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Summary

Malaria is a life-threatening tropical disease that caused 619 000 malaria-associated deaths in
2021. Although malaria is a curable disease, the causative agent, the Plasmodium falciparum
parasite, continuously develops antimalarial resistance, making current chemotherapeutics
ineffective. Nutrient acquisition in the Plasmodium parasite is essential for the proliferation and
development of the obligatory intracellular parasite. The parasites are amino acid auxotrophs,
and amino acids are mostly obtained from haemoglobin digestion, with additional amino acids,
such as isoleucine and methionine, obtained from the extracellular environment. The uptake of
these extracellular amino acids requires transport across multiple membranes surrounding the
parasite. Between the asexual and gametocyte life stages, a dynamic shift in the expressed
transportome was observed, as seen by the expression of all 11 putative amino acid
transporters in asexual parasites, whereas gametocytes only express four of these amino acid
transporters constitutively. Of the four putative amino acid transporters expressed in
gametocytes, two transporters from the neurotransmitter:sodium symporter family are
constitutively expressed in P. falciparum asexual parasites and gametocytes, and we
hypothesize that these are essential for asexual proliferation and sexual differentiation in
P. falciparum parasites.

Here, our objective was to develop genetically modified parasite lines to investigate the
essentiality of two putative amino acid transporters, Pf3D7_0515500 and Pf3D7_1132500, in
P. falciparum asexual parasites and gametocytes. The essentiality of the two putative
transporters was probed by generating irreversibly truncated, non-functional proteins through
targeted gene deletion. However, if the amino acid transporter proteins are essential for asexual
stage parasites, no integrants will be obtained, which prevents the evaluation of its essentiality
in gametocyte stages using the same system. Therefore, an inducible knockdown system was
also investigated to conditionally alter gene expression levels of the amino acid transporters
through the action of a glmS ribozyme. The required recombinant plasmids for both systems
were generated as confirmed with Sanger sequencing. Following transfection, parasites with
episomal uptake of the plasmids were obtained. Although no integrants for the SLI-TGD system
were obtained, a population of parasites transfected with SLI-gImS plasmids developed
neomycin resistance. The integration confirmation PCR for the recovered parasite populations
did not confirm genomic integration at the GOI locus, however for NF54-Pf3d7_0515500-gImS-

GFP green fluorescence was detected, possibly indicating integration of the recombinant

Xl
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plasmid at another locus. In the future, whole genome sequencing could be considered to

determine where genomic integration occurred, and ultimately characterise these proteins.
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1. Literature review

1.1. Malaria

Malaria is a significant global health concern, with economic and socio-economic impacts on
several countries. Although malaria is preventable and treatable, it remains deadly. In 2021,
there were an estimated 247 million malaria cases and 619 000 malaria-associated deaths, in
84 malaria-endemic countries (1). The four countries that accounted for the most malaria-related
deaths, with a total of 52 % of global cases in 2021, including Nigeria, the Democratic Republic
of the Congo, the Republic of Tanzania, and Niger (Figure 1.1). Underdeveloped countries, with
scarce healthcare and malaria intervention aids, account for 95 % of malaria cases (2).
Additionally, between 2019 and 2021, an estimated 63 000 people died from malaria due to

Covid-19 related disruptions to essential malaria services (1).

Mortality rate:
Deaths per 100

Thousa"d ty rate:
per 100

7] 0-05 n
o] 05-5 "
W 5-20 g
. 20-50 75
W so-7s g
W 75100

Figure 1.1: Global map of 2021 malaria mortality rate distribution.

Geological distribution of estimated malaria deaths in 2021 per 100 thousand. Image adapted from WHO
Malaria Report 2022, for deaths recorded in 2021 per population denominators. Image produced in
MapChart (https://www.mapchart.net).

Malaria is caused by protozoan parasites of the genus Plasmodium, transmitted to the human
host by female Anopheles spp. mosquitoes infected with Plasmodium spp. In South Africa,
malaria is transmitted along the border areas of Limpopo, Mpumalanga and KwaZulu-Natal by
mosquito vectors Anopheles funestus and Anopheles gambiae that transmit the Plasmodium

falciparum parasite to the human host (3).

