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ABSTRACT

Plasmodium falciparum, the primary causative pathogen of malaria, relies on
gametocytogenesis to transmit from humans to mosquitoes. Gametocyte development 1
(Pfgdvl) is an upstream activator and epigenetic controller of gametocytogenesis,
whereas apetala2 g-box motif (Pfap2g) acts as a master transcription factor that induces
gametocytogenesis and determine the transmission rate of malaria. As the gametocyte
stage is crucial in the transmission of malaria parasites, characterization of these genes
and structure prediction of proteins that mediate gametocytogenesis is essential. This
study characterized Pfgdvl and Pfap2g genes by examining single-nucleotide
polymorphisms (SNPs), predicting protein structure, and carrying out protein-ligand
docking in isolates of P. falciparum. Thirty blood samples were collected from patients
infected with P. falciparum, genomic DNA was extracted, PCR was done to amplify
Pfgdvl gene and the most polymorphic region of Pfap2g gene with subsequent
sequencing. Secondary sequences of Pfgdvl and Pfap2g genes were retrieved from
PlasmoDB for comparative analysis. The processing of raw sequence data was done
using ChromasPro. Multiple sequence alignment (MSA) was conducted in MEGA using
MUSCLE program. Tajima’s D test and SLAC were used to examine evolutionary
trends and codon sites under selection pressure, respectively. The effect of non-
synonymous SNPs (nsSNPs) on the stability of the protein structure was evaluated using
STRUM. Prediction of protein structure was done using RaptorX-Property, RaptorX,
and I-TASSER, while protein-ligand docking was performed using I-TASSER and
COACH. MSA of primary and secondary data established the existence of a
synonymous SNP and four (4) nsSNPs in Pfgdvl and a synonymous SNP and eleven
(11) snSNPs and synonymous SNP in Pfap2g. Tajima’s D indicated that both Pfgdvl
and Pfap2g exhibit balancing selection, while P217H in Pfgdvl and K984T and K21R in
Pfap2g are under strong positive selection. Thermodynamics analysis indicated that
P217H had a destabilizing effect while R398Q and D497E had a stabilizing effect on
Pfgdvl. The analysis of nsSNPs in Pfap2g revealed that all had stabilizing effects on the
predicted structure of the protein. The predicted structure of Pfgdvl has 599 amino acid
residues (1800 nucleotides), molecular weight of 71.964 kDa, and ordered structure
(95%) with c-score of -2.95, TM-score of 0.38+13, and RMSD of 15.1+3.5 A. The
predicted model of Pfap2g has 2432 amino acid residues (7299 nucleotides), a molecular
weight of 284.064kDa, apetela2 domain (AP2/ERF), and 50% disordered structure.
Moreover, the predicted model have c-scores of -0.97 and 0.09, TM-scores of 0.59+14
and 0.73%11, and RMSD of 11.7+4.5A and 9.2+4.6A for amino acid residues 1-1200
and 1201-2432, respectively. Docking results show that peptide (I11), N-octadecane, and
ZCT are reliable ligands that bind to Pfgdvl, while flavin mononucleotide and zinc ion
are ligands that bind to 1-1200 and 1201-2432 protein residues of Pfgap2g, respectively.
As results demonstrate that both Pfgdvl and Pfap2g are relatively conserved genes in P.
falciparum isolates, they are potential targets for drugs or vaccines that block the
transmission of malaria from humans to mosquitoes.

XV



CHAPTER ONE

INTRODUCTION
1.1 Background
Plasmodium falciparum, the leading causative species of malaria, is a protozoan parasite
transmitted by female Anopheles mosquitoes when they bite humans to obtain their
blood meal. Globally, malaria transmission remains undeterred with epidemiological
data showing that malaria affected about 228 million people with approximately 405,000
deaths (WHO, 2019). Kenya is one of the malaria-endemic countries in sub-Saharan
Africa with highland areas in the North Rift region, such as Nandi, Uasin Gishu, and
Baringo Counties, experiencing epidemic malaria (Kipruto et al., 2017; Noor et al.,
2018). Despite great strides made in the use of insecticides, anti-malarial drugs, and
effective healthcare services, prevention and control strategies of malaria are still
challenging due to drug resistance, inaccessibility to treatment, insecticide resistance,
and residual transmission (Arama & Troye-Blomberg, 2014; Delves et al., 2018; Muduli
et al., 2018; Sinden et al., 2012; WHO, 2018). Hence, there is a need to develop new
strategies that target the transmission of malaria in both epidemic and endemic regions.

Gametocytogenesis is a critical stage in the human-to-mosquito transmission of P.
falciparum. In commitment to sexual development, about 10% of parasites undergo
gametocytogenesis, leading to the formation of gametocytes (Josling & Llinas, 2015).
Transmission occurs when a mosquito bites and ingests gametocytes together with the
blood meal. In the mosquito midgut, gametocytes grow into macro- and micro-gametes,
which fuse to form a zygote (Campbell et al., 2010; Josling & Llinas, 2015). Thus,
gametocytogenesis plays a critical role in the host-vector transmission of malaria

parasites.

Evidently, gametocyte induction and development is subject to biochemical and genetic
factors. It has been demonstrated that CAMP and phorbol ester are notable chemicals
that play a role in gametocyte induction and development in an in vivo environment
(Campino et al., 2016). McRobert et al. (2008) demonstrated that xanthurenic acid and



zaprinast are mosquito-derived chemicals that stimulate gametocytogenesis through
cGMP-dependent protein kinase. Heparin is more effective in the elimination of asexual
stages in erythrocytes when compared to N-acetylglucosamine because it acts rapidly
and prevents hemolysis in in vitro environment (Miao et al., 2013). The effects of these
chemicals have led to the establishment of genetic factors that influence gametocyte

development in P. falciparum.

Genetic factors determine the induction of asexual or sexual development in P.
falciparum. In 3D7 clone of P. falciparum, PF3D7_0935400, which is a gene located in
the right arm of chromosome nine in the sub-telomeric region, codes for gametocyte
development protein 1 (Pfgdvl) with the function of gametocyte induction and
development (Day et al., 1993; Campino et al., 2016). Deletion of this gene results in
the inability to form gametocytes while complementation of this gene results in the
restoration of gametocyte formation (Campino et al., 2016). A genome-wide analysis
detected differential selection of Pfgdvl gene in two P. falciparum populations with
differing transmission intensity (Mobegi et al., 2014). Thus, further characterization of
the gene is essential to provide additional information regarding its polymorphism.

Another gene that induces gametocyte formation and development is PF3D7_1222600,
which encodes for apetala2 g-box motif (Pfap2g) protein (Yuda et al., 2009).
Researchers discovered that Pfap2g is a DNA-binding protein and a master regulator of
gametocyte development first discovered in protozoan parasites (Kafsack et al., 2014).
In essence, Pfap2g is a transcriptional regulator of gametocyte development in P.
falciparum. The gametocyte non-producer (GNP) lines, such as F12 and A4, have lost
the capacity to form gametocytes due to mutations in Pfap2g gene (Kafsack et al., 2014;
Josling & Llinas, 2015; Campino et al., 2016). Moreover, genetic characterization of this

gene is necessary to understand its role as a master regulator of gametocytogenesis.

Current strategies of malaria control focus on the development of transmission-blocking

interventions targeting proteins associated with gametocytes and gametes in humans



(Sinden et al., 2012; Delves et al., 2018). Vaccine development and drug design target
different stages of parasites, which are gametocyte stage, pre-erythrocytic stage, and
erythrocytic stage (Sinden et al., 2012; Arama & Troye-Blomberg, 2014; Delves et al.,
2018). Therefore, understanding the transmission of malaria parasites plays a significant

role in identification of new therapeutic targets for control of malaria.

The elucidation of the mechanism of gametocytogenesis forms the basis of developing
transmission-blocking vaccines and drugs. Recent studies have established that Pfgdvl
induces gametocyte development through the mechanism of antagonizing the silencing
effect of heterochromatin protein 1 on Pfap2g (Eksi et al., 2012; Josling & Llinas, 2015;
Campino et al., 2016; Filarsky et al., 2018; Rea et al., 2018). Pfgdvl is an upstream
activator that regulates the transcription activity of Pfap2g via the mechanism of
epigenetic control of heterochromatin protein 1 (HP1) (Figure 1.1). Genetic
characterizations of these genes and their respective proteins explain their functions and
enhance understanding of transmission-blocking targets and gametocyte development in

P. falciparum isolates.



Asexual pathway Sexual pathway

IncRNA asgdvi Environmental factors

| gdvl | | gdvl |

i =, <<
Heterochromatic ap2g Euchromatic ap2g
Asexual commitment Sexual commitment
Key:
@ ®* @& © e @,
Nucleosomes Histone K9Me3 HDA2 HP1  Histone K9Ac GDV1 asgdvl
modifications modifications

Figure 1.1: Mechanism of gametogenesis as regulated by Pfgdvl, heterochromatin
protein 1, and Pfapg2 (Filarsky et al., 2018).

To achieve the objectives of this study, partial primary sequences and complete
secondary sequences of Pfdvl and Pfap2g genes were used. Subsequently, these
sequences were utilized in the identification and characterization of single-nucleotide
polymorphisms (SNPs) in Pfgdvl and Pfap2g genes and proteins. Protein structures of
these two genes were predicted and their respective potential ligands that could

modulate gametocytogenesis were identified.

1.2 Statement of the Problem

Prevention and control strategies of malaria are still ineffective despite great strides
made in the use of insecticides and anti-malarial drugs. The malaria report of 2019
shows that malaria is the leading infectious disease because it infects over 200 million

people out of which more than 0.4 million of them die yearly (WHO, 2019). Moreover,



increasing trends of anti-malarial resistance pose a significant challenge to the
prevention and control of malaria among the population globally. The World Health
Organization has recognized the emergence of Plasmodium resistance to antimalarial
drugs such as artemisinin and has recommended the use of artemisinin-based
combination therapies and design new interventions to prevent the transmission of
resistant malaria parasites (Muduli et al., 2018). Vaccine development is a current
strategy aimed at disrupting the lifecycle of malaria parasite. The development of pre-
erythrocytic vaccines has yielded RTS,S (Mosquirix) with the highest efficacy (39%)
among vaccines under clinical trials (Olotu et al., 2016; van den Berg et al., 2019).
Given that malaria parasites undergo diverse stages of development, they exhibit diverse
antigens making them dodge protective immune responses (Arama & Troye-Blomberg,
2014). Overall, prevention and control of malaria remain a challenge despite the use of

different efficacious interventions.

1.3 Justification of the Study

Sexual development is critical in the transmission of P. falciparum because it leads to
the formation of gametes, which enter the mosquito vector, fuse into a zygote, and
produce infective sporozoites. Recent studies have established that Pfgdvl encoded by
PF3D7_0935400 and Pfap2g encoded by PF3D7-1222600 are proteins that induce
gametocyte development in P. falciparum (Eksi et al., 2012; Kafsack et al., 2014,
Josling & Llinas, 2015; Campino et al., 2016). Pfgdvl is a peri-nuclear protein that
stimulates early gametocyte differentiation, while Pfap2g is a transcription factor that
binds to DNA and stimulates gametocyte development at trophozoite stage. Genetic
characterization of these two genes and their respective proteins elucidates their
functions and enhances understanding of gametocyte development in P. falciparum
isolates. In the wake of Plasmodium resistance to the current medications, there is a need

to identify new drug targets and apply them in the control of malaria.

In the design of transmission-blocking strategies, researchers recommend that the

current and future global efforts of eradicating malaria should focus on molecular and



cellular interventions aimed at gametocyte development of Plasmodium (Sinden et al.,
2012). The current strategies of designing vaccines target different stages of parasites,
which are the human-vector transmission, pre-erythrocytic stage, and erythrocytic stage
(Arama & Troye-Blomberg, 2014). In this view, gametocyte development falls under the
human-vector transmission, and thus, is central in the eradication of malaria
transmission. Therefore, there is a need to characterize Pfgdvl and Pfap2g genes among
P. falciparum isolates to identify polymorphisms and provide important information
required in drug design.

1.4 Research Questions
i) What are characteristics of single nucleotide polymorphisms that exist in Pfgdvl
and Pfap2g genes of P. falciparum isolates?
i) What are the predicted protein structures of Pfgdvl and Pfap2g genes in P.
falciparum isolates?
iii) What are the potential protein-ligand interactions of Pfgdvl and Pfap2g gene
products in P. falciparum isolates?

1.5 Hypothesis

As conserved genes are appropriate targets for drug discovery and vaccine development,
this study hypothesized that non-synonymous mutations driven by evolutionary forces in
Pfgdvl and Pfap2g genes do not have a marked influence on the predicted protein

structures P. falciparum isolates.



1.6 Objectives
1.6.1 General Objective
e To determine genetic characteristics of Pfgdvl and Pfap2g genes in P.
falciparum isolates, predict structure, and identify ligands that dock with their
gene products.

1.6.2 Specific Objectives
e To characterize single-nucleotide polymorphisms in Pfgdvl and Pfap2g genes
from P. falciparum isolates.
e To predict the structure of Pfgdvl and Pfap2g gene products in P. falciparum
isolates.
o To identify potential ligands that dock with Pfgdvl and Pfap2g gene products in
P. falciparum isolates.



CHAPTER TWO
LITERATURE REVIEW

2.1 Epidemiology of Malaria

Plasmodium falciparum, a protozoan parasite that causes malaria, is common in sub-
Saharan Africa, particularly among vulnerable populations of children aged below five
years and pregnant women (Bashir et al., 2019). Other protozoan parasites that cause
malaria are Plasmodium vivax, Plasmodium ovale, Plasmodium malariae, and
Plasmodium knowlesi. The epidemiological data reveals that malaria is one of the
leading causes of death among infectious diseases in tropical and subtropical regions.
Epidemiological data show that about 93%, 3.4%, and 2.1% of total cases of malaria
occur in Africa, South-East Asia, and Eastern Mediterranean parts of the world,
respectively (WHO, 2019). Malaria is prevalent in sub-Saharan Africa because the
effective mosquito vector, Anopheles gambiae, and the most severe form of malaria, P.
falciparum, are widespread. Global epidemiological data indicates that malaria affected
about 228 million people and caused approximately 405,000 deaths (WHO, 2019).
Kenya is one of the malaria-endemic countries in sub-Saharan Africa with highland
areas in the North Rift region, such as Nandi, Uasin Gishu, and Baringo Counties,
experiencing epidemic malaria (Kipruto et al., 2017; Noor et al., 2018). Although
numerous interventions have decreased the prevalence of malaria in endemic regions,
the increasing populations coupled with the development of drug-resistant parasites have

complicated the control and prevention of malaria.

2.2 Life Cycle of Plasmodium

Transmission of malaria is dependent on the ability of the Plasmodium species to infect
both the mosquito vector and the human host (Figure 2.1). Malaria infection commences
when an infected anopheline mosquito bites a human host, obtain a blood meal, and
releases sporozoites. The released sporozoites enter into the body and migrate through
the blood vessels to the liver where they develop in hepatocytes. After several days,

sporozoites mature into merozoites, which exit the liver and invade erythrocytes. In the



erythrocytes, most merozoites undergo a repeated erythrocytic cycle of the asexual
development involving erythrocytic invasion, replication, and reinvasion, resulting in the
intermittent febrile wave a characteristic symptom of malaria (Josling & Llinas, 2015).
Some parasites in asexual phase (less than 10%) differentiate through sexual
development and form gametocytes (Josling & Llinds, 2015). Fundamentally, the
differentiation of merozoites is an adaptive process that allows malaria parasites to

transmit to another human host through the anopheline mosquito bite.
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Figure 2.1: The life cycle of P. falciparum (Josling & Llinas, 2015)

Once anopheline mosquito bites infected human host, it ingests blood meal together with
the gametocytes, which mature into micro- and macro-gametes that subsequently
undergo fertilization in the gut of mosquito to form zygote (Josling & Llinas, 2015). The
zygote then develops into ookinete, which is an elongated motile zygote that migrates to



the midgut of the anopheline mosquito here it encysts as oocyst (Campbell et al., 2010).
When oocyst matures, it raptures and releases sporozoites that migrate into the salivary
glands of the mosquito vector pending infection of the human host through a blood meal
bite. Thus, the life cycle indicates that the anopheline mosquito and the human host are

critical in the transmission of malaria in the populations.

2.3 Genome Structure of Plasmodium

Increased efforts to control and prevent malaria have led to the sequencing of
Plasmodium genome (Carter et al., 2000). The first sequencing of P. falciparum (3D7)
using whole chromosome shotgun sequencing strategy revealed that it has 14
chromosomes, which contain 22.8 mega-bases and 5,300 genes (Gardner et al., 2002).
The analysis of the genome indicated P. falciparum has a gene density of 1/4300 base
pairs and biased GC content of 19.4% (Gardner et al., 2002). Subsequent sequencing
had enhanced accuracy that led to the discovery of more genomic structure. Next-
generation sequencing techniques such as single-molecule real-time sequencing and de
novo assembly have enhanced genetic characterization of Plasmodium species (Vembar
et al., 2016; Oyola et al., 2016; Shen et al., 2018). The development of PlasmoDB
(https://plasmodb.org) allowed integration of experimental and computational data of

sequencing that has improved genome assembly and annotation (Bahl et al., 2003).

Owing to improved sequencing techniques, PlasmoDB (2019) shows P. falciparum
(3D7) has 23.3 megabases of genome and 5777 genes. Other Plasmodium species that
have been sequenced with their respective genome sizes and total genes (Mb, genes) are
P. berghei ANKA (18.78, 5254), P. chabaudi (18.97, 5364), P. cynomolgi strain B
(26.18, 5776), P. falciparum IT (22.98, 5699), P. knowlesi strain H (24.40, 5483), P.
reichenowi CDC (23.92, 6069), P. vivax Sal-1 (27.01, 5626), P. yoeliiyoelii 17X (22.76,
6102), P. gallinaceum 8AP (16.93, 18) P. yoeiiyoelii 17XNL (22.94, 7774), and P.
yoeliiyoelii YM (22.03, 5833) (PlasmoDB, 2019). Out of these species, P. falciparum

and P. vivax Sal-1 are the only ones with established SNPs in their genomes.
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Comparison of the genome sizes indicates that Plasmodium species have highly variable
genome sizes (16.93-27.01 Mb) and total genes (4951-7774 genes).

Sequencing of Plasmodium species has inspired numerous studies aimed at
understanding the genomic structure and functions of diverse genes and proteins.
Evolutionary studies established that P. reichenowi and P. gaboni, which are species that
infects chimpanzees, are ten times more diverse than those affecting humans
(Sundararaman et al., 2016). Development of drugs and vaccines rely on sequences of
Plasmodium species as molecular targets (Arama & Troye-Blomberg, 2014). The
development of vaccines originated from assembled and annotated sequences of
Plasmodium species (Okie, 2005; Hermsen et al., 2006; Foquet et al., 2014; Ogutu et al.,
2009; Goncalves & Hunziker, 2016). As the study aims to characterize Pfgdvl
(PF3D7_0935400) and Pfap2g (PF3D7_1222600) genes, P. falciparum 3D7 is essential
because it acts as a reference genome in SNPs analysis, protein structure prediction, and
protein-ligand docking. Researchers identified Pfgdvl by observing that expression
levels of gametocytogenesis early genes of gametocyte-producing lines (3D7.G+) was
ten-fold higher than that of gametocyte-deficient lines (3D7.G-) of Plasmodium (Eksi et
al., 2012). Pfap2g was identified by genome-wide analysis, which indicated that F12
and A4 lines of 3D7 have mutations in the DNA-binding domains; hence, making them

lose their transcription function (Kafsack et al., 2014; Campino et al., 2016).

2.4 Vaccine Development

The increasing trends of resistance to anti-malarial drugs and advancements in malaria
research have led to the search of a vaccine. Fundamentally, vaccine development
expands interventions aimed at eradicating malaria as the discovery of novel drugs as
continually resulted in the evolution of malaria parasite and development of resistant
strains (Lu et al., 2015). The development of vaccine against malaria is a complex
process because sporozoites evade immune responses of the body by changing their

antigenic properties (Arama & Troye-Blomberg, 2014). For P. falciparum to complete
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its life cycle, it lives in five varied tissues and undergoes ten morphological changes that
affect its antigenic properties (Mackinnon & Marsh, 2010) (Figure 2.2).
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Transmission-Blocking Vaccines

Figure 2.2: Vaccine target areas in the life cycle of the malaria parasite (Carter et
al., 2000).
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In this view, efforts of vaccine development focus on diverse antigenic properties with a
view of ensuring that malaria parasites do not evade the immune responses of the body.
Vaccines designed or under design focus on three distinct stages of Plasmodium,
namely, pre-erythrocytic stage, erythrocytic stage, and sexual stage (Arama & Troye-
Blomberg, 2014). These three distinct stages have resulted in the development of pre-
erythrocytic vaccines, erythrocytic vaccines, and transmission-blocking vaccines (TBVs)
(Figure 2.2).

