <500

(g/mol)

Synthetic 4.76 4.99 4.98 10

accessibility
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Lipophilicity (logP) 4.31 3.90 3.25 <5

TPSA (A?) 34.03 80.64 125.1 <140
H-Bond Acceptor 2 4 4 <10
H-Bond Donor 1 1 1 <5
Rotatable Bonds 3 7 5 <10
LE (kcal/mol/heavy 0.32 0.32 0.35 >0.3
atom)
LLE 2.34 4.79 5.04 >5
LELP 20.49 12.97 11.23 -10 to +10
Bioavailability 0.17 0.55 0.55
score
Water Solubility Poorly Moderately Poorly

soluble soluble Soluble
Gl Absorption Low High Low
BBB Permeability No No No
Purchasability Yes Yes Yes

Ligand efficiency (LE), ligand lipophilic efficiency (LLE), and ligand-efficiency dependent
lipophilicity (LELP)[86] were evaluated in addition to the Lipinski rule of 5. LE gives information
about the potency and affinity of a ligand, LLE measures both the potency and lipophilicity of a
ligand, and LELP finds the association between ligand's molecular size, potency, and lipophilicity
[83,87-89]. In Table 4, all the ligands are within the acceptable limits of LE, LLE but not LELP.
This implies that the ligands have a favorable potency, lipophilicity index but unfavorable
molecular weight, as earlier pointed out by the Lipinski rule of five. The natural compounds
through in silico ADMET evaluation have shown some promise as drug-likely candidates.
However, they can still be modified to improve their molecular weights, potencies, and

effectiveness as therapeutic candidates.

7.4 Conclusion

The in-silico evaluation of the natural compounds as potential anticryptosporidials projected
ZINC5225833, ZINC4258873, and ZINC3841381 as having the best complementarity to the
CpIMPDH-NAD" binding site. The estimation of these ligands' binding free energies also
buttresses their propensity to inhibit the biological functions of CplIMPDH in mediating their anti-
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parasitic actions. The findings herein can serve as groundwork which can inform the experimental
probing of these three natural compounds as promising anticryptosporidials. Further works on the
qualitative structure-activity relationship of the identified potential CpIMPDH inhibitor can reveal
crucial functional groups of the ligands that can be modified to elicit better inhibitory activities.
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CHAPTER 8

8.1 Conclusion

The pooled prevalence of cryptosporidiosis is high in southern Africa, while the immune-
compromised patients were observed to be disproportionally affected. The inefficacy of and
emerging resistance to the current therapeutic interventions in cryptosporidiosis infection has
stimulated concentrated efforts in designing newer therapeutics that hold great potential as
anticryptosporidials. The progression of bioinformatics integrated tools in target-based drug

discovery has made the advances in cryptosporidiosis chemotherapy possible.

P131 has been noted as a potential drug that inhibits the CpIMPDH better than paromomycin. It
also selectively inhibits CoIMPDH and leaves the host IMPDH unaffected. This study elucidated
the structural mechanism of the inhibition of CpIMPDH by P131 and its mechanism of selective
inhibition. To the best of our knowledge, this is the first study to explore this phenomenon. The
total binding free energy evaluated also underscored the basis of the selectivity. We explored how
the amino acid residues unique only to the parasitic IMPDH played a vital role in the mechanism
of selection and inhibition. Molecular insights provided herein corroborate previous experimental
reports and further underpin the basis of CpIMPDH inhibitor selectivity. Our findings could
present attractive prospects towards the design of novel anticryptosporidials with improved

selectivity and binding affinity against parasitic targets.

Through the per-residue energy decomposition approach, we identified crucial moieties in P131
that are responsible for its inhibitory effect on CpIMPDH. These moieties were used in the building
of P131 pharmacophoric scaffold for virtual screening in the ZINC database. This is to mine for
other compounds deposited in the ZINC database that will also possess a similar scaffold and may
have the propensity to work to a greater degree than P131 using the total binding free energy index
as a pointer. The top three compounds were evaluated via in silico methods and their proposed
mechanism of inhibition was deduced. The identified compounds can serve as a basis for
conducting further experimental investigations towards the development of anticryptosporidials,

which can overcome the challenges of existing therapeutic options.
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Natural compounds have been considered as a safer and easily accessible alternative to synthetic
drugs. We virtually screened 107,000 natural compounds against the co-factor site of CpIMPDH
to select the top three compounds that displayed the best complementarity to the binding site.
These compounds in complex with CpIMPDH were subjected to molecular dynamics solution and
analyzed. Also, their pharmacokinetic parameters were evaluated to know the degree of drug-
likeness. The results obtained from evaluating the natural products as potential anticryptosporidials
can serve as a preliminary background in the further experimental exploration of ZINC5225833,
ZINC4258873, and ZINC3841381 as potential anticryptosporidials.

Overall, this study has successfully provided a comprehensive insight into the significance and
burden of cryptosporidiosis in the southern African region. It has also highlighted potential
anticryptosporidials through ligand-based and structure-based virtual screening, which can be used

as starting materials for further experimental findings.