13
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There are currently six known Plasmodium species that can infect humans: P. falciparum,
Plasmodium vivax, Plasmodium ovale curtisi, Plasmodium ovale wallikeri, Plasmodium
malariae, and Plasmodium knowlesi (4, 5). Of these, P. falciparum and P. vivax result in the
highest number of infections and subsequent deaths. Unlike other species of Plasmodium,
P. falciparum parasites infect mature erythrocytes, causing intense haemolysis and
sequestration of infected erythrocytes resulting in severe complications such as organ
dysfunction, metabolic acidosis, and respiratory distress (6-10). By contrast, P. vivax can only
invade the small percentage of reticulocytes found in the blood (8, 10) and only 2 % of the global

malaria cases estimated in 2021 were caused by P. vivax infection (1).
1.2. P.falciparum life cycle

In the human host, the P. falciparum parasite’s life cycle (Figure 1.2) consists of asexual exo-
erythrocytic development within the liver, followed by the asexual intraerythrocytic development
cycle (IDC) and lastly sexual differentiation. During a blood meal by parasite-infected Anopheles
mosquitoes, infectious sporozoites enter into human skin and migrate via the bloodstream (11),
to reach the liver within two minutes (12). In the parenchymal hepatocytes, the parasite
undergoes exoerythrocytic schizogony, to form merozoites. Thousands of these are released

from a hepatocyte ~ 6.5 days later to invade erythrocytes, initiating the IDC (13, 14).

Upon contact with the erythrocyte, the merozoite initiates erythrocyte invasion (15), during which
the parasitophorous vacuolar membrane (PVM) is formed around the parasitic plasma
membrane (PPM) inside the erythrocyte. The intraerythrocytic parasite is ultimately surrounded
by three membranes, the erythrocytic plasma membrane (EPM), the PVM and the PPM (15, 16).
Three morphological stages of intraerythrocytic asexual development can be observed: ring,
trophozoite, and schizont stages. Ring-stage parasites have a thin ring of organelle-rich
cytoplasm surrounding a clear centre composed of a few organelles with low metabolic activity
(17, 18). The parasite develops novel mechanisms to acquire nutrients from the host plasma,
and new permeability pathways (NPPs) are induced at 10 — 20 hpi to increase the permeability
of erythrocytes to various carbohydrates, amino acids, and monovalent ions (19, 20). The
appearance of a haemozoin pigment, the product of haemoglobin digestion in the phagosome,
marks the onset of the trophozoite stage (17, 21). In the trophozoite stage (20 — 30 hpi (18)) the
parasite becomes metabolically active and there is a rapid increase in the size of the parasite as
extensive RNA and protein synthesis takes place. From 33 — 36 hpi, nuclear replication occurs,

and a multinucleated schizont is formed. Merozoites egress occurs after cytokinesis, where up

14

© University of Pretoria



to 32 merozoites are released at 48 hpi (22, 23). Each of the daughter merozoites, invades
another erythrocyte and initiate another IDC (20).

Sporozoites

10 - 100 sporozoites
perbite _____

Mosquito bite
/ ) ‘4

G [
O Ruptured |84~
schizont @

Oocyst /NN \/
9 Mos Ljito
Vi q
el / bite
Ookinete \(\'
\\\7 /’ -
Zygote Gametocytogenesis

<10 % of asexual intraerythrocytic parasites

Figure 1.2: Life cycle of P. falciparum.

The human host is infected with P. falciparum sporozoites during a female Anopheles mosquito bite.
Sporozoites, injected into the host tissue, migrate to the liver through the blood vessel and infect
hepatocytes. When hepatic schizonts rupture, merozoites are released into the blood. Once the
merozoites infect erythrocytes, the 48 h intraerythrocytic developmental cycle (IDC) is initiated. A
subpopulation of parasites commits to sexual differentiation to form mature gametocytes, which are
ingested by Anopheles mosquitos where fertilization occurs in the midgut to form zygotes. The zygotes
develop into mobile ookinetes, which differentiate into an oocyst that matures to sporozoites. Sporozoites
are released into the salivary glands of the mosquito and re-initiate the cycle of infection. Created using
CorelDRAW 2020.

A small population (< 10 %) of trophozoites differentiates into male and female gametocytes,
which are essential for the transmission and reinfection of the Plasmodium parasite (24). In
P. falciparum, gametocytogenesis takes between 9 - 12 days and can be divided into 5 distinct

morphological stages defined as stage I-V (Figure 1.2).

P. falciparum gametocyte stages | to IV are sequestered in the bone marrow to allow sexual
maturation while avoiding phagocytic clearance (25). Stage | gametocytes are morphologically

comparable to asexual trophozoite stage parasites. Stage Il gametocytes are marked by the

15
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deposition of specialised elongation machinery called the inner membrane complex (IMC) and
have a distinct D-shape within the erythrocyte, while a stage Ill gametocyte has an elongated
lemon shape. Stage IV gametocytes are maximally elongated by the extension of the
subpellicular complex, and the characteristic “falciform” shape is observed. At stage 1V,
haemoglobin digestion is completed, and the host erythrocyte is reduced to a thin layer around
the parasite (25).