2.4.1 Pre-Erythrocytic Vaccines

Pre-erythrocytic vaccines target the development of malaria parasites in the hepatocytes.
These vaccines target this stage because it is the early stage of development, which is
not pathogenic and easy to disrupt. The pre-erythroytic stage is a robust therapeutic
target for both drugs and vaccines because it is the earliest stage of malaria parasites in
the human body (March, 2013). In this stage, infected anopheline mosquito bites and
injects sporozoites into the liver via the bloodstream. In the liver, sporozoites grow,
replicate, and develop into merozoites, which invade erythrocytes and cause febrile
waves of malaria. Vaccines that target pre-erythrocytic stage comprise circumsporozoite
protein and killed sporozoites (Okie, 2005). Recent advances in the development of pre-
erythrocytic vaccines have yielded RTS,S (Mosquirix), which is an approved malaria
vaccine made of a portion of circumsporozoite protein combined with hepatitis B virus
surface antigen (HBsAQ) to form a recombinant protein (Arama & Troye-Blomberg,
2014). As the mechanism of action, RTS,S boosts humoral and cellular immune
response by stimulating production of CD4" T-cell against circumsporozoite protein
(Foquet et al., 2014). Consequently, the immune response disrupts merozoites in the
hepatocytes and thus prevents them from invading erythrocytes. A randomized clinical
trial of 447 children between the ages 5-17 months proved that RTS,S three-dose and
four dose vaccinations have efficacy of 28% and 36% respectively (Olotu et al., 2016).
Thus, RTS,S is effective in supplementing but not replacing standard interventions of

treating and controlling malaria.
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Further research has led to the discovery of other antigens that have the potential of
triggering an immense immune response and boosting immunity against Plasmodium
parasites. Cell-traversal protein for ookinetes and sporozoites (CelTOS) is a unique
protein that is critical for the migration of malaria parasites in mammalian and vector
hosts (Kariu et al., 2006). Vaccines that target this protein prevent the migration of
sporozoites in the body resulting in the interference of the sporozoite growth and
development in hepatocytes. A comparative analysis of infectivity of malaria parasites
established that malaria parasites without CelTOs had 200-fold decrease in infectivity in
mosquito host and eliminated infectivity in human host (Kariu et al., 2006). Another
study performed to determine the effect of CelTOS vaccine on murine models
demonstrated that it induces significant protection against sporozoite growth and
development in hepatocytes (Bergmann-Leitner et al., 2011).

2.4.2 Erythrocytic Vaccines

Erythrocytic vaccines target the blood stages, which are mainly merozoites invading
erythrocytes and causing febrile waves, a major symptom of malaria infection. The
design of erythrocytic vaccines aims to elicit immune responses that are anti-invasion
and anti-pathogenic (Arama & Troye-Blomberg, 2014). The rationale of the design is
that anti-invasion responses hinder merozoites from invading erythrocytes while anti-
pathogenic responses prevent merozoites from growing and developing in erythrocytes.
Established blood erythrocytic antigens are erythrocyte-binding antigen (EBA-17) (EI
Sahly et al., 2010) serine repeat antigen 5 (SERAS), apical membrane antigen 1 (AMA
1) (Schussek et al., 2013), merozoite surface protein (MSP) (Esen et al., 2009), and
glutamate-rich protein (GLURP) (Hermsen et al., 2007; Esen et al., 2009). These
erythrocytic antigens are under clinical trials and the findings are yet to prove the
effectiveness of their respective vaccines in preventing growth and development of
malaria parasites. Researchers recommend consideration of polymorphism of different

antigens in the design of cross-reactive vaccine constructs, which trigger extensive
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immune responses that cover wide genetic diversity of malaria parasites (Arama &
Troye-Blomberg, 2014).

Far-reaching research on erythrocytic vaccines specific to P. falciparum has led to the
discovery of novel vaccine candidates. Bustamante et al. (2013) demonstrated that
reticulocyte binding protein homolog 5 (PfRH5), which is a homolog of reticulocyte
binding like proteins (RBLs) is critical in erythrocyte invasion, triggers immune
response that generates antibodies against Plasmodium parasites expressing these
proteins. Fundamentally, the basigin-PfRH5 interaction is feasible in all strains of P.
falciparum, and thus, a potential candidate of cross-reactive vaccine (Crosnier et al.,
2011). Moreover, PfRH5 is an effective erythrocytic vaccine candidate because it
induces cross-strain antibodies against Plasmodium parasites (Douglas et al., 2011).
Further studies also established that rhoptry-associated leucine zipper-like protein 1
(RALP1) as a possible vaccine candidate. RALPL1 is essential for erythrocytic survival of
P. falciparum for it is found in the rhoptries of merozoites and schizonts in the blood
sampled in Mali and Thailand (Ito et al., 2013). Therefore, PfRH5 and RALP1 are the
current erythrocyte vaccine candidates under investigation.

2.4.3 Transmission-Blocking Vaccines

Transmission-blocking vaccines (TBVsS) target human host-mosquito vector
transmission of malaria parasites by interfering with surface proteins of sexual stages of
malarial development, such as gametocyte, gamete, zygote, and ookinete. In essence, the
role of TBVs is to prevent transmission of malaria parasites, and thus, they do not
benefit infected individuals but uninfected individuals in a community. The development
of TBVs is essential because they are effective in the prevention of malaria transmission
in endemic regions (Carter et al., 2000). Surface proteins of gametocytes and gametes
include Pfs2400, Pfs48/45, Pfs230, Pfg27, Ps25, Ps28, Ps21, and chitinase are surface
proteins of ookinete and zygote (Goncalves & Hunziker, 2016). In their study to
determine immune response to Pfs25 proteins, researchers found out that nasal

immunization is effective against oocyst development because it triggers Thl and Th2

15



responses (Arakawa et al., 2005). Current studies explore the mechanisms of
gametocytogenesis with a view to identify key genes that regulate it and target them as
vaccine candidates (Filarsky et al., 2018; Duffy et al., 2018; Usui et al., 2019).
Therefore, optimization of these target areas through protein recombination and
exploration of other potential targets is essential to improve TBVs coverage of diverse

strains of malaria parasites.

2.5 SNPs and Targets for Vaccine Development

Genetic diversity is a critical factor that requires consideration in the development of
vaccines. Arama and Troye-Blomberg (2014) explain that a major challenge with the
development of vaccines is the diversity of the target antigens to elicit specific and
effective immune responses against malaria. Ajibaye et al. (2020) add that genetic
polymorphism reduces the efficacy of vaccines by altering antigenic epitopes. According
to Takala and Plowe (2009), the exploration of target genes is essential to enhance the
understanding of genetic diversity for rational vaccine deign. The analysis of genes aims
to identify conserved genes with constant protein structure and antigenic properties for
the immune response to be specific and effective against malaria (Conway, 2015). The
characterization of SNPs would determine if a certain target gene has conserved
sequences appropriate for vaccine design. Current researchers employ a combination of
molecular, epidemiological, evolutionary, population genetic, immunological, and
structural prediction tools in identifying polymorphism in target genes. In this case, the
study aimed to characterize SNPs, predict protein structures, and identify ligands of
Pfgdvl and Pfap2g.
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2.6 Gametocytogenesis

Gametocytogenesis is an integral stage in the life cycle of Plasmodium because it
determines the formation of gametes through the sexual development and influences the
proportion of merozoites that undergo the asexual development. In the erythrocytic
cycle, Plasmodium parasite encounters adaptive trade-off between the sexual
development to transmit to new human hosts and the asexual development to proliferate
within the host. Primarily, numerous factors influence sexual and asexual development
of merozoites in the human host. Biochemical pathways that lead to the production of
cAMP and phorbol esters mediate gametocytogenesis in P. falciparum (Campino et al.,
2016). In a study on the role of cGMP-dependent protein kinase (PKG), researchers
established that mosquito-derived chemicals, namely, xanthurenic acid and zaprinast,
stimulate gametocytogenesis (McRobert et al., 2008). In a bid to develop pure cultures
of gametocytes, a study identified heparin and N-acetylglucosamine as chemicals that
effectively stimulate gametocytogenesis and eliminate asexual development in an in
vitro environment (Miao et al., 2013). Thus, the literature shows that both in vivo and in

vitro chemical can stimulate or inhibit sexual and asexual development of P. falciparum.

Efforts to elucidate mechanisms of stimulation or inhibition of gametocytogenesis have
led to the establishment of genetic factors that mediate gametocytogenesis. Genomic
analysis has revealed numerous genes involved in the regulating of gametocytogenesis
and sex-specific gametocyte development (Josling & Llinas, 2015). Genes that have a
significant influence on gametocytogenesis are located on chromosomes nine and
twelve. PF3D7_0935400, a gene that codes for gametocyte development protein 1
(Pfgdvl), has been implicated in gametogenesis because its deletion results in the loss of
this function (Campino et al., 2016). Moreover, PF3D7-1222600, a gene that codes for
transcriptional factor (Pfap2g), is a mater switch that regulates gametocytogenesis
epigenetically. Evidently, Pfgdvl and Pfap2g are genes that stimulate
gametocytogenesis in P. falciparum (Eksi et al., 2012; Kafsack et al., 2014; Josling &
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Llinas, 2015; Campino et al., 2016). Thus, gene products of these genes stimulate
gametocytogenesis in P. falciparum.

2.7 Plasmodium falciparum Gametocyte Development 1

In 3D7 clone of P. falciparum, Pfgdvl is a gene involved in gametocytogenesis. The
location of this gene is the right arm of chromosome nine in the sub-telomeric region
(Campino et al., 2016). As this gene codes for Pfgdv 1 in P. falciparum, its deletion
results in the inability to form gametocytes while its complementation results in the
restoration of gametocyte formation. Comparative analysis of the phenotypic functions
of this gene shows that it stimulates gametocytogenesis in P. falciparum. Researchers
have designated Pfgdvl as a peri-nuclear protein that stimulates early sexual
development during gametocytogenesis (Eksi et al., 2012). Transcriptional analysis
revealed that clone lines without Pfgdv1 had greater than ten-fold down-regulation of the
expression levels in a set of early genes for gametocytogenesis (Pfge). The ten-fold
decline in expression levels of Pfge indicates that Pfgdvl has a significant role in the
stimulation of gametocytogenesis. In elucidating the mechanism, recent studies
established that Pfgdvl antagonizes the effect of heterochromatin protein I in silencing
the expression of genes, including Pfap2g and Pfge, resulting in their derepression and
gametocytogenesis (Filarsky et al., 2018; Rea et al., 2018). Successive accumulation of
Pfge during erythrocytic replication of P. falciparum amplifies gametogenesis, and thus,

promotes transmission of malaria.

2.8 Plasmodium falciparum Apetala2-G

Pfap2g (PF3D7_1222600) is another gene of interest involved in gametocytogenesis in
P. falciparum. This gene encodes for Pfap2g protein, which is a DNA-binding protein
involved in gametogenesis. Furthermore, researchers describe Pfap2g as a DNA-binding
protein and a master regulator of gametocyte development first discovered in protozoan
parasites (Kafsack et al., 2014). Pfap2g is a transcriptional factor that stimulates
gametocytogenesis by binding to specific sequences located in the 5’upstream location

and triggers transcription process leading to early gametocyte differentiation (Campino
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et al., 2016; Bechtsi & Waters, 2017; Filarsky et al., 2018; Rea et al., 2018). In
describing Pfap2g, researchers found out that it exhibits genetic diversity among
different isolates obtained across the globe, and its expression levels showed a strong

correlation with the rate of gametogenesis in P. falciparum (Kafsack et al., 2014).
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CHAPTER THREE

METHODOLOGY
3.1 Research Design
The study comprised of fieldwork (case-only design), laboratory research (experimental
design), and bioinformatics analysis (in-silico design). The study employed case-only
research design in field investigations since blood samples for the study were collected
from individuals with malaria. The case-only design is a relevant approach because it
does not require controls, and thus, appropriate in determining polymorphism amongst
organisms in their native environment (Hassanzadeh et al., 2012). In the laboratory
research, genomic DNA was isolated from blood samples, followed by amplifications of

target genes (Pfgdvl and Pfap2g) of P. falciparum, and sequencing of amplicons.

3.2 Ethical Consideration

Ethical clearance was obtained from the Institutional Research and Ethics Committee
(IREC) of Moi University College of Health Sciences (MU/CHS) and Moi Teaching &
Referral Hospital (MTRH). The ethical approval letter (IREC/2017/41) is in Appendix I.
Collection of blood samples was done by qualified technicians and technologists. To
comply with ethical requirements, the study informed the patients regarding the
objective of the study, allowed voluntary participation, and kept information confidential
and private. During sample collection, the study administered written informed consent
form (Appendix I1) to patients requesting them to donate their blood samples voluntarily
without coercion and enticement. The shared data were coded to guarantee
confidentiality and privacy, and the principal investigator only had access to sensitive

information of patients.
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3.3 Study Sites

The collection of malaria blood samples was done in Baringo County Referral Hospital
(0.48N, 35.74E), Uasin Gishu County Hospital (0.51N, 35.27E) and Kapsabet County
Referral Hospital (0.20N, 35.10E) (Figure 3.1). The laboratory work was carried out at
the Biochemistry Laboratory, and Molecular Biology and Biotechnology Laboratory of
PAUSTI in JKUAT. Amplicons were shipped to Macrogen Europe at the Netherlands
for sequencing using the Sanger technique.

v

Figure 3.1: Kenyan map showing sampling sites: Kapsabet County Referral
Hospital (KCRH), Uasin Gishu County Hospital (UGCH), and Baringo County
Referral Hospital (BCRH) (National Geographic Society, 2019).

3.4 Sampling of Participants
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The study used the stratified purposeful sampling method to select a representative
number of patients with malaria and obtain blood samples from them. As the North Rift
comprises an epidemic region of malaria due to human interactions, seasonal rains,
warm temperatures, and favorable ecological conditions, the study stratified the sample
of 30 patients into three sampling sites, namely, Baringo County, Uasin Gishu County,
and Nandi County. The study utilized the following formula in calculating the sample
size of target patients with malaria who presented at respective hospitals (Cochran,
2007).

Sample size (n) = —e—
1+|:h—,_'_,|

ZEPQ _ 1.95% x0.4%0.6
ME? .12

Where: S = =922

N = target population of 42 patients in two weeks

Z = Confidence level of Z-score at 95% (1.96)

P = proportion of patients in the age group 20-45 years (0.4)
Q = Proportion of patients not in the target age group (0.6)

ME = Margin of error of 10%

. 52.2 92.2x42 3872.4
Therefore, the sample size, N = —eg- = == = = 29.1 (at least 30)
1+ e ) 42+91.2 133.2

Based on stratification, the study used selected 10 patients with malaria from each of the
three strata. As the study aimed to determine polymorphism among different isolates,
blood samples were obtained from patients with malaria who attended Baringo County
Referral Hospital, Uasin Gishu County Hospital, and Kapsabet County Referral
Hospital. The inclusion criteria of the participants were patients diagnosed with malaria
aged between 20 and 45 years. The study excluded pregnant women, people with mental

illnesses, and prisoners because they are members of the vulnerable populations.
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3.5 Sample Collection

The sampling of participants commenced once qualified medical laboratory technicians
and technologists of respective hospitals confirmed the positive diagnosis of malaria
among patients. In this view, the researcher recruited medical laboratory technicians and
technologists who aided in the diagnosis and determination of parasitaemia using the
conventional light microscopy. Moreover, rapid diagnostic kits (Paracheck) were used to
confirm positive diagnosis of malaria (Orchid Biomedical Systems, Goa, India) (Proux
et al., 2001). The study employed microscopy standards in detection and identification
of Plasmodium parasites (Giemsa stained thin blood film), as well as quantification
(Giemsa stained thick blood film) using assumed 8000 white blood cells per microliter
(Adu-Gyasi et al., 2015). Thick smear of blood was prepared and left to dry in air,
stained with Giemsa stain for 15 minutes, and rinsed to remove excess stain.
Subsequently, examination of the thick smear using microscope and counting the
number of parasites in every 200 white blood cells was performed and used in

determination of paracetaemia.

After the administration of written informed consent, qualified technicians obtained
malaria blood from sampled patients. The blood specimens (2-4 ml) were collected
through venipuncture, stored in EDTA vacutainers (Becton Dickinson, Franklin Lakes,
NJ), preserved at -4 °C during transport, and stored at -20 °C awaiting DNA extraction.
Moreover, duplicate samples were preserved as dried blood spots (DBS) on 903
Whatman card (GE Healthcare, Cardiff, UK), put in zip-lock bags, kept desiccated and
transported at ambient temperature, and eventually stored at -20 °C in the laboratory
awaiting analysis (Griner et al., 2015). Appendix C provides details of malaria blood

samples collected.

Descriptive analysis was employed to describe blood samples collected. Frequencies
were used to examine the distribution of patients based on study sites, gender, and age

groups. Measures of dispersion and central tendency were used to describe blood
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volume collected and parasitaemia. In this view, tables and graphs were used to present

descriptive statistics of samples.

3.6 Primer Design

Primers targeting the two genes (PF3D7_0935400 and PF3D7_1222600) were designed
using Primer3Plus (Untergasser et al., 2007). The primer sizes were set between 18 bp
and 22 bp with optimum sizes of 20 bp. The melting temperatures of primers were set
between 50 °C and 60 °C with optimum temperatures of 55 °C. Since Plasmodium
genome is AT-rich, GC content of the primers were set at an optimum value of 45% and
ranged from 36% to 50%. Suitability of the designed primers was checked with
Sequence Manipulation Suite (Stothard, 2000). Based on statistics, primers without
hairpin formation, self-annealing, single-base runs, and dinucleotide-base runs, but with
substantial GC content, appropriate melting temperatures, and GC clamp were selected.
The control primers for detection of P. falciparum DNA targeted a highly conserved 18S
rRNA gene (M19173) (Mangold et al., 2005). Summary of characteristics of primers

used in the study are available on Table 4.3

3.7 Extraction of DNA

DNA was extracted from the 30 malaria blood samples using QlAamp DNA Mini Kit®
(Cat N0.51304) by following manufacturer’s protocol (Qiagen, 2016). Malaria blood
samples in EDTA vacutainer tubes that have been stored at freezing conditions were
thawed and mixed before pipetting 200 pul of each sample into 1.5 ml Eppendorf tubes.
Subsequently, 20 ul of Qiagen protease (Proteinase K) was added into respective
Eppendorf tubes and mixed thoroughly by vortexing. To lyse the cells and release the
genetic material, 200 ul of lysis buffer (AL) was added into mixture and vortexed to
form a homogenous solution and guarantee efficient lysis. The mixtures in Eppendorf
tubes were incubated for 15 minutes in a water bath set at 56 °C after which they were
centrifuged using MIKRO 220 Model (Hettich, Westphalia, Germany) for 1 minute at
6,000xg to settle droplets in the lid. To precipitate genetic material, 200 pl of absolute
ethanol (96-100%) was added to the mixture, vortexed for 15 seconds, and centrifuged
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for 1 minute at 6,000xg settle droplets inside the tube. The mixture was then added
carefully into spin column in 2ml collecting tube and centrifuged at 6,000xg for 1
minute. The filtrate collected was discarded with the collecting tube and replaced with a
clean one. The precipitated DNA in the spin column was purified twice by washing with
buffers AW1 and AW2. Specifically, 500 ul of buffer AW1 was added into the spin
column and centrifuged at 20,000 g for 1 minute to clear proteins and the filtrate
discarded. Next, 500 pl of buffer AW2 was added into the column and centrifuged at
6,000xg for three minutes to clear salts and the filtrate discarded.

To prevent contamination by ethanol in buffer AW2, the spin column was placed in a
clean spin column and centrifuged for 1 minute at 20,000xg. The remaining filtrate was
discarded and the spin column was placed in Eppendorf tube (1.5 ml) for elution of
DNA. To avert the effects of EDTA on amplification reactions, the spin column was
incubated with 200 ul of nuclease-free water for 10 minutes to increase DNA vyields at
room temperature (15-25 °C). Eventually, the DNA was collected by centrifuging
incubated spin column for 1 minute at 6,000%g. The quality and quantity of the extracted
DNA were checked using Nanodrop spectrophometer (PCRmax Lambda) (Desjardins &
Conklin, 2010) and 1% agarose gel electrophoresis. The extracted DNA samples were

stored at -20°C to preserve them as they awaited amplification.

3.8 Target Amplification

The sections of target genes (PF3D7_0935400 and PF3D7_1222600) were amplified
using the designed primers and 2X master mix (Thermo Scientific Phusion High-Fidelity
PCR Master Mix with GC Buffer) (Thermo Fisher Scientific, 2018). The presence of
Plasmodium DNA was detected using consensus primers (Mangold et al., 2005), which
target 18S rRNA (PL1473F18 [5’-TAACGAACGAGATCTTAA-3’ and PL1679R18

[S’-GTTCCTCTAAGAAGCTTT-3"]. The final volume of reaction (20 ul) constituted of
10 pl of the master mix, 1 ul of forward primer (10uM), 1 pl of reverse primer (10 uM),
6 ul of nuclease-free water, and 2 pl genomic DNA (Mean = 30.27 ng/ul). PCR
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conditions for detecting Plasmodium DNA were initial denaturation of 98 °C for 30
seconds, denaturation of 98°C for 10 seconds, annealing of 54 °C for 30 seconds,
extension of 72 °C for 30 seconds, and final extension of 72 °C for 10 minutes.
Following confirmation of the presence Plasmodium DNA, target genes were

subsequently amplified.