8.2 Future Perspectives

The promising anticryptosporidial compounds discovered in this study through the favorable
binding free energies which they exhibited can serve as potential lead compounds. The integrated
computational methods also utilized in this study can also facilitate the discovery, advanced
design, and optimization of existing anticryptosporidials. However, the compounds highlighted in
this study must still have to go through experimental validation to corroborate what we discovered

in silico.
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SUPPLEMENTARY INFORMATION

CHAPTER 5
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Supplementary Figure 5.1: Graphical representation of the validation of mIMPDH. A)PROSA
webserver which returned a Z-score of -7.43 and B) VERIFY3D which estimated 80.52% of the
residues to have averaged 3D-1D score >= 0.2 score.
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Supplementary Figure 5.2: A) Comparative RoG plots of C-a atoms of bound and unbound
conformations of CpIMPDH over the simulation period. B) Comparative RoG plots of C-a atoms of bound
and unbound conformations of mIMPDH over the simulation period. C) Comparative RoG plots of C-a
atoms of bound complexes of CpIMPDH and mIMPDH over the simulation period.
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Supplementary Figure 5.3: Differential binding modes and orientations of P131 at its binding pocket
in IMP in CpIMPDH at 100ns, 220ns and 280ns. Also highlighted are associated interactions with binding

pocket pockets
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ChainB

Supplementary Figure 5.4. Superimposition of P131 bound CpIMPDH (red) and with unbound
mIMPDH (yellow)

Supplementary Table 5.1: Docking scores of P131 in mIMPDH

Docking Docking Score
Output (kcal/mol)

-6.1

-5.3

-5.0

-4.8

-4.7

-4.7

-4.2

-4.2

0O NOoOO O A~ WN B

The binding pose of P131 which had the highest negative score (-6.1 kcal/mol) was used
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Supplementary Figure 6.1: Overall CpIMPDH-ZINC46542062 interaction and per residue
energy decomposition a) Graphical representation of the energy each binding site residue
contributed to the total binding free energy of ZINC46542062 in CpIMPDH. b) 2D representation
of the binding site residues with ZINC46542062.
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Supplementary Figure 6.2: Overall CpIMPDH-ZINC58646829 interaction and per residue
energy decomposition. a) Graphical representation of the energy each binding site residue
contributed to the total binding free energy of ZINC58646829 in CpIMPDH. b) 2D representation
of the binding site residues with ZINC58646829.
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Supplementary Figure 6.3: Overall CpIMPDH-ZINC89780094 interaction and per residue
energy decomposition. a) Graphical representation of the energy each binding site residue
contributed to the total binding free energy of ZINC89780094 in CpIMPDH. b) 2D representation
of the binding site residues with ZINC89780094
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Supplementary Table 6.1: Low energy — contributing residues crucial to the binding of p131

and the identified compounds at the co-factor binding site of Cryptosporidium parvum

IMPDH

P131 (kcal/mol)

ZINC46542062
(kcal/mol)

ZINC58646829
(kcal/mol)

ZINC89780094
(kcal/mol)

ASP252 (-9.82)
SER164 (-2.62)
MET302 (-1.73)
TYR358D (-1.70)
ALA165 (-1.65)
PRO26D (-1.28)
GLY303 (-0.98)
HIS166 (-0.9)
SER354D (-0.9)
LEU25D (-0.7)
MET308 (-0.6)

ASP163 (-8.61)
ALA165 (-2.63)
MET302 (-2.38)
GLY303 (-1.67)
SER164 (-1.54)
ASP252 (-0.9)

GLU329 (-0.71)
GLY212 (-0.57)

PRO26D (-2.09)
TYR358D (-1.80)
MET326 (-1.47)
LEU25D (-1.33)
ALA165 (-1.24)
MET308 (-1.15)
HIS166 (-1.0)
SER354D (0.74)
GLY303 (-0.5)

LEU25D (-2.33)
ASN171 (-1.87)
VAL143 (-1.83)
SER164 (-1.66)
SER169 (-1.66)
HIS166 (-1.62)
TYR358D (-1.46)
PRO26D (-1.42)
GLY357D (-1.14)
ILE172 (-0.9)
ALA165 (-0.5)
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CHAPTER 7

Supplementary Table 7.1: 2D structure of top 50 natural compounds with the

highest binding affinity scores.

Natural Compound 2D Structure Docking score
(kcal/mol)

ZINC000005225833 OO -9.8
NH

ZINC000004258873 H -9.1
N~ \
0] o N
? N
(0]
ZINC000003841381 J S O -9.0

ZINC000004258877 C -9.0
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ZINC000004258884 -9.0
ZINC000004237096 -9.0
ZINC000003841380 -8.9
ZINC000035399316 -8.9
ZINC000004237082 -8.9
ZINC000004237087 -8.9
ZINC000004270981 -8.8
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ZINC000004237086 -8.5
ZINC000005410605 -8.5
ZINC000005427070 -8.5
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ZINC000004073831 -8.5
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ZINC000008791187 -8.4
ZINC000004237083 -8.4
ZINC000004150073 -8.4
ZINC000004029681 -8.4
ZINC000002119921 ) -8.4
0] N)J\/O
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ZINC000004235416 -8.3
ZINC000004044286 -8.3
ZINC000004045305 -8.3
ZINC000002159716 -8.3
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ZINC000035485265 ro -8.3
@)

ZINC000036368047 -8.3

ZINC000008918002 -8.3

ZINC000008952589 -8.3

ZINC000004260408 -8.2
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