Mature stage V male and female gametocytes have increased flexibility and re-enter the
peripheral blood circulation. Female gametocytes are characterised by a small, dense nucleus
and a concentrated haemozoin pigment pattern, while male gametocytes have a larger nucleus
and scattered haemozoin pigment pattern. Mature gametocytes are taken up from peripheral

blood when female Anopheles mosquitoes feed (17, 24, 26).

Within minutes of ingesting mature male and female gametocytes, gametogenesis occurs in the
mosquito midgut, which is initiated by a decrease in temperature, increase in pH, and gamete
activating factor, xanthurenic acid, to form micro- (male) and macro- (female) gametes (27).
During microgametogenesis and exflaggelation, male gametocytes undergo three rounds of
DNA replication and mitotic division, resulting in eight flagellated male gametes (28). Fertilisation
occurs within 15 to 20 minutes of being taken up by the mosquito when flagellated male
gametes fuse with female gametes. Diploid zygotes then undergo meiosis and differentiate into
mobile ookinetes. The elongated unicellular ookinetes penetrate the midgut epithelium and the
oocyst forms between the midgut epithelium and the basal lamina. The oocysts mature into
sporozoites and after 8 - 16 days, the sporozoites are released into the haemolymph where they

enter the salivary glands of the mosquito (28-30).

The complex life cycle of the P. falciparum parasite, with its dependence on the mosquito vector
and human host, requires a wide range of malaria control strategies. These include various
prevention strategies and chemotherapeutics to prevent and treat P. falciparum parasite

infection.
1.3. Malaria control

A multi-layered approach is needed to control the spread of the disease by mosquitoes and to
treat infections. The efficacy of most control strategies is finite due to antimalarial and insecticide
resistance development, and therefore new antimalarial agents and novel drug targets are

essential (31).

16
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Vector control strategies are designed to decrease the transmission of Plasmodium parasites by
either reducing mosquito numbers or preventing biting. Vector control strategies include long-
lasting insecticidal bed nets and indoor residual spraying (IRS) with insecticides. However these
are threatened by vector resistance to insecticides such as pyrethroids (32). Alternatively, the
mosquito population is controlled with larvicides and draining the mosquito’s breeding reservoirs
(33, 34). Between 2015 and 2021, the number of people protected from malaria infections with
vector control strategies decreased from 112 million to 80 million, likely due to vector insecticide
resistance and climate change resulting in a change of migration patterns and habitats of the

Anopheles mosquito (1, 33, 35).

Parasite control strategies include chemoprophylaxis to prevent infection by the Plasmodium
parasite, and chemotherapeutics reduce pathogenesis if infected. Chemoprophylaxis is used to
protect travelling individuals and residents in endemic areas during seasonal malaria outbreaks
(34). In South Africa, a daily dose of doxycycline or a weekly dose of mefloquine is advised (36).
However, a Plasmodium infection that will result in the onset of malaria symptoms can still occur

when chemoprophylaxis fails.

Treatment of malaria has been limited by the development of drug resistant Plasmodium
parasites, and older antimalarial drugs, including chloroquine and antifolates, have become
ineffective (37). The current gold standard for treating malaria infection is artemisinin-based
combination therapy (ACT), which consists of a fast-acting artemisinin derivative and slow-
acting partner drugs that significantly reduce parasite numbers while reducing the risk of
resistance (1). Although independent cases of artemisinin resistance have been reported in
southeast Asia and Africa (38), ACTs only fails when resistance against both artemisinin and the
partner drug develop. Antimalarial drug resistance, which develops during the replicative
asexual stages, can only be spread when the non-pathogenic mature gametocytes are
transmitted to the mosquito vector. Therefore, the incorporation of transmission blocking or dual
active drugs, targeting the asexual parasite stages and gametocytes, is an important component
in chemotherapeutics to prevent the spread of resistance (39). Dual-active antimalarials
currently in the drug development pipeline include Cipargamin (KAE609). Another combination
therapy active against liver stages, asexual parasites and gametocytes is Ganaplacide

(KAF156) combined with lumefantrine and is being tested in patients (40).