The first fragment of PF3D7_0935400 (1306bp) was amplified with forward primer
(PF400 50F [5’-GTAGGCGTCGAAATAGTGCT-3’]) and  reverse  primer
(PF400_1355R  [5’-TCAGGATGTGTTATGGTATC-3’]). To obtain adequate
amplicons for qualitative and quantitative analysis, as well as sequencing, 50 pl was the
final volume of each reaction. The final volume comprised 25 ul of the master mix, 2.5
ul of forward primer (10 uM), 2.5 ul of reverse primer (10uM), 15 ul of nuclease-free
water, and 5 pl genomic DNA (M = 30.27 ng/ul). The PCR conditions commenced with
an initial denaturation at 98 °C for 30 seconds, then 35 thermal cycles of denaturation at
98 °C for 10 seconds, annealing at 54.5 °C for 30 seconds, and initial extension at 72 °C
for 1 minute, and eventually a final extension at 72 °C for 10 minutes. The second
fragment of PF3D7_0935400 (650 bp) was amplified with forward primer
(PF400_1081F [5-GGTATTCCTGTTGTTATGAG-3’] and reverse  primer
(PF400 1731R [5’-AGAAGATGATGAATGCTGACG-3’]. Similar thermal cycling
conditions with the annealing temperature of 57.5 °C for 30 seconds were used in
amplification of the fragment. A fragment of PF3D7_1222600 was amplified with
forward primer (PF600_5662F [5’-GTGTACGGGTAATAAATAAAG-3’]) and reverse
primer (PF600 6002R [5-TCGTTGCTGTTATTGTTG-3’] with the same PCR
conditions with annealing temperature of 55 °C. Nanodrop-spectrophometer and 2%
agarose gel electrophoresis were used to determine the quality and quantity of
amplicons. Moreover, the amplicons were stored at -20 °C to preserve them pending

purification and shipment for sequencing.
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3.9 Purification of Amplicons

PCR products were purified using QIAquick PCR Purification Kit according to
manufacturer’s protocol (Qiagen, 2015). As the volume of PCR product was 50 pl, the
first washing procedure entailed the addition of 250ul of buffer PB (Guanidine
hydrochloride, 30% (v/v) isopropanol, and ethanol) and mixing them thoroughly in 1.5
ml Eppendorf tube for effective binding of DNA to the spin-column matrix. The mixture
was put into QIAquick spin column setup to bind DNA, and then centrifuged for 1
minute at 17,900 g and the eluent discarded. The second washing procedure comprised
addition of 750 ul of buffer PE (Tris-HCL in 80% ethanol) and centrifuged for 1 minute
and the filtrate discarded. To ensure thorough washing, the same procedure in the second
wash was repeated and spin-column centrifuged for additional minute to eliminate traces
of buffer. DNA in the column was added 35 pl of nuclease-free water and left to stand
for 5 minutes before elution. The purity of the DNA washed was checked using 2%
agarose gel electrophoresis. Purified PCR products were put in 96-well plate at 30 ul
volumes and shipped to Macrogen Europe, Amsterdam the Netherlands for Sanger

sequencing.

3.9 Retrieval and Processing of Sequences

Secondary sequences were retrieved from PlasmoDB, which has 218 isolates of P.
falciparum (Aurrecoechea et al., 2009; PlasmoDB, 2019). Moreover, in the analysis of
data in the database, the search strategy entailed selection of SNPs based on gene
identifications and selecting those with over 85% base call, 80% read frequency, and 2%

minor allele frequency.

Raw sequence data in the form of chromatograms (abl files) were edited and contiguous
sequences of reverse and forward sequences, as well as overlapping sequences, were
created using ChromasPro (Technelysium Pty Ltd, 2018). A new project was created in
ChromasPro, chromatogram files uploaded into the project. Low-quality regions on both
ends of chromatograms were trimmed in all sequences. Reference sequence of 3D7

strain was uploaded into ChromasPro to allow it perform contiguous assembly.
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Contiguous sequences of forward sequence and reverse-complement sequences for
overlapping sequences were created through the sequence assembly. Visual inspection
of chromatograms was done to resolve ambiguities in contiguous sequences based on
base-call quality scores. Contiguous sequences created were saved in multifasta format

for further bioinformatics analysis.

3.10 Detection of Synonymous and Non-synonymous SNPs

Multiple sequence alignment (MSA) was done to detect single nucleotide
polymorphisms (SNPs). Nucleotide sequences of primary and secondary data were
aligned using MUSCLE in MEGA X, and then visually inspected to identify SNPs
(Edgar, 2004; Kumar et al., 2018). Furthermore, the aligned sequences were translated
into amino acid sequences using the standard genetic code in MEGA X (Kumar et al.,
2018) and visualized in Jalview (Jalview, 2018) to differentiate between synonymous
and non-synonymous SNPs, along with conservative and non-conservative mutations.
The findings of SNPs were tabulated to indicate CDS positions, major alleles, minor

alleles, phenotypes, and effects on amino acids.

3.11 Selection Analysis

In selection analysis, Tajima’s D in MEGA X was used to determine if these SNPs
exhibit neutrality in their occurrence (Tajima, 1989; Kumar et al., 2018), while SLAC
(http://datamonkey.org/slac) (Pond & Frost, 2005) was used to calculate the rates of non-
synonymous changes (dN) and synonymous changes (dS). Both the primary data and the

secondary data of Pfdvl and Pfap2-g genes were used in the selection analysis.

3.12 Protein Structure Prediction

The primary structure of protein sequences was analyzed using Protparam, which is a
web-based program at ExPASy that predicts physical and chemical properties
(https://web.expasy.org/cgi-bin/protparam/protparam) (Gasteiger et al., 2003). The

program predicts molecular weight, theoretical isoelectric point, amino acid
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composition, grand average of hydropathicity (GRAVY), estimated half-life, extinction
coefficient, instability index, and aliphatic index.

RaptorX-Property (http://raptorx.uchicago.edu/StructurePropertyPred/predict/) was used
to predict the secondary structure of protein sequences (Wang et al., 2016). The
webserver predicts 3-state secondary structure (3SS), 8-state secondary structure (8SS),

solvent accessibility (ACC), and disordered regions (DISO).

InterPro version 71 was used to predict the location of domains of primary and
secondary protein sequences of Pfdvl and Pfap2g genes (European Bioinformatics
Institute, 2018). InterPro searches integrated databases using InterProScan and offers
predictive information such as domains, functional sites, and families (Mitchell et al.,
2018). Subsequently, the study used SWISS-MODEL (https://swissmodel.expasy.org/) to
perform homology modeling to predict 3D protein structure (Swiss Institute of
Bioinformatics, 2018; Waterhouse et al., 2018). However, due to low-homology between
the target and template sequences, it was not feasible to use SWISS-MODEL in
modeling the proteins. Effective prediction of protein structure requires the sequence-
template identity of more than 30%, which is a threshold for homology modeling
(Xiang, 2006; Peng & Xu, 2011; Sensoy et al., 2017). Evidently, the identity of both
amino acid sequences was less than 25%, and thus, not appropriate in modeling tertiary

structure of proteins.

To overcome the challenge of low-homology, protein threading was used to predict the
tertiary  structure of amino acid  sequences.  Specifically,  RaptorX
(http://raptorx.uchicago.edu/StructurePrediction/predict/) and  Iterative  Threading
Assembly  Refinement  (I-TASSER), which are  server-based  software
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/), were used to model the structures
of target amino acid sequences. RaptorX has the capacity to predict both secondary and
tertiary structures of proteins using protein-threading approach and advanced

probabilistic alignments (Peng & Xu, 2011; Kallberg et al., 2012). As the leading protein
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structure prediction method in community-wide experiments as evidenced in Critical
Assessment of Structure Prediction (CASP) of 2012 (CASP10), 2014 (CASP11), and
2016 (CASP12), I-TASSER is an appropriate method (Yang & Zhang, 2015a, 2015b;
Yang et al., 2016). The three major steps of I-TASSER are multiple identifications of
structural templates, iterative assembly of structures, and annotation of functions based
on structures (Zhang, 2009; Roy et al., 2012; Yang & Zhang, 20153, 2015b;). I-TASSER
uses the first 10 leading templates generated by protein threading and provides the five
leading models (Appendices V and VI). The predicted 3-dimensional models of proteins
were visualized using Jmol and relevant regions highlighted using console scripts. The
global and local accuracy estimations of the model were validated using b-factor profile
(BFP) and residue-specific quality (ReSQ) (Yang et al., 2016).

In the analysis of the effect of SNPs on the predicted protein structure, the study
employed STRUM. From the perspective of thermodynamics, STRUM determines the
stability of a protein using Gibbs-free-energy (G). STRUM first determines the
difference between Gibbs-free-energy of folded (Gs) and unfolded (G,) (AG = G, — Gy),
and then the difference between AG of wild type and mutant protein structure (AAG =
AGn— AGy) (Quan et al., 2016). The rationale for STRUM is that SNPs affects protein
stability by reducing free energy difference between fold and unfold conformations of
protein, and thus, AAG less than zero implies that the mutation destabilizes protein

structure.

3.13 Protein-Ligand Docking

Protein-ligand docking was performed using the consensus approach called COACH,
which is a server-based algorithm. COACH employs both threading models (TM-SITE)
and sequence alignments (S-SITE) in predicting ligand-binding sites (LBSs) of proteins
(Yang et al., 2013b). TM-SITE and S-SITE derive LBSs from BioLip, which is a highly
curated database of established protein-ligand interactions obtained from Protein Data
Bank (PDB) (Yang et al., 2013a, 2013b; Wu et al., 2018). Moreover, the study utilized
COFACTOR in identifying protein functions based on LBSs, gene ontology (GO), and
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enzyme commission (EC) (Roy et al., 2012; Zhang et al., 2017). Therefore, results
generated by COACH and COFACTOR (Appendices G and H) provide comprehensive

information regarding ligands and binding sites for robust protein-ligand docking.
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CHAPTER FOUR
RESULTS
4.1 Description of Samples

The study analyzed data from 30 samples of blood obtained from malaria patients
(Females =18, Males = 12), 10 samples from Baringo County Referral Hospital (B1-10),
10 samples from Uasin Gishu County Hospital (U1-10), and 10 samples from Kapsabet
County Referral Hospital (N1-10) (Table 4.1). The raw data of samples collected are
available in Appendix Il1.

Table 4.1: Characteristics of malaria patients and samples collected

Statistics Age Blood volume drawn (ml) Parasitaemia
(p/m)

Mean 30.47 2.35 29060.67

Standard Deviation 511 0.59 22920.31

Range 19.00 2.50 74960.00

Minimum 21.00 1.50 5040.00

Maximum 40.00 4.00 80000.00

Count (N) 30.00 30.00 30.00

Groups Frequency Percent (%) M=SD (p/pl) Significance

Females 18 60 26434+19020.28 F(1,28) = 0.582,
p =0.452

Males 12 40 33000+£27317.04

20-25 Years 6 20 37846+26433.69 F(3,26) = 1.339,

26-30 Years 8 26.7 20542+9792.89 p=0.283

31-35 Years 10 33.3  23960+19465.42

36-40 Years 6 20 40133+33527.06

Baringo 10 33.3 39164+21733.83 F(2,27) =1.712,

County p =0.200

Uasin Gishu 10 33.3  20984+19020.28

County

Nandi County 10 33.3  27034+25848.98

The ages of patients ranged from 21 to 40 years (M = 30.47, SD= 5.11) with the highest
proportion of patients (33.3%) in the age group of 31-35 years, followed by 26.7% in
age group of 26-30 years and 20% in both age groups of 20-25 years and 36-40 years
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(Table 2). Blood volumes withdrawn from patients fluctuated from 1.5 ml to 4 ml (M =
2.35, SD = 0.59) and parasitaemia varied from 5040 to 80,000 parasites/ul (M =
29,060.67, SD = 22,920.31) (Table 4.1). Differences in the levels of parasitaemia were
statistically insignificant by gender, age groups, and study sites (p > 0.05).

Age group comparisons of parasitaemia exhibited positive skew in the distribution with
the most variation occurring among patients in the group of 36-40 years followed by
those in 20-25 years (Figure 4.1). In contrast, patients in the age group of 26-30 years
had the lowest variation in the distribution of parasitaemia, while those in the age group

of 31-35 years had a moderate variation (Figure 4.1).
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Figure 4.1: The distribution of parasitaemia levels of 30 patients according to study
sites and gender (A) and age groups (B)

Comparisons of parasitaemia based on gender and study sites depicted disparities in
distributions (Figure 4.1). In samples from Baringo County, the distribution of
parasitaemia exhibited positive skew with similar range of variation in both genders, but
males had a higher median than females. A considerable difference exists in the
distribution of parasitaemia in samples from Uasin Gishu because females had a higher

median and variation than males. Contrastingly, in samples from Nandi County, males
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had a lower median and variation than females. Overall, the distributions of parasitaemia
displayed positive skew with the highest median in Baringo followed by Nandi County
and Uasin Gishu.

4.2 Quantity and Quality Extracted Genomic DNA

The quantity and quality of DNA samples (n = 30) extracted from malaria blood samples
were recorded. The quantity of extracted DNA samples ranged from 8.206 ng/ul to
61.73 ng/ul with a median of 29.260 ng/ul (M = 30.256, SD = 13.084) (Table 4.2). The
analysis of the purity of DNA (260nm/280nm) indicates that the ratio ranged from 1.714
to 2.176 with a median of 1.937 and mode of 2.000 (M = 1.957, SD = 0.132) (Table
4.2). Essentially, the quantity and quality of DNA extracted from blood were adequate
and pure for PCR.

Table 4.2: Description of the DNA quantity, absorbance, and purity of DNA

DNA

Quantity Absorbance  Absorbance  The purity of DNA
Statistics (ng/ul) at 260nm at 280 nm (260nm/280nm)
Mean 30.256 0.030 0.015 1.957
Median 29.260 0.029 0.015 1.937
Standard
Deviation 13.084 0.013 0.006 0.132
Minimum 8.206 0.008 0.004 1.714
Maximum 61.730 0.061 0.029 2.176
Sum 907.666 0.906 0.462 58.703
Count 30.000 30.000 30.000 30.000
Confidence
Level (95.0%) 4.886 0.005 0.002 0.049
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4.3 Primers Designed

The designed primers were tabulated to depict genes targeted, identification numbers

(ID), primers designed, primer sizes, target regions, and product sizes (Table 4.3).

Table 4.3: Attributes of primers designed

. Product
. GC Tm  Size  Target .
Gene Name Gene ID Primers . Sizes
(%) (°C) (b) Region
(bp)
>PF400_50F
GTAGGCGTCGAAATAGTGCT 50.0 57.1 20 50
1306
Gametocyte
>PF400_1355R
development >PF3D7_0935400 40.0 53.8 20 1355
. TCAGGATGTGTTATGGTATC
protein 1 (1800bp)
>PF400_1081F
(GDV1) 40.0 54.0 20 1081
GGTATTCCTGTTGTTATGAG 650
>PF400_1731R
43.0 57.9 21 1731
AGAAGATGATGAATGCTGACG
o >PF600_5662F
Transcription
. GTGTACGGGTAATAAATAAAG 36.4 52.6 22 5662
factor with PF3D7_1222600 21
AP2 domains (7299bp)
>PF600_6002R
(AP2-G) 38.9 51.2 18 6002
TCGTTGCTGTTATTGTTG
>PL1473F18
Pf 18S rRNA 33.3 52.9 18 1473
TAACGAACGAGATCTTAA
(Positive M19173.1 (2040bp) 224
>PL1679R18
Control) 38.9 53.8 18 1679
GTTCCTCTAAGAAGCTTT

4.4 Fragment Sizes of PCR Products
PCR products were resolved on 2% agarose gel electrophoresis and fragment sizes were
1306bp, 650bp, and 341bp fragments as expected (Figure 4.2). In silico PCR indicated

that the expected sizes of Pfgdvl gene are 1306bp fragment for coding region (50 to
1355) and 650bp fragment for the coding region (1081 to 1731), whereas the expected

size of the most polymorphic site of Pfap2g is 341bp.
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Figure 4.2: PCR products of amplified target regions of P. falciparum genes
resolved on 2% agarose gel electrophoresis. L: 1kb DNA ladder (O’GeneRuler),
PF1306: 1306 bp targeted size of amplicon, PF650: 650bp targeted size of amplicon,
PF341: 341 bp targeted size of amplicon, P224: 224bp size of positive control, N:
negative control.

4.5 PCR Products of Target Genes

4.5.1 The First Fragment of Pfgdvl

The resolution of amplicons on 2% agarose gel electrophoresis gave the expected size of
1306 bp falling between 1000 bp and 1500 bp of 1Kb DNA ladder (Figure 4.3). Since
bands of 30 samples and positive controls have clear and uniform sizes, it implies that

the primers were specific to the target region of Pfgdv1.
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B1-B10

Figure 4.3: Amplicon size of 1306 bp amplified from Pfgdvl gene (Position 50-1355)
of P. falciparum resolved on 2% agarose gel electrophoresis. L: 1kb DNA ladder
(O’GeneRuler), Samples: B1-B10, U1-U10, and N1-N10. P: Positive control (3D7),
N: Negative control.

4.5.2 The Second Fragment of Pfgdvl

The resolution of the second fragment of Pfgdvl in 2% agarose gel electrophoresis
generated the expected size of 650 bp, which appears between 500 bp and 750 bp bands
of 1Kb DNA ladder. The formation of clear and even bands for all the 30 samples and
positive control demonstrates that the primers used were specific to the target fragment
of Pfgdvl(Figure 4.4).
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Figure 4.4: Amplicon size of 650 bp amplified from Pfgdvl gene (Position 1081-
1730) of Plasmodium falciparum resolved on 2% agarose gel electrophoresis.
Labelling:- L: 1kb DNA ladder (O’GeneRuler), Samples: B1-B10, U1-U10, and N1-
N10. P: Positive control (3D7), N: Negative control.

4.5.3 Fragment of Pfap2g

PCR products generated from the most polymorphic fragment of Pfap2 were resolved on
2% agarose gel electrophoresis (Figure 4.5). The analysis of the amplicons shows that
they fall in the range of the expected size of 341 bp because they appear in between 250
bp and 500 bp bands of 1 kb DNA ladders. As the generated bands are clear and
constant across samples and positive control, it implies that primers used to amplify the

target region in Pfap2g are specific.
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Figure 4.5: Amplicon size of 341 bp amplified from Pfap2g gene (Position 5661-
6002) of P. falciparum resolved on 2% agarose gel electrophoresis. L: 1kb DNA
ladder (O’geneRuler), Samples: B1-B10, U1-U10, and N1-10. P: Positive control
(3D7), N: Negative control.

4.6 Sequences

4.6.1 Secondary Sequences

The secondary sequences of Pfgdvl and Pfap2 retrieved from PlasmoDB
(www.plasmodb.org) are for 216 isolates from various countries across the world. Most
sequences were obtained from 70 isolates (32.4%) of Senegal followed by 65 isolates
(30.1) of Gambia. Isolates of Mali were 23 (10.6%), while those of French Guiana
Region were 22 (10.2%) (Table 4.4). Isolates of Uganda constituted 5.1% (11), while
isolates of Brazil and Ghana comprised of 2.3% (5) and 1.4% (3), respectively.
Thailand, Laos, Honduras, and Cambodia had 2 (0.9%) isolates each. The remaining
isolates were from Viet Nam, Togo, Sudan, Kingdom of the Netherlands, Guinea, El
Salvador, Gabon, the Democratic Republic of Congo, and Kenya, which had an isolate

(0.5%) each, collectively representing 4.5% of the total population.
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Table 4.4: Geographical distribution of P. falciparum isolates in PlasmodDB

Percent Proportion of

Country Number of Isolates

Isolates
Senegal 70 32.4%
Gambia 65 30.1%
Mali 23 10.6%
French Guiana Region 22 10.2%
Uganda 11 5.1%
Brazil 5 2.3%
Ghana 3 1.4%
Thailand 2 0.9%
Laos 2 0.9%
Honduras 2 0.9%
Cambodia 2 0.9%
Viet Nam 1 0.5%
Togo 1 0.5%
Sudan 1 0.5%
Kingdom of the Netherlands 1 0.5%
Guinea 1 0.5%
El Salvador 1 0.5%
Gabon 1 0.5%
The Democratic Republic of 1 0.5%
Congo
Kenya 1 0.5%
Total 216 100%

4.6.2 Primary Sequences

Sequencing results (Appendix 1V) provided raw sequences (forward and reverse
sequences) in the form of chromatograms, which were used to generate primary
sequences. The processing of chromatograms generated 30 contiguous sequences from
forward and reverse raw sequences of two fragments of Pfdvl. Moreover, the processing

of chromatograms generated 30 contiguous sequences from forward and reverse

sequences of Pfap2g genes.