Vaccines have been notoriously difficult to develop to prevent parasite infections. The pre-
erythrocytic vaccine, RTS, S/ASO1lg, based on the P. falciparum circumsporozoite protein only

has 36 % efficacy and was approved for widespread use among children in malaria affected
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sub-Saharan Africa in 2021. This vaccine targets the sporozoite stage of P. falciparum by
blocking hepatocyte infection, thus preventing the re-entry of the parasite into the bloodstream,
and forming intraerythrocytic stages (41, 42). Another pre-erythrocytic vaccine candidate
targeting the circumsporozoite protein, R21 along with the adjuvant Matrix-M, has now been
approved by the WHO (43).

New chemotherapeutic targets are consistently needed to combat the spread of antimalarial and
insecticide resistance (44, 45). Therefore, extensive knowledge is needed about the

Plasmodium parasite’s biology to identify new chemotherapeutic targets.
1.4. Membrane transport proteins

Membrane transport proteins are crucial for various physiological processes such as nutrient
uptake, the generation and maintenance of the transmembrane electrochemical gradients and
the removal of metabolic waste and drugs (46). These proteins are classified into three groups
based on their functional characteristics and mechanism of action: carrier proteins, channel

proteins, and pumps (Figure 1.3).

[Substrate]
%Xh) i

[Substrate]

W

[Substrate] .~

ATP
4
ADP+Pi
Uniporter Symporter Antiporter Closed Open
Carrier Channel Pump

Figure 1.3: Membrane transport protein classes.

Three main classes of membrane transporters are channels, carriers, and pumps. Carriers undergo
conformational change upon substrate binding and use the electrochemical gradients of H* or Na* to
transport substrates down or against their electrochemical gradient. Channels transport substrates down
their electrochemical gradient through an aqueous passage. Pumps, powered by ATP hydrolysis,
transport substrates against their electrochemical gradients.

Carrier proteins undergo a conformational change upon binding to a specific substrate to
transport these solutes across the bilipid membrane, and these proteins can be further classified
into three subclasses uniporters, symporters, and antiporters. While uniporters facilitate the
transport of a single solute down its electrochemical gradient, symporters and antiporters
transport two or more substrates simultaneously. Symporters and antiporters use the energy
stored in one or more of their substrate’s electrochemical gradients (such as H* and Na*) to

drive the transport of another substrate against its electrochemical gradient (47). Channel

18

© University of Pretoria



TEIT VAN PRETO
ITY OF PRETO
ITHI YA PRETO

mn®
«Z

proteins are aqueous pores that are open, to constitutively allow rapid transport of solutes, or
closed and first needs a physiological signal to induce a conformational change to open the pore
and allow rapid transport of small solutes (with a specific size and charge) down their
electrochemical gradient. Lastly, ATP-powered pumps are active transporters that use ATP
hydrolysis to generate energy and transport solutes across the phospholipid membrane against
the electrochemical gradient (48).

Plasmodium falciparum parasite infected erythrocytes have an increase in the rate of substrate
uptake compared to uninfected erythrocytes. The parasite transports sugars, amino acids,
vitamins, metabolites, waste products, and ions across the various membranes for successful
replication (49-51). For this reason, the P. falciparum parasite changes the EPM and the PVM
by trafficking membrane transport proteins from the parasite to the surrounding membranes to

adjust the permeability and allow the transport of substrates (52).

The P. falciparum transportome consists of 19 channels, 69 carriers and 29 pumps, and is
encoded by 3 % of the parasite’s genome. This is reduced compared to the vector, A. gambiae
(5 %) and the host, Homo sapiens (4 %). Transporters with overlapping functions were lost
through evolutionary adaptation of the parasite in the relatively nutrient rich environments of the
mosquito midgut and human blood (47). Notwithstanding this limited repertoire of transport
proteins, mutations in these transport proteins are used to confer drug resistance, even if it
affects the natural function. For example, mutations in the chloroquine resistance transporter
(PfCRT) allow chloroquine-resistant parasites to export the antimalarial from the food vacuole
and prevent the binding of chloroquine to its haem and haemozoin targets, rendering the drug
inactive (45, 53). Furthermore, multidrug resistance appears due to mutations in the cyclic
amine resistance locus (PfCARL) transporter localised to the Golgi apparatus, while
amplification of the multidrug resistance protein 1 (pfmdrl) gene confers a decreased sensitivity

to a broad range of antimalarial classes (54, 55).