40



4.7 Single Nucleotide Polymorphisms

4.7.1 SNPs of Pfgdvl Gene

Multiple Sequence Alignment (MSA) of secondary sequences for Pfgdv1 established the
existence of five SNPs (Table 4.5). Additionally, MSA of primary sequences of Pfgdvl
corroborated the existence of these five SNPs, namely, C650A, G1193A, C1249A,
T1491A, and A1542T (Table 4.6). These SNPs give rise to four non-synonymous
mutations (C650A, G1193A, C1249A, and T1491A) (Figure 4.8) and one synonymous
substitution (A1542T). The allelic distribution indicates that mutations of C650A,
C1249A, and A1542T form major alleles, whereas those of G1193A and T1491A
constitute minor alleles. Visualization of multiple sequence alignment shows that P217H
and H417N dominated all isolates of P. falciparum, while R398Q and D497E were
unique to those isolates obtained from Baringo and Uasin Gishu Counties,

correspondingly (Figure 4.6).
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Table 4.5: SNPs identified in Pfgdvl among secondary isolates

Alleles Products
CDS ) ] Protein ] ] % Strain
. Reference Major Minor . Major Minor Phenotype  Effects

Position Position Calls Count
A C non- non-

650 C 217 H P ] 87.6 207
(61%) (39%) synonymous conservative
G A non- non-

1193 G 398 R Q ) 83.9 205
(75%) (25%) synonymous conservative
A C non- non-

1249 C 417 N H ) 83.5 202
(82%) (18%) synonymous conservative
T A non- )

1491 T 497 D E conservative 89 208
(90%) (10%) synonymous
T A )

1542 A 514 S Null synonymous conservative 90.4 200

(74%)  (26%)
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Table 4.6: SNPs identified in Pfgdvl among primary isolates

Alleles Products
%
CDS ) ) Protein ) ) Isolate
o Reference Major  Minor o Major  Minor  Phenotype Effects Call
Position Position Count
S
A C non- Non-
650 C 217 H P ] 94 30
(63%)  (37%) synonymous  conservative
G A non- Non-
1193 G 398 R Q ) 94 30
(87%)  (13%) synonymous  conservative
A C non- Non-
1249 C 417 N H ] 94 30
(87%)  (13%) synonymous  conservative
T A non- )
1491 T 497 D E Conservative 94 30
(90%)  (10%) synonymous
T A )
1542 A 514 S null synonymous Conservative 94 30
(80%)  (20%)
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Figure 4.6: MSA visualized using Jalview to highlight four nsSNPs (P217H, R398Q, H417N, and D497E) in Pfgdvl
sequences generated from 30 primary isolates of P. falciparum (B1-B10, U1-U10, N1-N10) aligned to the reference
sequence (PF3D7).
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4.7.2 SNPs of Pfap2g gene

The multiple sequences alignment of the second gene, Pfap2g, showed the existence of
12 polymorphic sites of SNPs (Table 4.7). The 12 SNPs comprises 11 non-synonymous
and 1 synonymous with variation in the proportion of minor alleles ranging from 7% to
50%. Additionally, SNPs emanate from 7 transition mutations and 5 transversion
mutations on 62, 817, 2034, 3539, 4753, 4762, 4970, 5638, 5767, 5922, and 5955
positions on the coding sequence. A summary of MSA outcomes of Pfap2g sequences
are shown in the next page (Table 4.8)
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Table 4.7: SNPs identified in Pfap2g among secondary isolates

Alleles Products

CDSs Protein Strain

Position Reference Major Minor Position Major  Minor  Phenotype Effects % Calls Count
non- Non-

62 A G (74%) A (26%) 21 R K synonymous conservative 91.1 198
non- Non-

817 T C(89%) T (11%) 273 H Y synonymous conservative 96 198

2034 T T(92%) C((8%) 678 C null synonymous Conservative 97 197
non- Non-

2951 A A (55%) C (45%) 984 K T synonymous conservative 89.1 199
non- Non-

3539 G G (53%) A (47%) 1180 G E synonymous Conservative 86.6 194
non- Non-

4753 G G (92%) A (8%) 1585 G R synonymous conservative 95 197
non- Non-

4762 G G (93%) C(7%) 1588 E Q synonymous conservative 99 201
non- Non-

4970 A A(92%) T (8%) 1657 N | synonymous conservative 96.5 199
non- Non-

5638 G G (86%) A (14%) 1880 D N synonymous conservative 94.1 193
non- Non-

5767 G G (90%) A (10%) 1923 E K synonymous conservative 89.6 189
non- Non-

5922 A T (50%) A (50%) 1974 N K synonymous conservative 87.1 196
non- Non-

5955 C C (54%) A (45%) 1985 N K synonymous conservative 88.1 199
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MSA indicates that the most polymorphic region of Pfap2g ranges from 5630 to 6000 nucleotide positions with an insertion
and 4 SNPs (Table 4.8). The analysis of primary sequences shows that there is an insertion of codon (GAG) in all sequences
and SNPs of A5761G, G5770A, and C5958A (Table 4.8). Visualization of MSA depicts that the insertion (1920E) and
N1921D are present in all sequences, E1924K are evenly distributed in sampling sites, while K1975N and N1986K are

dominant in isolates from Baringo County (Figure 4.7).

Table 4.8: SNPs identified in Pfap2g among primary isolates

Alleles Products
Isolate
CDS Position Reference Major Minor Protein Position Major  Minor  Phenotype Effects Count
5758 - G
Non-
5759 - A - 1920 E null ] 30
conservative
5760 - G
G Non-
5761 A (97%) A (3%) 1921 D N non-syn conservative 30
G Non-
5770 G (90%) A(27%) 1924 E K non-syn conservative 30
Non-
5925 A T(83%) A(17%) 1975 N K non-syn conservative 30
A Non-
5958 C (80%) C (20%) 1986 N K non-syn Conservative 30
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Figure 4.7: MSA of Pfap2g visualized using Jalview to highlight insertion of 1920E, and four nsSNPs (N1921D,
E1924K, K1975N, and N1986K) in sequences generated from 30 primary isolates of P. falciparum (B1-B10, U1-U10,
N1-N10) aligned to the reference sequence (PF3D7).
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4.7.3 Effect of Non-synonymous Substitutions

The prediction of protein stability changes revealed that three out of four nsSNPs
influence the stability of Pfgdvl protein structure (Table 4.9). While P217H (ddG = -
2.22) has a destabilizing effect, D497E (ddG=1.62) and H417N (ddG = 0.92) have a
stabilizing effect on the protein structure. Since its Gibbs free-energy gap is close to
zero, R398Q (ddG = 0.07) has no considerable effect on the stability of protein structure.
Stabilizing effect means that a nsSSNP does not influence commitment to gametocytes,
while destabilizing effect implies that a nsSNP has a significant influence on gametocyte

development.

Table 4.9: Gibbs free-energy gaps (ddG) of nsSNPs in Pfgdvl

Position Wild Type Mutant Type ddG
217 P H -2.22
398 R Q 0.07
417 H N 0.92
497 D E 1.62

The analysis of energy changes due to 11 nsSNP on Pfap2g protein shows that all have
stabilizing effects since their Gibbs free-energy gaps are positive. Overall, Gibbs free

energy gaps ranged from 0.55 to 3.60 (Table 4.10).
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Table 4.10: Gibbs free-energy gaps (ddG) of nsSNPs in Pfap2g

Position Wild Type Mutant Type ddG
21 K R 2.97
273 Y H 2.71
984 K T 2.51
1180 G E 2.86
1585 G R 3.60
1588 E Q 0.55
1657 N I 2.62
1880 D N 2.10
1923 E K 1.85
1974 K N 0.62
1985 N K 1.49

4.8 Selection Analysis

4.8.1 Selection Analysis of Pfgdvl

The analysis of the four-polymorphic sites indicated that nsSNPs in Pfgdvl are under
significant selection (p = 0.007), leading to the rejection of the hypothesis of neutrality
(Table 4.11). Results for the primary data (n = 30) showed a positive Tajima’s D (0.209)
since observed variation (m = 0.0019) is more than expected variation (® = 0.0018),
which is statistically significant (p = 0.007). Additionally, results obtained from the
secondary data (n = 184) revealed a similar trend due to a positive Tajima’s D (0.929)
with observed variation (m = 0.0018) that is greater than expected variation (® =

0.0012).

50



Table 4.11: Results from Tajima’s neutrality test

M S ps ® I1 D
30 4 0.007 0.0018 0.0019 0.209
184 4 0.007 0.0012 0.0018 0.929

Abbreviations: m = number of sequences, S = number of polymorphic sites, ps = p-
value (S/n), ® = expected variation (ps/a;, z = observed variation (nucleotide
diversity), and D = the Tajima test statistic

SLAC shows that p.P217H is under the strongest positive selection in both the primary
(dN-dS = 361.68) and secondary data (dN-dS = 177.70) based on statistically significant
model of nucleotide substitution (The General Time Reversible) and stringent
significance level (p< 0.05) (Tables 4.12 and 4.13). Moreover, SLAC indicates that
R398Q and D497E are other nsSNPs that exhibit positive selection but not statistically
significant (p > 0.3). S514S is an nsynonymous SNP that is under negative selection
(dN-dS = -214.70).

Table 4.12: Selection analysis outcomes of primary data of Pfgdvl

Local Isolates (n = 30)

Partition Sites  Branches Branch Length Selected at p<0.05
Tested  Total  Tested % of total Total Positive Negative

1 561 15 15 0.00233  50.0% 0.00466 1 0

DN/DS Analysis

Codon Site ES EN S N ds dN dN-dS

217 0.63 2.38 0.00 4.00 0.00 1.68 361.68

398 1.65 1.35 0.00 1.00 0.00 0.74 158.98

497 0.02 2.98 0.00 1.00 0.00 0.34 72.17

417 0.00 3.00  0.00 1.00 0.00 0.33 0.00

514 1.00 1.69 1.00 0.00 1.00 0.00 -214.70

Selection anaysis of five SNPs in 30 primary sequences showing a positively selected
nNsSNP at codon site 217 based on a p-value of less than 0.05 (dN-dS = 361.68)
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Table 4.13: Selection analysis outcomes of secondary data of Pfgdvl

Global Isolates (n = 184)

Partition  Sites Branches Branch Length Selected at p<0.05
% of 3 .
Tested Total Tested Total Positive Negative
total
1 599 49 49  0.00333 35.30% 0.00945 1 1
DN/DS Analysis
Site ES EN S N ds dN dN-dS

217 0.62 2.38 0.00 4.00 0.00 1.68 177.70
497 0.02 2098 0.00 2.00 0.00 0.67 70.94
398 087 213 0.00 1.00 0.00 0.47 49.72
417 0.00 3.00 0.00 5.00 0.00 1.67 0.00
514 1.00 1.62 5.00 0.00 5.00 0.00 -529.25

Selection anaysis of five SNPs in 184 secondary sequences of Pfgdvl showing a
positively selected nsSNP at codon site 217 (dN-dS = 177.70) and negatively selected
synonymous SNP at codon site 514 (dN-dS = -529.25) based on a p-value of less
than 0.05

4.8.2 Selection Analysis of Pfap2g

The selection analysis using Tajima’s D test of the 11-polymorphic sites of Pfap2g
rejects the hypothesis of neutrality (p = 0.0049) (Table 4.14). Outcomes of 172
sequences revealed that a positive Tajima’s D (1.426) because the observed variation (7
= 0.0014) is greater than the expected variation (® = 0.0009).
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Table 4.14: Results from Tajima's neutrality test of Pfap2g
M S Ps 0 11 D

172 11 0.0049 0.0009 0.0014 1.426

Abbreviations: m = number of sequences, S = number of polymorphic sites, ps = p-
value (S/n), ® = expected variation (ps/a; m = observed variation (nucleotide

diversity), and D = the Tajima test statistic

SLAC indicated that K984T (dN-dS = 747.19) is under the strongest positive selection
followed by K21R (dN-dS = 702.84). These two selection sites are statistically
significant at p-value that is less than 0.05. Other nsSNPs that are statistically
insignificant since their p-values are greater than 0.05 are Y273H (dN-dS = 397.88),
G1180E (dN-dS = 362.61), and K1974N (dN-dS = 335.78) based on the substitution
model. However, a synonymous SNP of C678C is under a negative selection (dN-dS = -
323.42), which is insignificant (p > 0.05).
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Table 4.15: Selection analysis outcomes of secondary data of Pfap2g

Global Isolates (n = 172)

Partition  Sites Branches Branch Length Selected at p<0.05

Tested Total Tested % of total Total Positive Negative

1 2432 83 83 0.00325 52.2% 0.00624 2 0

DN/DS Analysis

Codon Site ES EN S N ds dN dN-dS
21 0.76 2.05 0.00 9.00 0.00 4.38 702.84
273 0.50 2.42 0.00 6.00 0.00 2.48 397.88
678 0.50 2.00 1.00 0.00 2.02 0.00 -323.42
984 0.98 1.93 0.00 9.00 0.00 4.66 747.19
1180 0.79 2.21 0.00 5.00 0.00 2.26 362.61
1585 0.96 2.00 0.00 2.00 0.00 1.00 160.37
1588 0.53 2.45 0.00 1.00 0.00 0.41 65.35
1657 0.55 2.45 0.00 2.00 0.00 0.82 131.15
1880 0.37 2.63 0.00 3.00 0.00 1.14 182.82
1923 0.53 2.45 0.00 1.00 0.00 0.41 65.51
1974 0.51 2.39 0.00 5.00 0.00 2.09 335.78
1985 0.44 2.48 0.00 2.00 0.00 0.81 129.37

Selection anaysis of 12 SNPs in 172 secondary sequences of Pfap2g showing
positively selected nsSNPs at codon sites 21 (dN-dS = 702.84) and 984 (dN-dS =
747.19) based on a p-value of less than 0.05

4.9 Protein Structure Prediction

4.9.1 Prediction of Pfgdvl Protein Structure

4.9.1.1 Primary Structure Analysis of Pfdvl

Predicted physicochemical properties shows that Pfgdvl has 599 amino acid residues,
molecular weight of 71.964 kDa, theoretical isoelectric point of 8.84, 10080 atoms, 72
negatively charged amino acid residues (Asp +Glu), 85 positively charged amino acid
residues (Arg + Lys), aliphatic index of 86.99, grand average of hydropathicity of -
0.596. Pfgdvl also have extinction efficiencies of 74330 and 73580 when cysteine
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residues are oxidized and reduced, respectively (Table 4.16). The half-life of Pfgdvl is
less than 30 hours with instability index of 42.52 (unstable). Amino acid composition
indicates that is rich in asparagine (12%), lysine (10.2%), isoleucine (9.3%), and leucine
(9.2%), but poor in tryptophan (0.3%), alanine (1.2%), glutamine (1.7%), and glycine
(1.8%).

Table 4.16: Physicochemical properties of Pfgdvl as predicted by Protparam

Physicochemical Properties Values
Number of amino acids 599
Molecular formula Ca238H5015 Ngg7 Og28S30
Total number of atoms 10080
Molecular weight 71.964 kDa
Theoretical isoelectric point 8.84
Total number of negatively

] (Asp + Glu) 72
charged residues
Total number of positively

(Arg + Lys) 85

charged residues

Extinction coefficients are in units of M~ cm™, at 280 nm measured in water.

Extinction coefficient 24330 1.033, assuming all pairs of
(Absorbance 0.1% (1/1) cysteine residues form cystines
Extinction coefficient 13580 1.022, assuming all cysteine
(Absorbance 0.1% (/1) residues are reduced

Estimated half-life 30 hours (mammalian reticulocytes)

>20 hours (yeast, in vivo)

> 10 hours (Escherichia coli, in vivo

Aliphatic index 86.99
Instability index 42.52 (Classifies protein as unstable)
Grand average of hydropathicity
(GRAVY) 0.5%
Amino acid composition Ala (A) 7(1.2%)
Arg (R) 24(4%)
Asn (N) 77(12.9%)
Asp (D) 40(6.7%)
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Cys (C) 13(2.2%)

Gln (Q) 10(1.7%)
Glu (E) 32(5.3%)
Gly (G) 11(1.8%)
His (H) 23(3.8%)
e (1) 56(9.3%)
Leu (L) 55(9.2%)
Lys (K) 61(10.2%)
Met (M) 19(3.2%)
Phe (F) 30(5.0%)
Pro (P) 14(2.3%)
Ser (S) 31(5.2%)
Thr (T) 24(4.0%)
Trp (W) 2(0.3%)
Tyr (Y) 42(7.0%)
Val (V) 28(4.7%)

4.9.1.2 Secondary Structure Analysis of Pfdvl protein

The prediction of the secondary structure using RaptorX-Property indicates the 3-state
secondary structure (SS3), 8-state secondary structure (SS8), solvent accessibility
(ACC), and disorder regions (DISO) of Pfgdvl protein. In the prediction of the SS3,
Pfgdvl constitutes 33% of a-helix, 16% of beta-sheet, and 49% of coil structures. The
SS8 prediction shows that coil, a-helix, and extended strand in beta ladder dominate the
secondary structure. In the aspect of ACC, buried (<10%), medium (10-40%), and
exposed (>40%) formed 31%, 27%, and 40%, correspondingly. B-factor profile shows
that thermal mobility of Pfgdvl fluctuates between negative and positive values,
indicating instability of the protein (Figure 4.8). DISO shows that 5% of the secondary

protein structure is disordered, leaving the remaining 95% percent ordered.
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Figure 4.8: The normalized B-factor (thermal mobility) of Pfgdvl protein. Red,
green, and black colors depicts trends of alpha helix, beta strand and coil
structures of proteins, respectively, while line graph shows how thermal stability of
protein varies along its residues.

4.9.1.3 Tertiary Structure Prediction of Pfdvl Protein

Predictive information obtained from InterPro shows that Pfgdvl has no established or
predicted domains, family, and functional sites. Moreover, gene ontology shows that
Pfgdvl has no predicated information regarding biological process, molecular function,
and cellular component. However, IntroPro predicts the presence of a coil between 340

and 360 residues of the protein sequence (Figure 4.9).
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Figure 4.9: Prediction of Pfgdvl protein using InterPro showing no family, domain,

and gene ontology identified

In predicting the tertiary structure, RaptorX indicates that Pfgdvl protein has two
domains. The first domain (A) covers 1-143 amino acid residues with the global distance
test of 19, domain score of 21, and p-value of 1.97e-02. 3fvzA, 3s0gA, lijgA, 3v64C,
and 3u4yA are the templates that RaptorX used in modelling the structure of the first
domain (Figure 4.12). The second domain (B) covers 144-599 amino acid resides with
the global distance test of 12, domain score of 81, and p-value of 2.45e-03. Templates
used in modelling the protein structure of the second domain are 4f9iA, 5ur2A, and
408aA (Figure 4.10).
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Figure 4.10: Structure prediction of the first domain A (1-143) the second domain
B (144-599) of Pfgdv1l protein using Raptor X

A further prediction of the protein structure using I-TASSER provided additional
information about Pfgdvl protein (Appendix V). Table 4.17 below shows PDB hit, local
identity, global identity, coverage, and normalized Z score of the ten threading templates
used by I-TASSER to model Pfgdvl 3D structure. The leading threading templates are
pitrilysin (1921A), apoptosome (1vt4), Cmr2 unit (4w8yA), Gtrlp-Gtr2p complex
(3r7wA), endonuclease (5wtjA), TubZ (4ei7A), Cryo-EM (5yfpE), ABC transporters
(4pevA), human patchedl (6d4hA), and Legionella pneumophila effector RidL (50t4A).
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Table 4.17: The leading 10 threading templates of Pfgdvl

Rank® PDB Hit”  Identity1°  Identity2® Coverage®  Normalized
(%) (%) (%) Z-Score'
1 1921A 0.14 0.17 0.82 1.21
2 1vtd 0.19 0.07 0.73 1.02
3 4w8yA 0.09 0.20 0.95 1.62
4 3r7iwA 0.18 0.11 0.38 1.10
5 SwtjA 0.10 0.21 0.98 1.62
6 4ei7A 0.13 0.13 0.47 1.10
7 5yfpE 0.09 0.20 0.91 1.62
8 4pevA 0.14 0.10 0.52 1.10
9 6d4hA 0.07 0.16 0.93 1.58
10 50t4A 0.10 0.17 0.87 1.56

Ranked numbers of templates (a), PDB hit ID (b), percent local identity (c), percent
global identity (d), percent coverage of Pfgdvl (e), and Z-score greater than 0.5
rated as good threading alignment

Outcomes of I-TASSER indicate structural analogs of Pfgdvl in PDB and their
respective template modeling score (TM-score), root-mean-square-deviation (RMSD),
local identity, and coverage (Table 4.18). The analogs were pitrilysin (192lA), IDE-
bradykinin complex (3cwwB), falcilysin (3s5hA), presequence protease PreP (2fgeA),
human presequence protease (413tA), insulin-degrading enzyme (2g947A1), ferredoxin
protease FusC (6b03A), Pyrroloquinoline quinone (5cioA), mitochondrial cytochrome
bcl complex (110nA), and cytochrome BC1 Complex (3cwbA).

60



Table 4.18: The leading 10 structural analogs of Pfgdvl identified in PDB

Rank® PDBHit® TM-Score® RMSD" Identity® Coverage'
1 1921A 0.785 2.83 0.098 0.851
2 3cwwB 0.628 5.13 0.077 0.783
3 3s5hA 0.553 5.78 0.078 0.738
4 2fgeA 0.533 5.73 0.067 0.713
5 413tA 0.531 5.69 0.082 0.705
6 2047A1 0.529 3.43 0.101 0.596
7 6b03A 0.515 6.37 0.042 0.726
8 5CioA 0.510 5.45 0.055 0.658
9 110nA 0.450 4.69 0.054 0.553
10 3cwbA 0.449 4.62 0.063 0.549

Ranked numbers of analogs (a), PDB hit ID (b), threading template score greater
than 0.5 rated as good (c), RMSD less than 5 regarded as reliable (d), percent
identity (d) and coverage of Pfgdvl (f)

I-TASSER also predicted global and local accuracy estimations of the most accurate
model of Pfgdvl (Figure 4.11). The global accuracy estimation indicates that the
predicted structure has a confidence score (c-score) of -2.95, TM-score of 0.38+13, and
RMSD of 15.1+3.5 A. The estimated local accuracy of the model (plot) shows that most
regions are accurate with an estimated mean distance of 6 A from the native structure.

Figure 4.12 shows the predicted 3D model by I-TASSER with three apparent domains.
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Figure 4.11: The predicted model of Pfgdvl protein structure showing the global
and local accuracy estimations. A: Showing global accuracy estimation of the
Pfgdvl model in C-score (-2.95), TM-score (0.38+0.13), and RMSD (15+3.5 A) and
B: Showing the local accuracy estimation of the Pfgdvl model in Angstroms with
average value of 6 A with variations in estimated distance of each residue number

and trends of helix (red), strand (green), and coil (black) structures

According to Figure 4.13, the predicted structure of Pfgdvl has three apparent domains,
which cover 1-277, 278-437, and 438-599 segments of the amino acid sequences.
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Figure 4.12: Front view of the globally estimated Pfgdvl protein model. A: Depicts
the predicted protein model of Pfgdvl with c-score of -2.95, TM-score of 0.38+13,
and RMSD of 15.1#3.5A, and B: Indicates the orientation of the model with
highlighted three domains (B) (1-277: Red, 278-437: Yellow, 438-599: Blue).