By contrast, several P. falciparum membrane transport proteins are possible direct therapeutic
targets (47). The P-type Na* transporter ATPase 4 (PfATP4) maintains low intracellular Na*
concentrations by exporting Na* with the simultaneous import of H" (56). Multiple, chemically
diverse inhibitors target PfATP4, resulting in disrupted Na* efflux and deacidification of the
parasite cytoplasm leading to parasite death (57-59), including Cipargamin. Whilst the other
membrane proteins have not progressed so far in the drug discovery process, there are several
membrane proteins with in vitro validation as antimalarial targets (40, 60). The V-type H*

ATPase are essential for maintaining the pH and inward negative membrane potential of
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infected erythrocytes (61) and is the target of the antimalarial clinical candidate triaminopyridine
(62). The Niemann-Pick type Cl-related protein (PfNCRL1) localises to the PPM and inhibition of
this essential lipid/sterol:H* symporter by MMV009108 and MMV019662 results in disrupted lipid
homeostasis and parasite death (63). The hexose transporter 1 (PfHT1) responsible for glucose
import into the parasite is the target of MMV009085, amongst other compounds (64, 65). Lastly,
the formate-nitrite transporter (PfFNT) responsible for lactate export is inhibited by MMV007839
and MMV000972 (66).

To expand the list of possible membrane transport proteins as potential druggable targets, one
needs to identify a metabolite that is transported by the parasite, via a transport protein that is
genetically validated as essential for parasite survival. Given that in vitro cultivation of asexual
P. falciparum parasites requires extracellular medium containing various amino acids including
cysteine, glutamate, glutamine, isoleucine, methionine, proline and tyrosine (67), amino acid
transport and the membrane transporters responsible may provide new avenues of

investigation.
1.5. Sources of amino acids

Amino acids form an integral part of all cells, and in addition to serving as building blocks in
protein synthesis, they are also crucial for whole cell homeostasis, cell signalling, gene
regulation and development (68). The P. falciparum parasite is auxotrophic for the majority of
amino acids and can only synthesise six of the 20 amino acids de novo, namely aspartate,
asparagine, glutamate, glutamine, proline, and glycine (69). Of these, asparagine plays a major
role in protein synthesis, as it is one of the most abundant amino acids in Plasmodium proteins
(70).

Plasmodium falciparum parasites have two mechanisms to acquire amino acids: digestion of
haemoglobin found in the host erythrocytes, and uptake of free amino acids from the blood
plasma or external medium (71). During the asexual stages of the parasite’s life cycle,
P. falciparum parasites ingest and degrade 75 % of the host haemoglobin (72). Whilst
haemoglobin degradation allows the parasite to acquire amino acids needed for biochemical
processes, the rate of this degradation is almost equal to the rate of amino acid efflux from the
infected erythrocyte (73). Therefore, it is suggested that haemoglobin digestion is most likely
needed to maintain osmotic balance inside the host cell and to create space for the asexual
parasite to grow (74). On average, only 16 % of the amino acids obtained from haemoglobin

digestion are converted to parasite proteins, thus, additional free amino acids are exported to
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the extracellular medium (75-77). However, since haemoglobin is completely lacking in
isoleucine and has low levels of glutamate, methionine, glutamine and cysteine, these free

amino acids must additionally be taken up from the extracellular environment (67).

Intraerythrocytic P. falciparum parasites therefore have increased transport of amino acids such
as tryptophan, glutamine, and glutamate (78, 79). Additionally, alanine competes with
methionine and isoleucine for uptake through a nonspecific mechanism for neutral amino acids
(80). As P. falciparum gametocytes remain within the same erythrocyte for several days, the
amino acid requirements of gametocytes can differ from those of asexual parasites, especially
when the host haemoglobin reservoir becomes depleted as gametocytes mature (17).
Therefore, the importance of the amino acid transporters responsible for this increased amino

acid transport during the P. falciparum life cycle will be investigated.
1.6. Amino acids transporters

The P. falciparum genome contains 11 putative amino acid transporters (47). Five of these
belong to the ApiAT family, known as uniport transporters of aromatic and large neutral amino
acids in Toxoplasma gondii (81). Furthermore, there are three predicted members of the amino
acid/auxin permease family (AAAP) and three predicted neurotransmitter:sodium symporter
(NSS) family members (Table 1.1) (46).

A comparison of amino acid transporter gene expression profiles showed differential expression
of these genes during the different life stages of P. falciparum parasites. Interestingly, asexual
parasites express all 11 of these putative amino acid transporters, while gametocytes only
express some (Table 1.1) (46, 82, 83). During gametocyte maturation, four amino acid
transporters, pf3d7_0104700 (ApiAT9), pf3d7_1208400 (AAT2), pf3d7_0515500 (NSS2 or
GEP1) and pf3d7_1132500 (NSS3) showed constitutive expression, while relative

downregulation of the other transporters is observed.