4.9.2 Prediction of Pfap2g Protein Structure

4.9.2.1 Primary Structure Analysis of Pfap2g Protein

The analysis outcomes of the primary structure of Pfap2g protein shows that it has 2432
amino acid residues, molecular weight of 284.064 kDa, theoretical isoelectric point of
8.72, and 38495 atoms (Table 4.19). Moreover, it has 246 negatively charged amino acid
residues (Asp +Glu), 282 positively charged amino acid residues (Arg + Lys), aliphatic
index of 56.05, and grand average of hydropathicity of 1.382. Pfap2g also has extinction
efficiencies of 214385 and 212260 when cysteine residues are oxidized and reduced,
correspondingly. The half-life of Pfap2g is less than 30 hours with instability index of
39.93. The amino acid composition indicates that it is rich in asparagine (29.9%), but

poor in tryptophan (0.2%) and proline (1.6%).
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Table 4.19: Physicochemical properties of Pfap2g as predicted by Protparam

Physicochemical Properties Values
Number of amino acids 2432
Molecular formula C11968H18585N375104067S124
Total number of atoms 38495
Molecular weight 284.064 kDa
Theoretical isoelectric point 8.72
Total number of negatively charged
residues J Y g (Asp + Glu) 246
Total number of positively charged
residues i g ’ (Arg + Lys) 282
Extinction coefficients are in units of M/cm, at 280 nm measured in water
Extinction coefficient 214385 0.758, assuming all pairs of cysteine
(Absorbance 0.1% (1/1) residues form cystines
Extinction coefficient 212260 0.747, assuming all cysteine residues are
(Absorbance 0.1% (1/1) reduced
30 hours (mammalian
Estimated half-life reticulocytes)
>20 hours (yeast, in vivo)
> 10 hours (Escherichia
coli, in vivo
Aliphatic index 56.05
Instability index 39.93 (Classifies protein as stable)
Grand average of -1.382
hydropathicity (GRAVY) '
Amino acid composition Ala (A) 34(1.4%)
Arg (R) 56(2.3%)
Asn (N) 726(29.9%)
Asp (D) 146(6.0%)
Cys (C) 51(2.1%)
GIn (Q) 54(2.2%)
Glu (E) 100(4.1%)
Gly (G) 66(2.7%)
His (H) 70(2.9%)
le (1) 165(6.8%)
Leu (L) 123(5.1%)
Lys (K) 226(9.3%)
Met (M) 73(3.0%)
Phe (F) 66(2.7%)
Pro (P) 38(1.6%)
Ser (S) 144(5.9%)
Thr (T) 94(3.9%)
Trp (W) 5(0.2%)
Tyr (Y) 124(5.1%)
Val (V) 71(2.9%)
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4.9.2.2 Secondary Structure Analysis of Pfap2g Protein

The prediction of the secondary structure using RaptorX-Property shows the 3-class
secondary structure (SS3), 8-class secondary structure (SS8), solvent accessibility
(ACC), and disorder regions (DISO) of Pfap2g. The prediction of SS3 of Pfap2g reveals
that it mainly comprises of 77% coils with a-helix and B-sheet forming 13% and 8%,
respectively. The prediction of SS8 structure indicates that coil, a-helix, and extended
strand in the beta ladder are major secondary structures. Regarding ACC, prediction
shows that exposed region (>40%) forms the major part (63%), while buried (<10%)
region and medium (10-40%) region forms 19% and 17% of secondary structure
respectively. The prediction of DISO depicts that half of the protein (50%) is disordered
while the remaining 50% is ordered.

4.9.2.3 Tertiary Structure Prediction of Pfap2g

Functional prediction of Pfap2g indicates that it has neither predicted protein family
membership nor homologous superfamilies. As a protein sequence with 2432 amino acid
residues, Pfap2g has an apetala2 domain (AP2/ERF) made of 60 amino acid residues
(2,160-2210) (Figure 4.13). This domain, named ethylene-responsive element (ERE),

interacts with the GCC-box and regulate transcription.
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» Domain

Detailed signature matches

B IPRO01471 AP2/ERF domain
o » PFO0B4T (aF2)

Figure 4.13: Prediction of Pfap2g using InterPro showing apetalla2 domain without

any known protein family and homologous superfamilies

Other features of Pfap2g indicate that it has cytoplasmic domain at 236-254 amino acid
residues (Figure 4.14). It has four coils at positions 502-522, 1329-1358, 1656-1676, and
2242-2262. The non-cytoplasmic domain forms the most of the protein because it covers
1-215 and 275-2432 positions of the protein sequence. Transmembrane region covers
216-235 and 255-274 protein sequences. Disorder prediction using indicates that 424-
552, 722-758, 880-915, 1330-1375, 1425-1445, 1509-1627, 1668-1748, 1898-2008, and
2249-2292 are regions with orders have no stable structures or conformations. Overall,
gene ontology shows that Pfap2g regulates the process of transcription by acting as a

DNA-binding transcription factor at a molecular level.
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Figure 4.14: Prediction outcomes of Pfap2g using InterPro identified it as a DNA-
binding protein that regulates transcription with specific gene ontology terms

The prediction of the protein structure using I-TASSER provided additional information
about Pfap2g (Appendix VI). I-TASSER also showed PDB hit, local identity, global
identity, coverage, and normalized Z score of the ten threading templates of the
modelled 3D-structure of Pfap2g (Table 4.20). The leading templates are CRISPR-
associated endonuclease Casl2a (6i1kA), yeast fatty acid synthase (2pffA), apoptosome
(1vt4), erythrocyte membrane protein (2ykOA), toxin B (6ar6A), piezo-type
mechanosensitive ion channel component 1 (6ar6A), 60S ribosomal protein L2-A
(5jcsS), PF14 0633 protein (3igm), ywmB protein (2fpnA), ywmB protein (1n7dA),
RNA-dependent RNA polymerase (3ja4A), (3javA), and nvTRPM2 channel (6co7A).
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Table 4.20: The leading 10 threading templates of Pfap2g (1-200 and 1201-2432)

Rank? PDbB Identity 1° Identity 2¢ Coverage® Normfalized Z-
Hit (%) (%) (%0) Score
1 6i1kA 0.15 0.19 0.95 1.00
2 2pffA 0.07 0.06 0.96 0.78
3 6i1kA 0.09 0.19 0.92 0.87
4 2pffA 0.14 0.03 0.20 1.61
5 2pffA 0.14 0.03 0.20 1.43
6 6i1kA 0.11 0.19 0.94 0.28
7 1vt4 0.17 0.09 0.03 2.04
8 2ykOA  0.12 0.12 0.41 0.92
9 6ilkA 0.16 0.19 0.90 0.63
10 6ilkA 0.09 0.16 0.78 1.99
1 6ar6A 0.09 0.18 1.00 2.74
2 6b3rA 0.07 0.14 0.25 0.71
3 5jcsS 0.06 0.16 1.00 4.06
4 3igm 0.17 0.01 0.05 2.11
5 2fpnA 0.08 0.02 0.11 0.58
6 In7dA  0.07 0.08 0.48 2.23
7 3jadA 0.09 0.13 0.85 1.92
8 3javA 0.07 0.12 0.78 4.28
9 3imB 0.21 0.01 0.03 0.77
10 6CO7A 0.06 0.13 0.84 1.64

Ranked numbers of templates (a), PDB hit ID (b), percent local identity (c), percent
global identity (d), percent coverage of Pfap2g (e), and Z-score greater than 0.5
rated as good threading alignment

Further analysis identified structural analogs of Pfap2g, 1-1200 and 1201-2432 amino
acid sequences, as identified in PDB and their respective threading-model scores (TM-
score), root-mean-square-deviation (RMSD), local identity, and coverage (Table 4.21).
The leading structural analogs for the first sequence are fatty acid synthase (2pffA),
phosphatidylinositol 4-kinase Il alpha (6bgqlA), DNA helicase I (5n80A), apoptosome
(1vt4l), CRISPR-associated endonuclease Cpfl (5b43A), glutamate receptor ionotropic,
(6iraA), RNA polymerase sigma-A holoenzyme (6fedC), PoI2CORE-M644G (6fwkA),
and CRISPR-associated endonuclease Casl2a (6i1kA). The leading structural analogs
for the second sequence are toxin B (6ar6A), toxin A (4r04A), chromatin modification-

related protein EAF1 (5y81A), tripartite Tc toxin (1vwlA), human mediator subunit
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MED23 (6h02A), glycogen debranching enzyme (5d06A), spliceosome (3jb9A1),
human spliceosome (5xjcA), and separin (5ulsA).

Table 4.21: The Leading 10 Structural Analogs of Pfap2g Identified in PDB

PDB

Rank? Hit® TM-Score®  RMSDY Identity® Coverage'
1 2pffA 0.262 9.90 0.019 0.422
2 6bqlA 0.246 9.55 0.029 0.388
3 6ifoA 0.246 9.71 0.034 0.385
4 5n80A 0.240 9.24 0.022 0.363
5 1vt4l 0.240 9.87 0.008 0.388
6 5b43A 0.229 9.77 0.036 0.362
7 6iraA 0.220 7.98 0.030 0.306
8 6fedC 0.217 9.85 0.022 0.347
9 6fwkA  0.208 9.70 0.021 0.329
10 6i1kA 0.201 9.60 0.030 0.312
1 6ar6A 0.989 1.40 0.083 1.000
2 4r04A 0.858 4.90 0.075 0.980
3 6¢c0bA 0.359 3.17 0.078 0.383
4 5y81A 0.295 10.30 0.038 0.481
5 1vwlA  0.292 9.72 0.028 0.455
6 6h02A 0.289 9.80 0.035 0.458
7 5d06A 0.287 9.62 0.028 0.444
8 3jh9A1  0.280 9.97 0.027 0.445
9 5xjcA 0.279 9.87 0.040 0.439
10 5ulsA 0.279 9.63 0.041 0.433

Ranked numbers of analogs (a), PDB hit ID (b), threading template score greater
than 0.5 rated as good (c), RMSD less than 5 regarded as reliable (d), percent
identity (d) and coverage of Pfap2g (f)

I-TASSER results depict global and local accuracy estimations of the most accurate
models of Pfap2g as predicted by I-TASSER (Figures 4.15 and 4.16). The global
accuracy estimation indicates that the predicted structure has a c-score of -0.97 and 0.09
for amino acid residues 1-1200 and 1201-2432 respectively. Moreover, 1-1200 amino
acid residues have TM-score of 0.59+14 and RMSD of 11.7+4.5A, while 1201-2432
amino acid residues have TM-score of 0.73+11 and RMSD of 9.2+4.6A. The estimated

local accuracy of the model shows that the first 400 amino acid residues deviated from
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the native structure, whereas subsequent sequences are accurate with an estimated mean

distance of about 4A from the native structure.
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Figure 4.15: Local and global accuracy of the predicted model of Pfap2g (1-1200
residues). A: Showing global accuracy estimation of the Pfgdvl model in C-score (-
0.97), TM-score (0.59+0.14), and RMSD (11.7+4.5 A) and B: Showing the local
accuracy estimation of the Pfap2g model in Angstroms with average value of about
4 A with variations in estimated distance of each residue number and trends of

helix (red), strand (green), and coil (black) structures
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Figure 4.16: Local and global accuracy of the predicted model of Pfap2g (1201-2432
residues). A: Showing global accuracy estimation of the Pfgdvl model in C-score (-
0.09), TM-score (0.73+0.11), and RMSD (9.2+4.6 A) and B: Showing the local
accuracy estimation of the Pfap2g model in Angstroms with average value of about
4 A with variations in estimated distance of each residue number and trends of

helix (red), strand (green), and coil (black) structures

4.10 Protein-Ligand Docking

4.10.1 Protein-Ligand Docking of Pfgdvl

I-TASSER and COACH were used to predict ligands and binding sites of Pfgdvl based
on BioLip database (Appendix VII). I-TASSER gives three peptide (l11), N-octadecane,
calcium ion (Ca*), and magnesium ion (Mg?"), while COACH generates ZCT,
pyridoxal phosphate, N-acetyl-D-Glucosamine (NAG), and chlorophyll A, Manganese
lon (Mn%*"), Xenon (XE), Nitrilotriacetic Acid (NTA), and Lanthanum lon (La**) as
additional ligands (Table 4.22). The confidence scores for ligands ranged from 0.09 to

0.02 with multiple binding sites.
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Table 4.22: Ligands and their respective binding sites

. b PDB C- Cluster . d

Server® Ligand Name Hit° Score  Size® Residue Numbers
Peptide (111) 3e4aA  0.09 4 G15, M27, Y32, L33

H62, K65, D121,
Peptide (I11) 2wk3A  0.05 2 L122, L123, S124,
F141, K180, Y227
|_

TASSER N-Octadecane 5d91A 0.05 2 F512, Q513
Calcium lon (Ca™) 4wb2A 002 1 K351, D355
w‘gﬂgs'“m lon 3d6aA 002 1 S344, Y345
ZCT 3b6aD 0.07 4 L546, K547
Pyridoxal
Phosphate (PLP) 4a0gD  0.04 2 1412, S413
N-Acetyl-D-

Glucosamine 2gmjA  0.04 2 Ef7’3N16’ 522, A3,
(NAG)

Chlorophyll A

(CLA) 3bzlH 0.04 2 Y585, 1588

COACH ('\ﬂ/‘l'j‘gzrl‘;s'“m lon g8 004 2 D301, D410

('\,’\'/Iarr]‘%‘;‘”ese lon 1khwB 004 2 Y284, D408

Y129, L190, L213,
Xenon (XE) 2z8yM  0.02 1 N229. A230, 1233
Nitrilotriacetic Acid
(NTA) 3ufkA  0.02 1 C8, K10, N165, K166
Lanthanum lon 1djgB8 002 1 1494, D496, N526

(La>)

Servers used to dock Pfgdvl protein are I-TASSER and COACH (a), ligand names
from BioLip database (b), PDB hit ID (c), C-score range from 0 to 1, the number of

templates in a cluster (d), and amino acid residue numbers (e)
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4.10.2 Protein-Ligand Docking of Pfap2g

Ligands and binding sites were identified using I-TASSER, which rely on BioLip
database (Appendix VIII). I-TASSER generated four ligands for 1-1200 protein
sequence and five ligands for 1201-2432 protein sequence. Predicted ligands are Flavin
Mononucleotide (FMN), Manganese (Mn?*), Nicotinamide Adenine Dinucleotide
Phosphate (NAP), Magnesium lon (Mg®*), Zinc lon (Zn*), Cylic AMP (CMP), Zinc
(Zn?"), Calcium ion (Ca®"), and Magnesium lon (Mg®*) (Table 4.23). The confidence

scores range from 0.15 to 0.04 with multiple binding sites.

Table 4.23: Ligands and their respective binding sites

Server Ligand Name EIID,[B (S:tgore (SZiI;ester Residue Numbers
Flavin Mononucleotide 495-499, 548, 550, 579,
(FMN) 2uv8G 0.15 8 603, 629, 632, 633, 663,
693, 694, 697, 937, 942
I-TASSER 1- 498, 520, 523, 550, 555,
1200 Residues Manganese (Mn?*) 3bsnA  0.04 2 634, 635, 741, 824, 893,
895, 896, 914, 915, 917
Nicotinamide Adenine
Dinucleotide Phosphate 2uvdcl  0.04 2 41,189
(NAP)
Magnesium lon (Mg®") 1bofA  0.02 1 389, 390
Zinc lon (Zn*) 3jpyA  0.03 4 389, 414
IlzTopl\SzSA,Engz Cyclic AMP (CMP) 3résA  0.03 2 410, 407
Zinc (Zn™) 5ijSA  0.02 1 400, 407
Calcium ion (Ca”") 20ejC  0.02 1 1188, 1193
Magnesium lon (Mg*") 4gbfA  0.02 1 517, 522

Server used to dock Pfgdvl protein is I-TASSER (a), ligand names from BioLip
database (b), PDB hit ID (c), C-score range from 0 to 1, the number of templates in

a cluster (d), and amino acid residue numbers (e)
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CHAPTER FIVE
DISCUSSION

5.1 Description of Samples

Gametocytogenesis is a critical step in the lifecycle of P. falciparum because it
determines the rate of transmission, and it is under the epigenetic control of Pfgdvl and
Pfap2g genes. To achieve the objectives of this study, molecular procedures and
bioinformatics analyses were employed. In sample collection, this study obtained blood
samples (n = 30) from patients with high levels of parasitaemia as determined by
microscopy using the assumed white blood cell (WBC) count of 8000/ul (Adu-Gyasi et
al., 2015). Comparative analysis revealed that parasitaemia levels did not vary
statistically significantly based on gender, age group, and study sites. The isolation of
genomic DNA, amplification target genes, and sequencing of PCR products generated
valid primary sequence data of Pfgdvl and Pfap2 genes from field isolates of P.
falciparum, while PlasmoDB (https://plasmodb.org) provided secondary data for the

study.

5.2 Single Nucleotide Polymorphisms

Multiple sequence alignment of primary and secondary data established the existence of
SNPs in Pfgdvl and Pfap2g based on the threshold of 1% of the population (Karki et al.,
2015). Pfgdvl has five SNPs comprising of four non-synonymous mutations, namely
C650A (P217H), G1193A (R398Q), C1249A (H417N), and T1491A (D497E) and a
synonymous substitution of A1542T (S514S) with variation in the proportion of minor
alleles from 10% to 39% in secondary sequences and 10% to 37% in primary isolates.
The presence of SNPs in high frequencies supports the earlier findings that Pfgdv1 is the
molecular marker of gametocytogenesis and transmission level that exhibits
geographical divergence (Mobegi et al., 2014; Duffy et al., 2018). Overall, the analysis
of SNPs indicates that mutations of C650A, C1249A, and A1542T formed major alleles,
whereas those of G1193A and T1491A constituted minor alleles. In a genome-wide
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analysis study, this C650A (P217H) is one of the five SNPs that accumulate within the
15kb region of chromosome 9 with the highest value of fixation index (Mobegi et al.,
2014). In their study of determining the rate of gametocyte conversion, Usui et al.
(2019) noted that P217H increases the effectiveness of gametocyte differentiation in P.

falciparum.

MSA of Pfap2g showed the existence of 12 polymorphic sites of SNPs, which comprise
11 non-synonymous and 1 synonymous with variation in the proportion of minor alleles
ranging from 7% to 50%. Additionally, these SNPs emanates from 7 transition
mutations and 5 transversion mutations on A62G(K21R), T817C(Y273H), T2034C
(C678C), A2951C(K984T) G3539A(G1180E), G4753A (G1585R), G4762C (E1588Q),
A4970T(N16571), G5638A(D1880N), G5767A(E1923K), A5922T(K1974N), and
C5955A(N1985K) positions on the coding sequence. In nature, transitions are more
common than transversions owing to minimal structural changes required (Robert &
Pelletier, 2018). MSA indicates that the most polymorphic region of Pfap2g ranges from
5630 to 6000 nucleotide positions. The analysis of primary sequences shows that there is
an insertion of codon (GAG) in all sequences, which codes for glutamate (-1920E).
Although SNPs explain most variations in genetic diversity, insertions and deletions
(indels) constitute other markers that account for significant variations in genomic
diversity in P. falciparum (Miles et al., 2016; Duffy et al., 2018). This insertion is a non-
conservative mutation because it introduces glutamate, which is a negatively charged

amino acid into Pfap2g.

Comparison of primary and secondary sequences shows that both Pfgdvl and Pfap2g
have common non-synonymous SNPs and relatively the same distributions of minor
allele frequencies. Both primary and secondary sequences of Pfgdvl have a synonymous
and four nsSNPs. Similarly, Pfap2g has a synonymous and 11 nsSNPs in both primary
and secondary sequences. The similarity in the distribution of synonymous and non-
synonymous SNPs implies that these two genes have conserved sequences that enable

them to regulate gametocytogenesis effectively. Comparative analysis shows that the
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distribution of synonymous and nsSNPs were random since they existed in isolates from
different regions. Shen et al., (2017) hold that conserved sequences are appropriate
target genes for drug design and vaccine development because they have definite protein
structures. However, the primary sequences of Pfap2g have an insertion of GAG codon,
which codes for glutamate. Miles et al. (2018) explain that insertions comprise adaptive
drivers of evolution that results in changes in protein structure and function. In this case,
the existence of an insertion suggest that local isolates of Plasmodium falciparum have

an adaptive insertion in their Pfap2g.