High-throughput transposon mutagenesis, which involves the random insertion of piggyBac
transposons into a genome to produce a loss of function phenotype, was used to investigate the
essentiality of various genes during the asexual life stages of P. falciparum parasites. Based on
this, three of the 11 putative amino acid transporters were predicted to be essential for asexual

proliferation of P. falciparum parasites (Table 1.1) (84).
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Table 1.1: Predicted expression profiles and essentiality of putative amino acid transporter
during P. falciparum intraerythrocytic life cycle.

Expression -
. Essentiality
profiles
Gametocyte Gametocyte
Sub- Asexual
Name ) Gene name | ® stage stage
family S
& > L= RCY L0
<= | = Op |t = ol=2|= 0o
- a &) ®) £l 0 o =
Major facilitator | ApiAT2/ " 1 6
superfamily-related | MFR4 P13d7_0914700 i
Major facilitator ApiAT4/ 6
i Pf3d7_1129900 4 i
superfamily-related MFR5 - e
Nowel putative ApiATS/ 1| oR3 2 6
transporter 1 NPTL Pf3d7_0104800 Pb Pb
Major facilitator ApiATY/ 1 53 5
superfamily-related | MFR2 P13d7_0104700 Pb Pb
Multidrug-resistant [ApiAT10/ . 1| 513 1 6
modulator MFR3 Pf3d7_0312500 Pb Pb
Amino acid AATL |Pf3d7_0629500 Pb’ Pb’
transporter
Amino acid AAT2 |Pf3d7_1208400 Pb®
transporter
Membrane protein | AAAP3 [Pf3d7_1231400 2| pp®
Putative transporter | NSS1 |Pf3d7_0209600 Pb?
Gametogenesis NSS2/ 4 4
essential protein 1 | GEP1 Pr3d7_0515500 Py Py
Amino acid NSS3 |Pf3d7_1132500 Py*
transporter
Transcriptional expression profiles of putative amino acid transporters during asexual —L°%(FC)
proliferation and gametocyte maturation, with high Log(fold change (FC)) being red and low '0

Log(FC) being blue (85). Essentiality of amino acid transporters (piggyBac (84) and
independent focused studies ((82)%, (86)2, (87)3, (88)%, (89)°, (90)¢, (91)7) essential genes in
orange, and non-essential genes in green.

! -1
-2

Some of these results were confirmed with alternative genetic modification techniques.

Pf3d7_1231400 (AAAP3) was confirmed to be essential in asexual P. falciparum parasites and

P. berghei gametocytes (86). Additionally, the five putative ApiAT amino acid transporters

expressed in asexual stage P. falciparum parasites were confirmed to be non-essential, as they

had partial redundancy and allowed complementary amino acid transport. These ApiAT

transporters are also fully redundant during P. falciparum gametocytogenesis although the
ortholog for pf3d7_0104800 (ApiAT8) is essential for P. berghei gametocytes (82, 89).
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An ortholog to a transporter that is essential for P. yoelii gametocytes is pf3d7_0515500 (GEP1)
from the NSS subfamily. PyGEP1 is required for the signalling platform regulated by guanylyl
cyclases (GC) during gametogenesis (92). However, the essentiality of the two NSS
transporters, with no human orthologs, and that have been identified as constitutively expressed
in asexual and gametocyte stage parasites has not been investigated directly. As the NSS
subfamily accounts for 2.7 % of all FDA approved drugs (93), this project aims to investigate the
functional importance of Pf3d7_0515500 (GEP1) and Pf3d7_1132500 (NSS3) in asexual and

gametocyte stage P. falciparum parasites using genetic manipulation techniques.

1.7. P. falciparum genetic manipulation

A variety of genetic manipulation tools that can modify DNA, RNA, or protein levels have been
developed to evaluate the function and essentiality of genes in the genome of the P. falciparum
parasite (Table 1.2). DNA editing tools result in the disruption of the gene of interest (GOI) and
include targeted gene deletion (TGD), conditional knockout or point mutations. TGD replace the
full GOI with a truncated 5' gene fragment, leading to the expression of a truncated,
nonfunctional protein (94). However, if the GOI is essential to parasite survival, the disruption of
this gene will not produce viable parasites, preventing the investigation of the protein function in
subsequent life stages. Alternatively, a CISPR-Cas9 system can be used to introduce point-
mutations in the GOI to render it nonfunctional upon translation. Conditional knockout of the
GOl can be achieved with site-specific Cre/LoxP recombinase that upon dimerisation excises
the GOI from the parasite genome.

Table 1.2: Advantages and disadvantages of genetic manipulation systems in P. falciparum.
Summarised from (94-97).