In selection analysis, the positive values of Tajima’s D obtained from both primary and
secondary data imply that SNPs on Pfgdvl and Pfap2g exhibit balancing selection.
Tajima’s D values of SNPs on Pfgdvl and Pfap2g were not only positive for both
primary isolates and secondary isolates but also statistically significant (p<0.05). Since
the observed variations were higher than the expected variations, it shows that both
Pfgdvl and Pfap2g evolve through the process of balancing selection (Tajima, 1989).
According to Amambua-Ngwa (2012), genes that exhibit balancing selection in their
evolution are target candidates for elucidating immune mechanisms and vaccine
development. Balancing selection ensures that SNPs on Pfgdvl and Pfap2g remain
constant and genetic drift does not occur in the population. SLAC analysis pointed out
that P217H is the only SNP under the strongest positive selection in Pfgdvl. In the
genome-wide analysis, Mobegi et al. (2014) established that P217H has a fixation index
of 0.3, which differentiates between Gambian and Guinean isolates. These findings
suggest that the positive selection of P217H discriminates P. falciparum isolates in high
and low transmission regions. SLAC analysis identified K984T is under the strongest
positive selection followed by K21R. Genes associated with strong selection pressure
are signatures for transmission, drug resistance, and immune evasion (Shen et al., 2017).
Thus, further analysis of these nsSNPs would indicate their role in the transmission rate

of malaria from humans to mosquitoes.
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The analysis of the effects of nsSNPs on the stability of the predicted protein using
STRUM revealed that both Pfgdvl and Pfap2g have relatively conserved structures. Out
of four nsNSP, three of them have a considerable effect on the stability of the predicted
protein structure of Pfgdvl. A nsSNP causes energy changes in the fold and unfolded
conformations of proteins, which have destabilizing or stabilizing effects on protein
structure (Quan et al., 2016). D497E has no considerable effect on the thermal stability
of the protein structure for its Gibbs free-energy gap is close to zero. R398Q and H417N
are two nsSPNs that stabilize the protein structure of Pfgdvl. Nevertheless, P217H is a
snSNP that destabilizes the protein structure because it has a substantial negative free-
energy gap (ddG = -2.22). In addition, the SNP is a non-synonymous mutation that
causes a non-conservative change in amino acid from polar proline (P) to positively
charged histidine (H). The predicted destabilization of the protein structure supports
earlier findings that this mutation increases the induction of sexual differentiation and
determines transmission rates (Mobegi et al., 2014; Usui et al., 2019). In the analysis of
Pfap2g, the analysis of energy changes indicates that 11 snSNPs increase the stability of
protein. In this case, K21R, Y273H, K954T, G1180E, G1585R, N16571, and D1880N
have free-energy gaps that are greater than two, while E1588Q, K1974N, N1984K, and
N1923K have free energy gaps less than two. Therefore, the analysis of the effects of
snSNPs indicates that they stabilize protein structure and they do not occur in the
ERE/ap2 domain, suggesting that Pfap2g protein is conserved despite having numerous

mutations.

5.3 Protein Structure Prediction

The prediction of physicochemical properties shows that Pfgdvl has 599 amino acid
residues, molecular weight of 71.964 kDa, and theoretical isoelectric point of 8.84.
These properties reveal that Pfgdv1l is an average protein in size with a basic zwitterionic
molecule. The higher proportions of positively charged amino acid residues (arginine
and lysine) than negatively charged ones (aspartate and glutamate) means that the

protein forms ionic interactions and hydrogen bonding on its surfaces (Sokalingam et
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al., 2012). Moreover, as the distribution of amino acids shows that Pfgdvl is a
asparagine-rich protein, it explains its interaction with cations, such as Mg**, Ca®*, La**,
and Mn®*, via ionic and hydrogen bond molecular forces in docking results. In a cloning
and expression experiment, the size of Pfgvl was estimated to be 67kDa in SDS-PAGE
(Su et al., 2016). The prediction of the 3-state secondary structure indicated that coil
structure (49%) predominates followed by a-helix (33%), and beta-sheet (16%). The
dominance of coils implies that Pfgdvl has a definite structure because coiled-coils act
as molecular spacers and pillars that situate active sites on a-helices and beta-sheets in
their optimal conformations (Truebestein & Leonard, 2016). The analysis of solvent
accessibility surface areas shows that most of the protein (40%) is exposed, while about
equal proportions remain buried (31%) and moderately exposed (27%). The higher the
proportion of surface area exposed means that the protein is hydrophilic as indicated by
the hydrophilic index (Wang et al., 2016). The fluctuation of the B-factor profile shows
that the predicted protein is unstable (Yang, Wang, et al., 2016). Given that a significant
proportion of the protein is ordered (95%), its structure is predictable and stable
(Oldfield & Dunker, 2014). InterPro failed to classify Pfgdvl because it lacks
established or predicted domains, family, and functional sites (European Bioinformatics
Institute, 2018). However, InterPro predicts the presence of coil between 340 and 360

residues of the protein sequence.

The prediction of the tertiary protein structure using RaptorX reveals that Pfgdvl has
two domains covering 1-143 and 144-599 amino acid residues. These domains formed
the basis of predicting the tertiary structure of the protein. Protein structure prediction
using I-TASSER generated a three-dimensional structure based on leading threading
templates and structural analogs. The threading templates have good alignment (Z-score
>1), significant structural similarity (TM-score > 0.5), and moderate structural resolution
(RMSD = 2-5 A) (zZhang, 2009; Roy et al., 2010; Yang & Zhang, 2015a). These
findings imply that the best templates were used in the prediction of the protein.

Although I-TASSER generated five models, the most accurate model had a c-score of -
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2.95, TM-score of 0.38+13, and RMSD of 15.1+3.5 A. The predicted model had a lower
quality because its C-score is less than -1.5, a weak structural correlation that is less than
0.5, and low resolution that is greater than 5 A (Zhang, 2009; Roy et al., 2010; Yang &
Zhang, 2015b). The estimated local accuracy of the model shows that most regions are
accurate with an estimated mean distance of 6A from the native structure. However, the
local accuracy of the model has a moderate resolution as indicated by residue-specific
quality (RSQ) (Yang, Wang, et al., 2016).

The prediction of the primary structure of Pfap2g shows that it has 2432 amino acid
residues, a molecular weight of 284.064kDa, and theoretical isoelectric point of 8.72.
These properties are critical in Western blotting because it shows that Pfap2g is a large
molecular protein with a basic isoelectric pH (Bass et al., 2017). The protein has a net
positive charged since positively charged residues (arginine and lysine) are more than
negatively charge residues (aspartate and glutamate). Under physiological conditions,
arginine and lysine are basic amino acids situated on protein surfaces to form ionic
interactions and hydrogen bonds (Sokalingam et al., 2012). As asparagine-rich protein,
Pfap2g forms hydrogen bonding and ionic interactions with cations, such as Zn*, Mn*,
Ca®*, and Mg?*, as shown in docking results. Pfap2g has a low aliphatic index (56.05),
which reduces thermal stability and hydrophobic property (1.382). Since Pfap2g is rich
in asparagine (30%), they have functional importance because asparagine repeats act as
tRNA sponges and promote aggregation of proteins (Muralidharan & Goldberg, 2013).
The half-life of 30 hours and the instability index of 39.93 shows that Pfap2g

conformation is stable protein under both in-vitro and in-vivo conditions.

The prediction of the 3-state secondary structure using RaptorX-Property indicates that
of Pfap2g mainly comprises of 77% coils with a-helix and -sheet forming 13% and 8%
respectively. The high proportion of coiled-coils in the protein matches the function of
Pfap2g in gene regulation because it is a transcription factor (Truebestein & Leonard,
2016). Solvent accessibility shows that Pfap2g is an exposed protein because the

majority part (63%) has more than 40% exposure proportion. The high exposure level
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means that the protein has a hydrophilic property that enables it to bind on DNA and
regulation transcription and gametocytogenesis. Additionally, being a transmembrane
protein underscores the role of Pgap2g in as a DNA-binding protein and transcriptional
regulator of gametocytogenesis. The protein is hard to predict because 50% of its

structure is disordered.

The prediction of domains using InterPro reveals that Pfap2g has no defined protein
family membership or belong to homologous superfamilies. However, Pfap2g has an
apetela2 domain (AP2/ERF) made of 60 amino acid residues (2,160-2210). This domain,
named ethylene-responsive element (ERE), interacts with the GCC-box and regulate
transcription (Modrzynska et al., 2017). Z-scores of I-TASSER show that the threading
templates had good alignment because more than half were greater than 1, structural
analogs had weak correlation because most were less than 0.5, poor resolution because
RMSD was about 10 A (Roy et al., 2010; Yang & Zhang, 2015a, 2015b).

The global accuracy estimation indicates that the predicted structure of Pfap2g has a c-
score of -0.97 and 0.09, TM-score of 0.59+14 and TM-score of 0.73£11, and RMSD of
11.7+4.5A and RMSD of 9.2+4.6A for amino acid residues 1-1200 and 1201-2432
respectively. Since C-score is higher than -1.5, TM-score is greater than 0.5, and an
estimated mean distance of about 4A from the native structure, it implies the predicted
model is quality and has a significant level of correlation. (Yang, Wang, et al., 2016).
Therefore, poor alignment of templates, RMSD of about 10 A, a high proportion of
disordered region (50%) and low quality of local accuracy are factors that affect accurate

prediction of the Pfap2g protein.

5.3 Protein-Ligand Docking

Protein-ligand docking identified numerous ligands in BioLip database with over
100,000-curated proteins that interact with Pfgdvl with reliable degree of prediction
(Yang et al., 2013a, Yang et al., 2013b). Consideration of c-score shows that peptide
(111 (3edaA, 2wk3A), N-octadecane (5d91A), and ZCT (3b6aD) are the most reliable
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ligands of Pfgdvl with values of 0.09, 0.05, 0.05, and 0.07, respectively. According to
PDB hit, both peptide (111) ligands constitute an inhibitor of insulin-degrading enzyme
(IDE) in humans (3e4aA) and IDE-amyloid-beta (1-42) (2wk3A) (Guo et al., 2010;
Leissring et al., 2010; RCSB PDB, 2019). N-octadecane is a ligand of
phosphatidylinositolphosphate (PIP) synthase that is responsible for linking proteins and
carbohydrates to outer membranes of cells (Clarke et al., 2015), whereas ZCT is
actinorhodin antibiotic produced by Streptomyces coelicolor (Willems et al., 2008).
Moreover, other ligands that are unreliable are calcium ion (Ca®*), and magnesium ion
(Mg?*), pyridoxal phosphate, N-acetyl-D-Glucosamine (NAG), chlorophyll A,
Manganese lon (Mn?"), Xenon (XE), Nitrilotriacetic Acid (NTA), and Lanthanum ion
(La®") because they have low c-scores with values ranging from 0.04 to 0.02. The
commonality of cations as potential ligands being scores by two predictors stems from
the primary structure of these proteins where aspartate, glutamate, tyrosine, and

asparagine confer negative charges to the predicted structures.

Protein-ligand docking identified 2uv8G (Flavin mononucleotide) and 3jpyA (Zn") as
two reliable ligands for 1-1200 and 1201-2432 protein residues, respectively. Flavin
mononucleotide had a c-score of 0.15, while Zn** had a c-score of 0.07. In a range of 0-
1, a higher c-score shows that ligands are reliably predicted (Wu et al., 2018; Yang et
al., 2013a, 2013b). Flavin mononucleotide is a coenzyme derived from vitamin B2
(riboflavin), which form part of flavoproteins involved in redox metabolism and gene
expression via FMN riboswitch (Garcia-Angulo, 2017). The existence of a positive
correlation between FMN and parasitaemia, as well as the occurrence of deficiency of
FMN in malaria patients suggest the role of FMN in pathophysiology of malaria
(Traunmdiller et al., 2003). Zn?* is another significant ligand with four clusters that bind
to 1201-2432 protein sequence of Pfap2g. Blood stage P. falciparum parasites
accumulate zinc ions in erythrocytes for their growth and development in asexual cycle
(Marvin et al., 2012). The prediction of zinc ion as a ligand of Pfap2g shows that it

plays a role in gametocytogenesis.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

In this study, the genetic characterization of Pfgdvl and Pfagp2g genes reported the
existence of SNPs comprising non-synonymous substitutions and synonymous
substitutions. The dominance of non-synonymous SNPs implies that Pfgdvl and Pfap2g
gene exhibit a small degree of diversity among Plasmodium species. Furthermore, these
non-synonymous SNPs have non-conservative changes on amino acids, which have
marked influence on protein structure and function, and thus, suggesting a possible
effect on the process of gametocytogenesis. Tajima’s D indicated that both Pfgdvl and
Pfap2g exhibit balancing selection, whereas SLAC shows the existence of codon sites
with strong positive selection. The balancing selection explains the constant proportion
of nsSNPs in both local and global isolates of P. falciparum. Thermodynamic analysis of
the changes in Gibbs free energy demonstrated that nsSSNPs have more of stabilizing
effect than destabilizing effect on Pfgdvl and Pfap2g proteins, indicating a net

conservative effect.

The prediction of the structure revealed that both Pfgdvl and Pfap2g have low c-score
values, average TM-scores, and poor resolution, which affects the quality and validity of
the predicted models. The predicted structure of Pfgdvl has 599 amino acid residues
(1800 nucleotides), a molecular weight of 71.964 kDa, and ordered structure (95%) with
c-score of -2.95, TM-score of 0.38+13, and RMSD of 15.1+3.5 A. The predicted model
of Pfap2g has 2432 amino acid residues (7299 nucleotides), a molecular weight of
284.064kDa, apetela2 domain (AP2/ERF), and 50% disordered structure. Moreover, the
predicted model has a c-score of -0.97 and 0.09, TM-score of 0.59+14 and TM-score of
0.73+11, and RMSD of 11.7+4.5A and RMSD of 9.2+4.6A for amino acid residues 1-
1200 and 1201-2432, respectively.

In docking, results show that peptide (I11) (3ed4aA, 2wk3A), N-octadecane (5d91A), and
ZCT (3b6aD) are reliable ligands that bind to Pfgdvl. Moreover, docking results show
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that Flavin mononucleotide (2uv8G) and zinc ion (3jpyA) are ligands that bind to 1-
1200 and 1201-2432 protein residues of Pfgap2g, respectively. Peptide (1I1), N-
octadecane, ZCT, flavin mononucleotide, and zinc ions are potential ligands that
modulate the functions of Pfgdvl and Pfap2g in inducing gametocytogenesis. Thus,
these findings form the basis of drug design studies to determine the protein structure,

functional analysis of SNPs, and evaluation of ligands experimentally.

6.2 Recommendations

¢ Since these findings indicated that Pfgdvl and Pfgap2g are relatively conserved
proteins, the study suggests the experimental determination of protein structure
to target it in drug design studies.

e Functional analysis of various SNPs should be done to establish the role of non-
synonymous SNPs of both Pfgdvl and Pfap2g on gametocytogenesis and
transmission of malaria in both endemic and epidemic regions.

e Experimental evaluation of the identified ligands should be performed to

determine their effects on gametocytogenesis.
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Appendix I1: Informed consent form

Genetic Characterization of Gametocyte Development Protein I and PfAP2-G in Plasmodium

Sfalciparum Isolates

MOI UNIVERSITY COLLEGE OF HEALTH SCIENCES / MOI TEACHING AND REFERRAL
HOSPITAL

INSTITUTIONAL RESEARCH AND ETHICS COMMITTEE (IREC) INFORMED CONSENT
FORM (ICF)

Study Title: Genetic Characterization of Gametocyte Development Protein I and PFAP2-G in
Plasmodium falciparum lIsolates

Name of Principal Investigator(s): Mr. Josephat Kipsang Bungei

Co Investigators: Dr. Steven Ger Nyanjom and Dr. Victor Mobegi

Name of Organization: JKUAT, P.O. BOX 62000-00200, Nairobi. Tel. 067-5870001
Name of Sponsor: None

Informed Consent Form for: Malaria Patients

This Informed Consent Form has two parts:
* Information Sheet (to share information about the study with you)
« Certificate of Consent (for signatures if you choose to participate)

Part I: Information Sheet

Introduction:

You are being asked to take part in a research study. This information is provided to tell you about the study.
Please read this form carefully. You will be given a chance to ask questions. If you decide to be in the study,
you will be given a copy of this consent form for your records.

Taking part in this research study is voluntary. You may choose not to take part in the study. You could still
receive other treatments. Saying no will not affect your rights to health care or services. You are also free to
withdraw from this study at any time. If after data collection you choose to quit, you can request that the
information provided by you be destroyed under supervision- and thus not used in the research study. You will
be notified if new information becomes available about the risks or benefits of this research. Then you can
decide if you want to stay in the study

Purpose of the study:

The purpose of the study is to find out whether genes involved in transmission of malaria parasite are diverse
or the same and use the outcome in searching for molecules that can act as drugs to prevent transmission of
these parasites from human to mosquito.

Type of Research Project/Intervention:

This is a laboratory study that will entail collection of blood samples, extraction, and amplification of DNA,
and subsequent sequencing of DNA amplicons. As a research participant, you are required to provide 2ml of
blood sample through venipuncture.

Subject’s Initial ------------------------- CO@ werrerrmrrrrrrrrennne Page 1 of 4
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Genetic Characterization of Gametocyte Development Protein I and PfAP2-G in Plasmodium

Sfalciparum lsolates

Why have I been identified to Participate in this study?

As the inclusion criteria of the participants, the study indentified you as a participant because you have been
diagnosed with malaria and you fall in the age group of 20-45 years. Moreover, the study included you
because you are not pregnant, do not a mental illness, and not a prisoner.

How long will the study last?
You will be in this study for a short period less than 30 minutes for you to give informed consent and permit
collection of blood sample

What will happen to me during the study?

A. Provide a brief introduction to the format of the research study.

We are asking you to help us learn more about transmission of malaria. If you accept, you will be asked to
donate blood sample for study of malaria. The procedure is simple one which entails venipuncture to collect
blood sample for study. Your blood will be used in the study of malaria only because the malarial DNA will be
extracted and used in molecular studies aimed at understanding transmission proteins of malaria.

B. Explain the type of questions that the participants will answer
The participants will only be asked demographic questions to identify their name, gender, age, place of
residence, and contact information

What side effects or risks I can expect from being in the study?

There are no likely side effects or risks posed by the study because qualified technicians and technologists
will collect blood samples.
Are there benefits to taking part in the study?
a) The possible benefits to you from this study are... or
b) You may not benefit personally from this study...
There are no direct benefits you will get in participating in the study
¢) The possible benefits to society may include...
Prevention of malaria transmission and eradication of malaria

Reimbursements:
The study does not make any reimbursements to participants

Who do I call if I have questions about the study?
Questions about the study: PI Contact Info...

Name: Josephat Kipsang Bungei

Mobile No. 0722638262

Email: josephatbungei(@gmail.com

Questions about your rights as a research subject: You may contact Institutional Review Ethics Committee
(IREC) 053 33471 Ext.3008. IREC is a group of people that reviews studies for safety and to protect the rights
of study subjects.

Will the information I provide be kept private?

All reasonable efforts will be made to keep your protected information (private and confidential.
Protected Information is information that is, or has been, collected or maintained and can be linked back
to you. Using or sharing (“disclosure™) of such information must follow National privacy guidelines. By
signing the consent document for this study, you are giving permission (“authorization™) for the uses and
disclosures of your personal information. A decision to take part in this research means that you agree to

Subject’s Initial --------=-unuaunus Code ..o Page 2 of 4
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Sfalciparum Isolates

let the research team use and share your Protected Information as described below.

As part of the study, [Josephat Kipsang Bungei] and his study team may share the results of your
[plasmodium DNA, DNA sequences of target genes, polymorphic data, predicated protein structures,
drug targets, and ligands). These may be study or non-study related. They may also share portions of your
medical record, with the groups named below:

e The National Bioethics. Committee,

e The Institutional Review and Ethics Committee

¢ Jomo Kenyatta University of Agriculture & Technology

National privacy regulations may not apply to these groups; however, they have their own policies and
guidelines to assure that all reasonable efforts will be made to keep your personal information private and
confidential.

[OPTIONAL: The sponsor may give your personal health information, not containing your name, to
others or use it for research purposes other than those listed in this form. In handling your personal
information, the sponsor, [P1] and associated staff will keep your information in strict confidence, and
shall comply with any and all applicable laws regarding the confidentiality of such information.]

The study results will be retained in your research record for at least six years after the study is completed.
At that time, the research information not already in your medical record will be discarded. Any research
information entered into your medical record will be kept indefinitely.

Unless otherwise indicated, this permission to use or share your Personal Information does not have an
expiration date. If you decide to withdraw your permission, we ask that you contact [Josephat Kipsang
Bungei] in writing and let him know that you are withdrawing your permission. The mailing address is
[josephatbungei(@gmail.com]. At that time, we will stop further collection of any information about you.
However, the health information collected before this withdrawal may continue to be used for the
purposes of reporting and research quality.

[OPTIONAL: You have the right to see and copy your personal information related to the research study for
as long as the study doctor or research institution holds this information. However, to ensure the scientific
quality of the research study, you will not be able to review some of your research information until after the
research study has been completed.]

Your treatment, payment, or enrollment in any health plans or eligibility for benefits will not be affected if
you decide not to take part. You will receive a copy of this form after it is signed.
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Part 11: Consent of Subject:

I have read or have had read to me the description of the research study. The investigator or his/her
representative has explained the study to me and has answered all of the questions I have at this time. 1 have
been told of the potential risks, discomforts and side effects as well as the possible benefits (if any) of the
study. 1 freely volunteer to take part in this study of malaria research. The study entails drawing of blood
sample (2 ml) through venipuncture and used in the extraction of plasmodium DNA for research objectives of
determining polymorphism, predicting protein structures, and identification drug targets and ligands. In this
view, | will participate in the study by donating my blood sample and allow its use in stated research
objectives.

Name of Participant Signature of subject/thumbprint Date & Time
(Witness to print if the
subject is unable to write

Name of Representative/Witness Relationship to Subject

Name of person Obtaining Consent Signature of person Date
Obtaining Consent

_Josephat Kipsang_ Bungei
Printed name of Investigator Signature of Investigator Date
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Appendix I11: Samples collected

Blood samples with plasmodium parasites were collected from adults and the information recorded in the

following tables.