I;%\ﬁlnzf System Advantages Disadvantages
TGD e Simple e Transgenic lines not obtained for
e Irreversible knockout essential gene targets
e Notinducible
Conditional e Suitable for essential targets e Efficacy and speed of excision
DiCre e Inducible system varies
DNA e Rapid effects, in the same life | Stable proteins remain for
cycle extended periods after gene
e Irreversible gene excision excision
e Not suitable for genes > 5Kb
e Parental line with DiCre needed
CRISR-Cas9 |e Ideal to introduce small genomic |e Not inducible
changes (point mutations)
RNA glmS ribozyme |¢  Suitable for essential targets e Variable efficacy of knockdown
e Reversible knockdown (~ 50 —90 %)
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e Gene tagged for localisation

Tet repressor e  Suitable for essential targets e Requires passive selection that
protein has low efficacy and is slow
Destabilisation |¢  Suitable for essential targets e Varying levels of destabilisation
domain e Rapid effect on protein e Shield ligand is expensive, can

be cytotoxic
e Not suitable for secreted

Protein proteins
Knock e Rapid effect on protein e Some proteins cannot be
sideways mislocalised incl. membrane

proteins
e Requires parent line with

localiser

The relative gene expression can also be altered at the mRNA level, through inducible gimS
ribozyme or Tet repressor protein (TetR) systems. The activated glmS ribozyme (catalytic RNA
molecule), results in instability and degradation of the GOI mRNA and prevents protein
expression (97). To ensure that the findings of the GOI glmS knockdown are due to the
activation of the glmS ribozyme, a mutated version of the ribozyme that prevents catalytic
activity (M9) is used as a control line (95, 97). The TetR system is based on the introduction of a
TetR-binding aptamer in the 5 UTR of the GOI. Here, in the absence of anhydrotetracycline
(ATc), TetR binds to the aptamer and prevents translation of the GOI (95).

Systems that influence protein stability and function include the destabilisation domain (DD)
system, which induces misfolding and destabilisation of proteins in the absence of the ligand
Shield (Shid-1) (98). Proteins can also be post-translationally mislocalised from the native site of
action, theoretically preventing its intended function. In the knock sideway (KS) system, the
dimerisation between the protein of interest tagged with FK506-binding protein (FKBP) and a
signal tagged with FKBP rapamycin binding (FRB) results in mislocatisation of the protein when
rapamycin is introduced (97). An additional KS tool that is compatible with secreted proteins, is
knockER, where secreted proteins are conditionally sequestered to the ER by inducible fusion

of the protein of interest with a C-terminal KDEL ER-signal sequence (99).

Various challenges have been identified when introducing these genetic manipulation systems
into the parasite genome, therefore, selection-linked integration (SLI) was developed to improve
the success of generating transgenic lines. The SLI system uses a dual-selection process.
Episomal uptake of a recombinant plasmid expressing one resistance marker (e.g. human
dihydrofolate resistance (hDHFR)) can be selected with the addition of the antifolate compound,
WR99210. However, a second selection marker, for example, neomycin resistance (NeoR) is

used that will only express once homologous recombination occurs under the endogenous
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promoter of the GOI. This allows the selection of integrants by adding G418, a neomycin
derivative. In SLI constructs, the Neo® gene is separated from the GOI fragments by a skip

peptide (T2A), allowing for the translation of the mRNA into two separate proteins (94).

Previously, the essentiality of the five ApIiAT transporters in asexual stage P. falciparum
parasites and gametocytes was successfully investigated with SLI-TGD and inducible SLI-gImS
transgenic lines (82). Here, we aimed to generate SLI-TGD and SLI-glmS transgenic lines that
could be used to investigate the essentiality of two NSS putative amino acid transporters,
pf3d7_0515500 and pf3d7_1132500, that were identified as constitutively expressed in asexual

and gametocyte stage P. falciparum parasites (83).
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2. Problem statement

Malaria elimination requires that not only the disease-causing asexual stage P. falciparum
parasites be targeted, but also the transmissible gametocyte stages. Gametocyte differentiation
is coupled with extensive transcriptional reprogramming and a metabolic shift towards aerobic
energy production, where a wider variety of amino acid dipeptides are used by the parasite
compared to asexual stages. Protein synthesis, which are a validated biological target in early
gametocytes, require amino acids as building blocks. These amino acids are mostly obtained
from haemoglobin digestion, however, as haemoglobin does not contain sufficient levels of all
the required amino acids, additional amino acids must be sourced from the host. The uptake of
amino acids from the extracellular environment requires transport across multiple membranes,
enabled by one of the 11 putative amino acid transporters found in the parasite’s genome. Of
these putative amino acid transporters, only 4 are constitutively expressed in gametocytes.
Furthermore, the essentiality of two constitutively expressed transporters, from the NSS

symporter family, remains unknown in gametocyte stage P. falciparum parasites.
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3. Aim, hypothesis, and objectives

3.1. Aim

Generate transgenic lines to investigate the importance of putative amino acid transporters
Pf3D7_0515500 and Pf3D7_1132500 during P. falciparum asexual proliferation and gametocyte
differentiation.