Details of samples collected from the study site of Baringo County Referral Hospital

Patient ID Blood volume . . Sample
(Coded) Gender Age Date Collected drawn (mi) Parasitaemia (p/ul) umber Selected
Samples
DTO1 F 28 22/09/2017 2 6400 KBT1
WL02 F 32 27/9/2017 2.5 18240 KBT2 Bl
CJ03 F 34 27/9/2017 1.5 26440 KBT3 B2
KK04 M 21 2/10/2017 3 72880 KBT4 B3
SC05 F 23 3/10/2017 25 21640 KBT5 B4
GO06 F 27 13/10/2017 2 29680 KBT6 B5
JCO7 F 38 13/10/2017 2 78040 KBT7 B6
AKO8 M 29 16/10/2017 2 34840 KBT8 B7
WTQ9 M 31 16/10/2017 2 44440 KBT9 B8
DK10 M 40 4/11/2017 1.5 17280 KBT10 B9
AAll F 40 6/11/2017 2.5 48160 KBT11 B10
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Details of samples collected from the study site of Uasin Gishu County Hospital

Patient ID Blood volume Parasitaemia Sample
(Coded) Gender Age Date Collected drawn (ml) (olul) umber Selected
Samples
SNO1 F 24 22/09/2017 2 36080 UGl Ul
RA02 M 33 29/09/2017 2 10160 UG2 U2
ECO3 F 27 10/10/2017 3 12800 UG3 U3
CJo4 F 28 11/10/2017 2 31040 uG4 U4
SR05 M 31 14/10/2017 2 17840 UG5 us
MOO06 F 25 15/10/2017 15 66800 UG6 u6
MAQ7 F 32 22/10/2017 2 13560 uG7 u7
SMO08 M 36 2/11/2017 2.5 5040 UG8 us
S009 M 34 3/11/2017 2 8840 uG9 U9
HW10 F 32 3/11/2017 3 7680 UG10 u10
CK11 F 22 5/11/2017 15 48200 UG11
GB12 F 27 6/11/2017 2 70080 uG12

107




Details of samples collected from the study site of Kapsabet County Referral Hospital

Patient ID Blood volume Parasitaemia Sample

(Coded) Gender Age Date Collected drawn (ml) (olul) umber Selected
Samples

DKO01 M 32 17/11/2017 3 5240 KPS1

KB02 M 25 27/12/2017 3 10440 KPS2

V003 M 28 28/122017 4 4800 KPS3

SC04 F 26 30/12/2017 3 19200 KPS4 N1

PKO5 M 36 2/1/2018 2 12280 KPS5 N2

ERO6 F 24 8/1/2018 3 22040 KPS6 N3

AOO07 M 33 8/1/2018 2 70000 KPS7 N4

TOO08 M 34 11/1/2018 3 22400 KPS8 N5

JA09 F 25 22/1/2018 4 7640 KPS9 N6

LA10 F 28 22/1/2018 3 14200 KPS10 N7

MJ11 F 29 22/2/2018 2 11260 KPS11 N8

AA12 F 26 6/3/2018 3 11320 KPS12 N9

LA13 M 36 22/3/2018 2 80000 KPS13 N10
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Appendix 1V: Results of DNA Quantification Using Nanodrop Spectrophotometer

Sample DNA Quantity | Absorbance at | Absorbance at | 260nm/280nm Selected
Number (ng/ul) 260nm 280 nm Samples
KBT1 43.31 0.043 0.026 1.65

KBT2 8.206 0.008 0.004 2.00 Bl
KBT3 19.54 0.02 0.011 1.82 B2
KBT4 40.85 0.041 0.019 2.16 B3
KBT5 61.73 0.061 0.029 2.10 B4
KBT6 14.58 0.015 0.007 2.14 B5
KBT7 11.97 0.012 0.006 2.00 B6
KBT8 24.84 0.025 0.013 1.92 B7
KBT9 15.69 0.016 0.009 1.78 B8
KBT10 12.35 0.012 0.007 1.71 B9
KBT11 29.61 0.03 0.014 2.14 B10
UGl 42.81 0.043 0.022 1.95 Ul
uG2 29.04 0.029 0.015 1.93 U2
UG3 27.55 0.028 0.015 1.87 U3
uG4 37.2 0.037 0.017 2.18 U4
UG5 2241 0.022 0.012 1.83 U5
UG6 33.24 0.033 0.018 1.83 U6
uG7 32.59 0.033 0.016 2.06 u7
UG8 43.4 0.043 0.023 1.87 us8
uG9o 53.28 0.053 0.027 1.96 U9
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Sample DNA Quantity | Absorbance at | Absorbance at | 260nm/280nm Selected
Number (ng/ul) 260nm 280 nm Samples
UG10 35.87 0.036 0.02 1.80 u10
UG11 45.87 0.046 0.022 2.09

UG12 28.66 0.029 0.017 1.71

KPS1 57.19 0.057 0.029 1.97

KPS2 16.7 0.017 0.009 1.89

KPS3 15 0.015 0.008 1.88

KPS4 18.51 0.017 0.009 1.89 N1
KPS5 23.45 0.023 0.012 1.92 N2
KPS6 32.56 0.033 0.017 1.94 N3
KPS7 42.58 0.043 0.021 2.05 N4
KPS8 29.48 0.029 0.016 1.81 N5
KPS9 27.52 0.028 0.013 2.15 N6
KPS10 19.34 0.019 0.009 2.11 N7
KPS11 44.65 0.045 0.025 1.80 N8
KPS12 49.47 0.049 0.024 2.04 N9
KPS13 23.35 0.023 0.012 1.92 N10
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Appendix V: Sequencing results

. Read Length -
Reaction Number Label Normal g Qv>16 Qv>20 GC%
1 |B1_PF4001F 1245 1071 1071 25.0
2 |BZ PF4001F 1311 1098 1099 24.0
3 |BB PFA001F 1213 816 817 25.0
4 |B4 PFA001F 1269 1078 1076 25.0
5 |B5 PFA001F 1338 1152 1150 27.0
6 [B6_PF4001F 831 72 60 33.0
7 |B7 PF4001F 1242 789 702 28.0
8 [B8_PF4001F 1238 936 773 25.0
9 |B9 PF4001F 1238 1025 1026 24.0
10 B10_PF4001F 1304 1003 1005 26.0
11 U1l PF4001F 1259 519 424 28.0
12 U2_PF4001F 1254 1029 1029 25.0
13 U3 PF4001F 1350 770 769 27.0
14 U4 PF4001F 1150 367 367 29.0
15 U5 _PF4001F 1358 755 751 28.0
16 U6_PF4001F 1276 951 884 27.0
17 U7 _PF4001F 1323 682 670 30.0
18 U8 PF4001F 1322 960 943 26.0
19 U9 _PF4001F 1163 773 776 26.0
20 U10 PF4001F 1268 1077 1077 26.0
21 N1 PF4001F 1152 401 399 28.0
22 N2_PF4001F 1154 453 454 27.0
23 N3 PF4001F 1262 1044 1044 25.0
24 N4 _PF4001F 1268 976 976 25.0
25 N5_PF4001F 568 465 451 48.0
26 N6_PF4001F 1323 515 515 32.0
27 N7_PF4001F 2224 206 210 35.0
28 N8 _PF4001F 1318 1096 1087 24.0

111



javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=1&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=2&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=3&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=4&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=5&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=6&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=7&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=8&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=9&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=10&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=11&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=12&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=13&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=14&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=15&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=16&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=17&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=18&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=19&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=20&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=21&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=22&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=23&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=24&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=25&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=26&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=27&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=28&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)

Reaction Number Label Read Length GC%
29 N9 _PF4001F 840 830 712 25.0
30 N10_PF4001F 1094 840 740 25.0
31 iB11_PF4002F 556 555 555 25.0
32 |BlZ PF4002F 579 543 535 25.0
33 [B13_PF4002F 600 599 587 25.0
34 |Bl4 PF4002F 592 591 591 25.0
35 [B15_PF4002F 587 586 586 25.0
36 [B16_PF4002F 600 122 40 30.0
37 [B17_PF4002F 598 597 597 25.0
38 [B18_PF4002F 583 565 567 25.0
39 [B19_PF4002F 610 603 603 25.0
40 [B20_PF4002F 573 549 370 27.0
41 U1l PF4002F 602 601 601 25.0
42 U12_PF4002F 578 555 556 25.0
43 U13_PF4002F 593 592 583 25.0
44 U14 PFA4002F 582 564 561 25.0
45 U15_PF4002F 591 578 578 25.0
46 U16_PF4002F 591 590 590 25.0
47 U17_PF4002F 591 63 49 30.0
48 U18_PF4002F 586 585 585 26.0
49 U19 PF4002F 582 581 557 25.0
50 U20_PF4002F 601 600 600 26.0
51 N11 PF4002F 572 571 571 26.0
52 N12_PF4002F 594 593 593 25.0
53 N13_PF4002F 592 591 591 25.0
54 N14 PF4002F 589 575 351 25.0
55 N15_PF4002F 578 577 577 25.0
56 N16_PFA4002F 608 596 596 25.0
57 N17_PF4002F 576 575 575 25.0
58 N18_PF4002F 589 581 581 25.0
59 N19 PF4002F 588 560 560 25.0
60 N20_PF4002F 586 585 585 25.0
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Reaction Number Label Read Length GC%
61 \B21_PF600F 527 263 261 46.0
62 B22_PF600F 285 263 260 19.0
63 [B23_PF600F 600 147 135 26.0
64 B24_PF600F 579 51 21 34.0
65 [B25_PF600F 313 312 312 19.0
66 B26_PF600F 301 300 287 18.0
67 B27_PF600F 288 287 287 19.0
68 [B28_PF600F 285 261 263 19.0
69 B29_PF600F 271 270 257 20.0
70 [B30_PF600F 264 263 253 20.0
71 U21 PF600F 554 133 32 32.0
72 U22_PF600F 555 155 82 27.0
73 U23_PF600F 536 65 19 35.0
74 U24 PF600F 516 34 28 36.0
75 U25_PF600F 294 245 239 25.0
76 U26_PF600F 256 220 124 20.0
77 U27_PF600F 168 167 167 21.0
78 U28 PF600F 534 221 178 37.0
79 U29_PF600F 217 216 216 19.0
80 U30_PF600F 225 213 210 19.0
81 N21 PF600F 478 53 41 36.0
82 N22_PF600F 521 60 36 33.0
83 N23_PF600F 297 169 77 21.0
84 N24 PF600F 295 269 269 18.0
85 N25_PF600F 291 252 237 20.0
86 N26_PF600F 355 234 234 29.0
87 N27_PF600F 231 219 218 19.0
88 N28 PF600F 285 272 257 19.0
89 N29_PF600F 238 237 237 19.0
90 N30_PF600F 298 285 262 19.0
91 Controll_PF4001F 1180 980 950 24.0
92 Control2_PF4001F 1230 1186 1055 20.0
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javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=92&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)

Reaction Number Label Read Length GC%
93 Control3 PF4002F 602 580 16 31.0
94 Control4_PF4002F 589 523 44 36.0
95 Control5_PF600F 299 276 20 32.0
96 Control6_PF600F 287 264 25 31.0
97 B1_PF4001R 1277 1095 1095 25.0
98 |BZ PF4001R 1280 1058 1058 25.0
99 [B3_PF4001R 1282 1054 968 25.0
100 [B4_PF4001R 1357 1059 973 26.0
101 [B5_PF4001R 1261 1095 831 25.0
102 |BG PF4001R 1377 1093 1023 26.0
103 [B7_PF4001R 1534 715 715 28.0
104 [B8_PF4001R 1281 1060 957 24.0
105 |89 PF4001R 1217 1106 1106 23.0
106 |BlO PF4001R 1293 1158 1081 26.0
107 Ul PF4001R 1577 355 355 27.0
108 U2_PF4001R 1277 1108 1108 24.0
109 U3_PF4001R 1290 1112 1035 24.0
110 U4 PF4001R 1205 782 670 26.0
111 U5_PF4001R 1322 1133 1005 26.0
112 U6_PF4001R 1289 1093 1015 25.0
113 U7_PF4001R 1358 1022 934 28.0
114 U8_PF4001R 1291 898 892 25.0
115 U9 _PF4001R 1269 1095 1021 24.0
116 U10_PF4001R 1252 945 946 25.0
117 N1 PF4001R 1273 829 816 24.0
118 N2_PF4001R 2157 221 147 30.0
119 N3_PF4001R 1346 1098 1005 27.0
120 N4 _PF4001R 1336 1183 1108 26.0
121 N5_PF4001R 1078 346 347 35.0
122 N6_PF4001R 1287 833 831 26.0
123 N7_PF4001R 1282 906 905 26.0
124 N8_PF4001R 1269 1111 1111 23.0
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javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=93&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=94&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=95&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=96&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=97&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=98&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=99&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=100&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=101&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=102&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=103&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=104&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=105&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=106&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=107&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=108&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=109&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=110&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=111&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=112&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=113&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=114&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=115&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=116&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=117&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=118&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=119&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=120&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=121&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=122&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=123&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=124&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)

Reaction Number Label Read Length GC%
125 N9 _PF4001R 1754 346 346 29.0
126 N10_PF4001R 1096 955 878 25.0
127 iB11_PF4002R 608 592 592 24.0
128 |BlZ PF4002R 595 562 559 25.0
129 [B13_PF4002R 595 594 594 25.0
130 |Bl4 PF4002R 602 601 592 25.0
131 [B15_PF4002R 613 600 596 25.0
132 [B16_PF4002R 609 608 608 24.0
133 [B17_PF4002R 603 602 602 24.0
134 [B18_PF4002R 601 590 590 25.0
135 [B19_PF4002R 589 588 588 25.0
136 [B20_PF4002R 1100 254 91 30.0
137 U1l PF4002R 601 600 600 24.0
138 U12_PF4002R 585 584 584 25.0
139 U13_PF4002R 613 603 593 25.0
140 U14 PF4002R 598 597 597 25.0
141 U15_PF4002R 599 598 598 25.0
142 U16 PF4002R 606 605 605 25.0
143 U17_PF4002R 594 593 593 24.0
144 U18 PF4002R 601 600 582 25.0
145 U19 PF4002R 598 597 591 24.0
146 U20_PF4002R 603 602 602 25.0
147 N11 PF4002R 599 598 598 25.0
148 N12_PF4002R 601 600 600 25.0
149 N13 PF4002R 599 598 598 25.0
150 N14 PF4002R 609 608 608 26.0
151 N15_PF4002R 592 591 591 24.0
152 N16 PF4002R 595 594 594 24.0
153 N17_PF4002R 590 540 540 24.0
154 N18 PF4002R 592 559 559 25.0
155 N19 PF4002R 593 592 592 24.0
156 N20_PF4002R 602 601 601 25.0
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javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=125&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=126&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=127&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=128&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=129&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=130&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=131&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=132&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=133&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=134&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=135&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=136&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=137&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=138&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=139&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=140&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=141&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=142&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=143&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=144&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=145&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=146&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=147&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=148&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=149&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=150&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=151&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=152&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=153&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=154&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=155&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=156&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)

Reaction Number Label Read Length GC%
157 [B21_PF600R 262 261 261 19.0
158 B22_PF600R 430 267 231 28.0
159 [B23_PF600R 256 216 218 23.0
160 B24_PF600R 209 175 175 17.0
161 [B25_PF600R 305 304 304 18.0
162 B26_PF600R 306 282 271 18.0
163 B27_PF600R 264 228 220 19.0
164 [B28_PF600R 298 231 231 18.0
165 B29_PF600R 240 230 227 20.0
166 [B30_PF600R 262 243 233 20.0
167 U21_PF600R 620 197 56 28.0
168 U22_PF600R 576 258 247 45.0
169 U23_PF600R 223 175 175 18.0
170 U24_PF600R 262 214 211 21.0
171 U25_PF600R 244 219 219 21.0
172 U26_PF600R 246 235 213 19.0
173 U27_PF600R 274 40 32 29.0
174 U28_PF600R 224 223 223 19.0
175 U29_PF600R 220 211 211 19.0
176 U30_PF600R 242 226 223 19.0
177 N21_PF600R 210 175 175 17.0
178 N22_PF600R 228 181 181 18.0
179 N23_PF600R 671 252 217 46.0
180 N24_PF600R 256 232 232 19.0
181 N25_PF600R 285 236 236 19.0
182 N26_PF600R 246 231 231 21.0
183 N27_PF600R 230 229 229 19.0
184 N28_PF600R 859 227 228 33.0
185 N29_PF600R 246 231 230 19.0
186 N30_PF600R 245 233 229 20.0
187 Control_PF4001R 1275 1189 1125 27.0
188 Contro2_PF4001R 1290 1019 1113 25.0
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javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=157&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=158&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=159&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=160&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=161&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=162&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=163&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=164&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=165&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=166&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=167&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=168&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=169&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=170&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=171&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=172&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=173&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=174&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=175&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=176&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=177&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=178&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=179&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=180&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=181&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=182&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
javascript:na_open_window('win',%20'/eng/result/ces/result_viewOrder.jsp?orderNumber=180718NN-002&reactionNumber=183&result_type=null',%200,%200,%20770,%20500,%200,%200,%200,%201,%200)
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Reaction Number Label Read Length GC%
189 Contro3_PF4002R 561 586 522 25.0
190 Contro4_PF4002R 605 557 507 25.0
191 Contro5_PF600R 325 275 216 26.0
192 Contro6_PF600R 310 284 256 39.0
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Appendix VI: Protein prediction of Pfgdvl

Predicted nomalized B-factor

(B-fcto i 2 vl to ticatetheextntoftheinberetthermal mobilty ofresidueaoms nprotein, I - TASSER this value i deduced fromtheadingtenplate prtes from the PDB in combation with the sequence profils dered fom sequence
databass. The eported B-facto rofl nthe igue below comespoadst the normalized B-fctor of th targtproei,defined by B=(B'-u)’s, whete B i th raw B-Scto vlue and s are espectively the mean and tandrd devaton ofthe
B-actos long the equeace. Click here o read more bout predited nomalized Bfucor)

Nornalized Befactor === Helix ¢ Strand B Coil ¢
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Top 10 threading templates used by |-TASSER

(I-TASSER modeling starts from the structure templates identified by LOMETS from the PDB library. LOMETS is a meta-server threading approach containing multiple threading programs, where each threading program can generate tens of thousands
of template alignments. I-TASSER only uses the templates of the highest significance in the threading alignments, the significance of which are measured by the Z-score, 1.e. the difference between the raw and average scores in the unit of standard
deviation. The templates in this section are the 10 best templates selected from the LOMETS threading programs. Usually, one template of the highest Z-score is selected from each threading program, where the threading programs are sorted by the
average performance in the large-scale benchmark test experiments.)

Rank PDB Iden1 Iden2 Cov Norm. Download 20 40 60 80 100
Hit Zscore  Align. | | | | |

Sec. Str CCCCCCCSSS5S5SCCCCCCCCHRRARRHRRASSSSCCCCCSSSSSSCCCCCCCCCCHARRRRRRHRRRRRHRRRRARCCCHARRECCHIRRHCCCCCCCCCSSSCCCHRRRRRCCCC
Seq MNYKKETCVKLKVKGNSRRRNSASRKMFESWYLYLDNHTKGLFYLNTNDSDTNDAGCEDLVHI YKMKKNELCRHVISLNSEEYATKKEEEARNNY INTEEDVYYNSDIEQYVDDRK(

1 124 014 017 082 121 Download ----- ETGWQ-PIQETIRKSDKDNR----QYQAILDNAVKSLSALVVPVGSLEDEAYQGLAHYLEHMS LMGSKK--YPQADLAEYLKM-HG
2 14 019 007 073 1.01 Download MDFETGEHQYQYXDNFD KDVQDMP:-EEIIMSXDAVSGTLRL----FWTLLSKQEEMVQKEVE
3 4wSyA 0.09 020 095 162 Download VLKXIENHEERSKKIL: SGNIQDKVXQADALSSKTQRFIIREPVIDFLGRFHVGYPVLGRSNRGEREV EFLERVSKLEGDVLKEVEE DASNKFKGEE SKQWALKEGVKEFAKSE
4 37wA 018 0.11 038 110 Download

5 5wjyA 010 021 098 1.62 Download TIVNTD------- DFSRLEAKEELDLELITFFASTNELNKIFSRE!I \NDENKKILNSKIKI IRDLDT INFIRKFTKIGTNERNRILHAT SKERDLQGTQDDYNKVINI IQNLRISD
6 4ei7A 013 013 047 110 Download GIFSEIESQGNKETQIX~---NNKYP
7 5vipE 009 020 091 161 Download SLYELDPKWKKLLKTDNFLGGLTVNEFVQELSKDHR!DVLIDANTKNLPTNEKDQDRQYFSEQVATQEVIHSENVIKLSKDLETTLLTFDKLDDRLTYIQSVELIRRYNDFYSMGKS
8 dpevA 0.14 010 052 1.10 Download

9 6d4hA 007 016 093 158 Download LKAANLETNVEELWVEVGGRV: RELNYTRQKIGEEAMFNPQLMIQT PKEEGA VLT TEALLQHLDSALQASR -~ -VEVYMYNRQWKLEHLCYKSGELITETGYMDQI IEYLYPCLII
10 3ot4A 0.10 017 0.87 156 Download FL-SREVVDALEERVEKLEQEAAKRGFDSYV: QSLSHNALLAKKNGLESTTAAGFXNSLDEPY----KTYLPESEWERAQGVLGARYLQAVLSSGTQ

(a) All the residues are colored in black; however, those residues in template which are identical to the residue in the query sequence are highlighted in color. Coloring scheme is
based on the property of amino acids, where polar are brightly coloured while non-polar residues are colored in dark shade. (more about the colors used)

(b) Rank of templates represents the top ten threading templates used by I-TASSER.

(c) Ident1 is the percentage sequence identity of the templates in the threading aligned region with the query sequence.

(d) Ident2 is the percentage sequence identity of the whole template chains with query sequence.

() Cov represents the coverage of the threading alignment and is equal to the number of aligned residues divided by the length of query protein.

(f) Norm. Z-score is the normalized Z-score of the threading alignments. Alignment with a Normalized Z-score >1 mean a good alignment and vice versa.
() Download Align. provides the 3D structure of the aligned regions of the threading templates.

(h) The top 10 alignments reported above (in order of their ranking) are from the following threading programs:

1: pGenTHREADER 2: HHSEARCH! 3:PROSPECT2 4:pGenTHREADER 5:PROSPECT2 6:pGenTHREADER 7:PROSPECT2 8:pGenTHREADER 9:
PROSPECT2 10: PROSPECT2
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~ TM-align

(After the structure assembly simulation, I-TASSER uses the TM-align structural alignment program to match the first I-TASSER model to all structures in the PDB library. This section reports the top 10 proteins from the PDB that have the closest
structural similarity, 1.e. the highest TM-score, to the predicted [-TASSER model. Due to the structural similanity, these proteins often have similar function to the target, However, users are encouraged to use the data in the next section Predicted function
using COACH to infer the function of the target protein, since COACH has been extensively trained to derive biological functions from multi-source of sequence and structure features which has on average a higher accuracy than the function annotations
derived only from the global structure comparison.)

Top 10 Identified stuctural analogs in PDB

‘f",'g; Rank PDB Hit TH-score RMSD® IDEN® Cov Alignment
QA 0785 283 0.098 0851 Download
JwB 068 513 0.7 0783 Dovnload
A 0553 578 0.078 0738 Download
deeA  05% 573 0.067 0713 Download
0531 569 00820705 Download
JUTA1 0529 343 0101 0596 Download
G034 0515 637 0.042 072 Dovnload
5cio 0510 545 0.055 0.658 Download
A 0450 469 00540553 Download

0449 462 0.063 0.549 Download

W 0 —~N O O B W N —
-3
=2
B =

—
=3
=3
=

=

(a) Query structure is shown in cartoon, while the structural analog is displayed using backbone trace.

(b) Ranking of proteins is based on TM-score of the structural alignment between the query structure and known structures in the PDB library.
(€) RMSD® is the RMSD between residues that are structurally aligned by Th-align.

(d) IDEN® is the percentage sequence identity in the structurally aligned region.

(

e) Cov represents the coverage of the alignment by TM-align and is equal to the number of structurally aligned residues divided by length of
the query protein.
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Appendix VI1: Protein prediction of Pfap2g

i
(B-factor is a value to indicate the extent of the inherent thermal mobility of residues/atoms in proteins. In I-TASSER, this value 1s deduced from threading template proteins from the PDB in combination with the sequence profiles derived from sequence

databases. The reported B-factor profile in the figure below corresponds to the normalized B-factor of the target protein, defined by B=(B"-u)'s, where B' is the raw B-factor value, u and s are respectively the mean and standard deviation of the raw

B-factors along the sequence. Click here to read more about predicted normalized B-factor

Hornalized B-factor Helix =® Strand = Coil

Hornalized B-factor
MA@ wa o

a 200 408 600 860 1600 12008
Residue Number

(B-factor is a value to indicate the extent of the inherent thermal mobility of residues/atoms in proteins. In I-TASSER, this value is deduced from thread P proteins from the PDB in b with the seq) profiles derived from sequence

databases. The reported B-factor profile in the figure below corresponds to the normalized B-factor of the target protein, defined by B=(B".u)'s, where B' is the raw B-factor value, u and s are respectively the mean and standard deviation of the raw
B-factors along the sequence. Click here to read more about predicted normalized B-factor)
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Top 10 threading templates used by I-TASSER ‘ — [l e]a) AR

dmssmmoddmgmﬁommemmmpmaldmﬁedb\ LO}»IETS&othDBhbrm LOMETS is 2 meta-server threads h i ltiple thy er where each threadi: can generate tens of th ds of 1
I-TASSER only usn!hetemplamsoﬂhzhmhm in the th fic of which are d by the Z-score, i.e. thzd.lﬁamcebem'emﬂ:zm\mdnmgescmmthzmnaimndnddmmon&tmplnummusecnmaremIObm
templates selected from the LOMETS threading progr Usually, one templ. oftbghxghestz-mlssdected&omunh hreading program, where the threading programs are sorted by the average performance in the large-scale benchmark test experiments )

Rank PDB Iden1 iden2 Cov Norm. Download 20 40 60 80 100 120

Z-score Align. | | | I 1 |
Sec. Str CCCCCCCCCCCCCCCCCCCCCSSSCCCCCCCCCCCCCCCCCCCCCCCHACCCCHERRRRERARARHRRARRRERRECCHHARCCCCCCHRBERARAHCHARECCCCCHEEHRRARARCCCCCCHEHARARRRBREH]
Seq MTAKILNPFDIPVYPSSKACKYEFNFPTRKESTFDYIPGKSIETNC SKENMVQPKHLNLLKMLKKYMYE I IEESCFDIKSFNNI SNGKRACNEVFYNLEDTI INDSRMNIKNKI LQSNENVSNSCMDKKAT
6ilkA 0.15 0.19 095 1.00 Download
2pffA 0.07 0.06 096 078 Download
6ilkA 0.09 0.19 092 0.87 Download
2pffA 0.14 0.03 020 1.61 Download
2pffA 0.14 0.03 020 143 Download
6ilkA 0.11 019 094 128 Download
a4 017 0.09 0.03 204 Download
2%0A 0.12 0.12 041 092 Download
6ilkA 0.16 0.19 090 0.63 Download ==ASIYQEF-VNKYSLSKTLRFEL-========——e IFGKTLE-NIKARGLILKDYKKAKQI IDKYHQFFIEEI-~-LS5VC~-15---EDLLONY SDVY FKLKKSDDDN LQKDFKSAKDT IKKQI SEY IKDSEF
6ilkA 0.09 0.16 078 1.99 wnlo ASIYQEFVNKYSLSKILRFELIPQGK---———==~——=-=—=' TLENIXARGLILDDEKRAXDYXKKAKQI I DKYHQFFIEEILSSVCISEDLLONY SDVY FKLKKSDDD LQKDFKSAKDT IKKQISEYIKDSEX
(a) Allthe residues are colored in black; , those resi in which are identical to the residue in the query sequence are highlighted in color. Coloring scheme is based
on the property of amino acids, where polar are brightly coloured while non-polar residues are colored in dark shade. (more about the colors used)
(b) Rank of P the top ten i used by FTASSER.
(c) ident1 is the percentage sequence identity of the lelmlates in the threading aligned region with the query sequence.
(d) Ident2 is the percentage sequence identity of the whole template chains with query sequence.

WO NDDOHEWN -

-
o

(e) Cov rep the ge of the ing ali and is equal to the number of aligned residues divided by the length of query protein.
(f) Norm. Z-score is the normalized Z-score of the ing with a Z-score >1 mean a good alignment and vice versa.
(g) D Align. pi the 3D of the aligned regions of the threading templates.

(h) The top 10 alignments reported above (in order of their ranking) are from the following threading programs:
1: MUSTER 2: FFAS-3D 3: SPARKS-X 4: HHSEARCH2 5: HHSEARCH| 6: Neff-PPAS 7: HHSEARCH 8: pGenTHREADER 9: wdPPAS 10: PROSPECT2
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Rank PDB Iden1 Iden2 Cov Norm. Download 20 40 60 80 100 120 14
Hit Z-score  Align. | | | | | |
Sec.Str CCCCCCCCCCSSSSCCCCCS HCCCHEHCCCCCCCCCCCCCCCCCSSSSCCCCCCCCCCCeeececccecccecceccecccccecceece
Seq LMYKMONNNNIYCKKHDSNYIISNGINNHICAHKEVNYNVLNHVININT YVNSKNI FSNVAVINDT DLHACNNEQRNNI SNHNINKNVVNLNNVHS INKELNNY PINSTQDYNTNY DKNGCLGT LTCDI KNKNNKNNK
Sar6A 009 0.18 1.00 274 Download FNSKGIINQGLISVKDSCSNLIVKQIE! RYKILNNSLNPAISEDNDE! I TTHTFIDSIMAEANADNGREMMELGKYLRVGFFPDVKT T I /LSGPEAYARAYQDLLMFKEGSM \THLIEADLRNFEISKTNI SQSTEQ)
6b3rA 0.07 0.14 025 071 Download

JjesS 0.06 0.16 1.00 4.06 Download KIYNLNMIGMRIWNVIELEEPSEEDLTHILAQKFPILT LI PKLIDSYKNVK: IYMNTKFISLIKGAHTCERLDILFKNNGI VKPDQLIQSSVYD: IFSEAADCFAGAIGEFKALE---PIIQAIGESLDIASSRISL
Jigm  0.17 0.01 005 211 Download

0.08 0.02 0.11 058 Download
In7dA 0.07 0.08 048 223 Download SVICKSGDFSCGGRCI PQFWRCDGQVDCHGSDEQGCPPKTICSQDEFRCE
0.09 0.13 0.85 1.92 Download NIIFSEIRKFIR-ESFKEIEHLTARLANDRVARHDFLFNTSIALISDYSGEDSNGHQLOAT
0.07 0.12 0.78 4.28 Download SSFLHIGDICSL
0.21 0.01 003 077 Download
0.06 0.13 084 164 Download

.
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(After the structure assembly simulation, I- TASSER uses the TM-align structural alignment program to match the first . TASSER model to all structures in the PDB library. This section reports the top 10 proteins from the PDB that have the closest structural similarity, 1.e. the highest
TM.score, to the predicted I-TASSER model. Due to the structural similarity, these proteins often have similar function to the target. However, users are encouraged to use the data in the next section 'Predicted function using COACH' to mfer the function of the target protein, since
COACH has been extensively trained to derive biological functions from multi-source of sequence and structure features which has on average a higher accuracy than the function annotations derived only from the global structure comparison.)

Top 10 Identified stuctural analogs in PDB

lg:/'::e';v Rank PDB Hit TM-score RMSD? IDEN® Cov Alignment
1 2pffA 0.262 9.90 0.019 0.422 Download
2 6bglA 0246 955 0.029 0.388 Download
3 SGifoA 0.246 9.71 0.034 0.385 Download
4 5n80A 0240 924 0.022 0.363 Download
5 1vdl 0240 9.87 0.008 0.388 Download
6 5b43A 0.229 9.77 0.036 0.362 Download
7 6iraA 0.220 7.98 0.030 0.306 Download
8 6fedC 0217 9.85 0.022 0.347 Download
9 GfwkA 0208 970 0.021 0.329 Download
10 6i1kA 0201 9.60 0.030 0.312 Download

(a) Query structure is shown in cartoon, while the structural analog is displayed using backbone trace.

(b) Ranking of proteins is based on TM-score of the structural aignment between the query structure and known structures in the PDB library.
(C) RMSD?* is the RMSD between residues that are structurally aligned by TM-align

(d) IDEN® is the percentage sequence identiy in the structurally aligned region

(e) Cov rep: ts the rage of the by TM-align and is equal to the number of structurally aligned residues divided by length of the
query protein
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Top 10 Identified stuctural analogs in PDB

Click
to view

Rank PDB Hit TM-score RMSD? IDEN® Cov Alignment
Gar6A 0989  1.40 0.083 1.000 Download
4r04A 0858 490 0.075 0.980 Download
6c0bA 0359 317 0.078 0.383 Download
5/81A 0295 10.30 0.038 0.481 Download

0292 9.72 0.028 0.455 Download

h02A 0289 9.80 0.0350.458 Download
5d06A 0287 9.62 0.028 0.444 Download
3b9A1 0.280  9.97 0.027 0.445 Download

SxicA 0279  9.87 0.040 0.439 Download

0279 9.63 0.0410.433 Download
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(a) Query structure is shown in cartoon, while the structural analog is displayed using backbone trace.

(b) Ranking of proteins is based on TM-score of the structural alignment between the query structure and known structures in the PDB library.
(c) RMSD? is the RMSD between residues that are structurally aligned by TM-align.

(d) IDEN® is the percentage sequence identity in the structurally aligned region.

(e) Cov represents the coverage of the alignment by TM-align and is equal to the number of structurally aligned residues divided by length of the
query protein.
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Appendix VI11: Protein ligand docking of Pfgdvl

{05\ (COFACTOR -, . [COACH

(;:\Illice‘:ﬁl Rank C-score
1 009
g 2 005
O 3 005
4 002
5 0.02

(
(
(
(

Cluster PDB  Lig Download

size Hit Name Complex

4

- - NN

3e4aA PEPTIDE Rep, Mult
2wk3A PEPTIDE Rep, Mult
4wh2ACA  Rep Mut
3d6aA MG Rep, Mult

(Ths section reports biological annotations of the target protein by COFACTOR and COACH based on the I-TASSER structure prediction. While COFACTOR deduces protein functions (ligand-binding sites, EC and GO) using structure comparison and
protein-protein networks, COACH is a meta-server approach that combines multiple function annotation results (on ligand-binding sites) from the COFACTOR, TM-SITE and S-SITE programs.)

Ligand Binding Site Residues

15,27,32,33
62,65,121,122,123,124,141,180,227
512,513

351,355

344 345

Download the residue-specific ligand binding probability, which is estimated by SVM.

Download the all possible binding ligands and detailed prediction summary.

Download the templates clustering results.
3) C-score is the confidence score of the prediction. C-score ranges [0-1], where a higher score indicates a more reliable prediction.
b) Cluster size is the total number of templates in a cluster.
c) Lig Name is name of possible binding ligand. Click the name to view its information in the BioLiP database.

d) Rep is a single complex structure with the most representative ligand in the cluster, i.e., the one listed in the Lig Name column.
Multis the complex structures with all potential binding ligands in the cluster.
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Cluster PDB Lig Download

Click to view Rank C-score size Hit Name Complex

Consensus Binding Residues

O 1007 4 3b6aD ZCT Rep, Mult 546,547
2 004 2 430gD PLP  Rep Mult 412,413
3 004 2 2gmA NAG Rep, Mult 5,16,22,23173
4 004 2 3bziH CLA Rep Mult 585,588
5 004 2 1jgtB MG NA 301410
6 004 2 1khwB MN N/A 284,408
7 002 1 2z8yMXE  Rep Mult 129,190,213,229,230,233
8 002 1 3ufkA NTA Rep Mult 810,165,166
9 002 1 1djgB LA N/A 494 496,526
10 002 1 NA NA N/A  199,236,239,242 243,244,384 405 407,566,570,575,578

Download the residue-specific binding probability, which is estimated by SVM.

Download the predicted bound ligands and detailed prediction summary.

Download the templates clustering results.
(3) C-score is the confidence score of the prediction. C-score ranges [0-1), where a higher score indicates a more reliable prediction
(b) Cluster size is the total number of templates in a cluster.
)
)

(c) Lig Name is the name of possible binding ligand. Click the ligand name to view its information in the BioLiP database.

(d) Rep is a single complex structure with the most representative ligand in the cluster, i.e., the one listed in the Lig Name column
Mult is the complex structures with all potential binding ligands in the cluster.
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Appendix IX: Protein ligand docking of Pfap2g

)-1200

COACH is 2 meta-server approach that combines multiple function annotation results (on ligand-binding sites) from the COFACTOR, TM-SITE and S-SITE programs.)

ti;: Rank C-score Ct';‘:' p:.: “;'gm mx: Ligand Binding Site Residues

@ 1 015 8 2uBGFMN Rep Mult 495496497 498 499 548 550,579,603 629,632 633,663 664,693 694,697,937 942

() 2 004 2 3bsnAMN NA 201202275

() 3 004 2 2uwd NAP Rep Mult 498,520,523 550,555,634 635,741,824,893,895,896,914 915917

() 4 002 1 NA NA NA 596598621986987,988,9931014,1017,1018,1021,10221024,1029,1032,1033,1035
(O 5 002 1 1bofA MG NA 41189

Download the residue-specific igand binding probabiity, which is estimated by SVM.

Download the all possible binding figands and detailed prediction summary.

Download the templates clustering results.
(a) C-score is the confidence score of the prediction. C-score ranges [0-1], where a higher score indicates a more refiable prediction.
(b) Cluster size is the total number of templates in a cluster.
(c) Lig Name is name of possible binding bigand. Click the name to view s information in the BioLiP database.

(d) Rep is a single complex structure with the most representative igand in the cluster, i.e., the one listed in the Lig Name column.
Mult is the complex structures with all potential binding ligands in the cluster.

(This section reports biological annotations of the target protein by COFACTOR and COACH based on the I-TASSER structure prediction. While COFACTOR deduces protein functions (ligand-binding sites, EC and GO) using structure comparison and protein-protein networks,
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Predicted function using

201-2452

(This section reports biological annotations of the target protein by COFACTOR. and COACH based on the I-TASSER structure prediction. While COFACTOR deduces protein fimctions (ligand-binding sites, EC and GO) using structure comparison and protein-protein nefworks,

COACH is 2 meta-server approach that combines multiple function annotation results (on ligand-binding sites) from the COFACTOR, TM-SITE and $-SITE programs)

X Rank Cscare
® 1 003
O 2 m
O 3 002
O 4
O 5 002

Cluster PDB Lig Download
size  Hit Name Complex

2

2
1
1
1

Ligand Binding Site Residues

3ipvA ZN  Rep, Mult 389,390
3r6sA CMP  Rep, Mult 410,414

5il5A ZN  Rep, Mult 400,407
20eiC CA NA 11881193
4qbfA MG Rep, Mult 517,522

Download the residue-specific ligand binding probabilty, which is estimated by SVM.

Download the all possible binding ligands and detailed prediction summary.

Downioad the templates clustering resuls.
(a) C-score is the confidence score of the prediction. C-score ranges [0-1], where a higher score indicates a more refiable prediction.
(b) Cluster size is the total number of templates in a cluster.
(c) Lig Name is name of possible binding figand. Click the name to view its information in the BioLiP database.

(d) Rep is a single complex structure with the most representative ligand in the cluster, i.e., the one listed in the Lig Name column.
Mult is the complex structures with all potential binding igands in the cluster.
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ABSTRACT

Keywords:
Bioinformatics

DNA sequencing
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Plasmodium falciparum
Pfgdvl
Gametocytogenesis
Single-nucleotide polymorphism
Selection analysis

Introduction: Plasmodium falciparum relies on gametocytogenesis to transmit from humans to mosquitoes. Game-
tocyte development 1 (Pfgdvl) is an upstream activator and epigenetic controller of gametocytogenesis. The
emergence of drug resistance is a major public health concern and this requires the development of new strategies
that target the transmission of malaria. As a putative drug target, Pfgdv] has not been characterized to identify its
polymorphisms and alleles under selection and how such polymorphisms influence protein structure.

Methods: This study characterized single-nucleotide polymorphisms (SNPs) in primary sequences (n = 30) of
Pfgdv1 gene generated from thirty blood samples collected from patients infected with P. falciparum and secondary
sequences (n = 216) retrieved from PlasmoDB. ChromasPro, MUSCLE, Tajima's D statistic, SLAC, and STRUM
were used in editing raw sequences, performing multiple sequence alignment (MSA), identifying signatures of
selection, detecting codon sites under selection pressure, and determining the effect of SNPs, respectively.
Results: MSA of primary and secondary sequences established the existence of five SNPs, consisting of four non-
synonymous substitutions (nsSNPs) (p.P217H, p.R398Q, p.H417N, and p.D497E), and a synonymous substitution
(p-S514S). The anal of amino acid changes reveals that p.P217H, p.R398Q, and p.H417N comprise non-
conservative changes. Tajima's D statistic showed that these SNPs were under balancing selection, while SLAC

analysis identified p.P217H to be under the strongest positive selection. . Further analysis based on thermody-
namics indicated that p.P217H has a destabilizing effect, while p.R398Q and p.D497E have stabilizing effects on
the protein structure.

Conclusions: The existence of four nsSNPs implies that Pfgdv] has a minimal diversity in the encoded protein.
Selection analysis demonstrates that these nsSNPs are under balancing selection in both local and global pop-
ulations. However, p.P217H exhibits positive directional selection consistent with previous reports where it
showed differentiatial selection of P. falciparum in low and high transmission regions. Therefore, in-silico pre-
diction and experimental determination of protein structure are necessary to evaluate Pfgdv] as a target candidate
for drug design and development.

1. Introduction

region, such as Nandi, Uasin Gishu, and Baringo Counties, experiencing
epidemic malaria (Kipruto et al., 2017; Noor et al., 2018). Despite great

Plasmodium falciparum, the leading causative species of malaria, is a
protozoan parasite transmitted by female Anopheles mosquitoes when
they bite humans to obtain their blood meal. Globally, malaria trans-
mission remains undeterred with epidemiological data showing that
malaria affected about 228 million people with approximately 405,000
deaths in 2018 (WHO, 2019). Kenya is one of the malaria-endemic
countries in sub-Saharan Africa with highland areas in the North Rift

* Corresponding author.
E-mail address: vatunga@uonbi.acke (V.A. Mobegi).

https://doi.org/10.1016/j.heliyon.2020.e03453

strides made in the use of insecticides, anti-malarial drugs, and effective
healthcare services, prevention and control strategies of malaria are still
challenging due to the emergence of drug resistance (Arama and
Troye-Blomberg, 2014; Delves et al., 2018; Muduli et al., 2018; Sinden
et al., 2012; WHO, 2018). Hence, there is a need to develop new stra-
tegies that target the transmission of malaria in both epidemic and
endemic regions.
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