3.2.Hypothesis

Genetic manipulation of Pf3D7_0515500 and Pf3D7_1132500 is accomplished with targeted
gene deletion and gimS ribozyme conditional knockdown.

3.3. Objectives

l. Generate recombinant SLI-TGD plasmids for pf3d7_0515500 and pf3d7_1132500.

Il. Select for integration of SLI-TGD for both putative amino acid transporters.

M. Generate recombinant SLI-gImS/-M9 plasmids for pf3d7_0515500 and pf3d7_1132500.
V. Select for integration of SLI- gimS/-M9 for both putative amino acid transporters.

Conference Poster Presentation:

Oral Presentation: “Towards genetic interrogation of putative amino acid transporters in
Plasmodium falciparum parasites”. BGM Research Day, University of Pretoria, 30 November
2023.

Oral Presentation: “Reverse genetic analyses of amino acid transporters in early gametocyte
stages of Plasmodium falciparum parasites”. 8th Southern Africa Malaria Research Conference
2023, RH Hotel, Sunnyside, Pretoria, 1 — 3 August 2023.

Marché Maré, Shanté da Rocha, Savannah Watson, Lyn-Marie Birkholtz and Jandeli Niemand.
“The effect of in vitro carbon source concentrations on asexual Plasmodium falciparum parasite
proliferation”. SASBMB, Virtual, 24-26 Jan 2022.

Marché Maré, Elisha Mugo, Lyn-Marie Birkholtz and Jandeli Niemand. “Targeted gene
disruption of putative amino acid transporters Pf3D7_0515500 and Pf3D7_1132500 in
Plasmodium falciparum gametocytes”. 7th Southern Africa malaria research conference, Virtual,
2- 4 August 2022.
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4. Method

4.1. In silico analysis

The transmembrane domains of Pf3D7_0515500 and Pf3D7_1132500 (PlasmoDB) were
predicted from the amino acid sequences obtained from PlasmoDB using TOPCON
(https:/topcons.cbr.su.se/pred/). In addition, a hydropathy plot was generated with the Kyte-
Doolittle hydrophobicity scale with a window size of 21, where positive values correspond to
hydrophobic regions and negative values correspond to hydrophilic regions, to confirm possible
membrane-spanning regions (100). The conserved family domains as indicated by InterPro
(http://www.ebi.ac.uk/interpro/) was identified within the amino acid sequence of these two

putative amino acids.

4.2. Ethical clearance

Parasite cultivation was carried out in the Malaria Parasite Molecular Laboratory (M?PL), a
certified level 2 biosafety facility at the University of Pretoria (Department of Agriculture,
Forestry and Fisheries registration number 39.2/University of Pretoria - 19/160). All in vitro
experiments specific to this project have ethical approval from the University of Pretoria, Faculty
of Natural and Agricultural Sciences Ethics Committee (reference number NAS023/2022 and
180000094) and ethical clearance for the in vitro cultivation of P. falciparum parasites in human
erythrocytes was obtained (reference number 506/2018) under Prof. Lyn-Marié Birkholtz.

4.3. In vitro cultivation of asexual P. falciparum parasites

Plasmodium falciparum (NF54) strain was maintained in fresh human erythrocytes (various
types of blood) at 5 % haematocrit in complete culture media consisting of RPMI-1640 medium
(Sigma Aldrich, USA) containing L-glutamine and supplemented with 25 mM HEPES (pH 7.5,
Sigma Aldrich, USA), 0.2 mM hypoxanthine (Sigma Aldrich, USA), 0.024 mg/mL gentamycin
(Fresenius Kabi Manufacturing, South Africa), 23.81 mM sodium bicarbonate (Sigma Aldrich,
USA), 0.2 % (w/v) D-glucose (Merck, South Africa) with 5 g/L Albumax Il Bovine Serum Albumin

(Thermo Fisher Scientific, USA, alternative to human serum) (101).

An asexual P. falciparum parasite culture was maintained in 75 cm? flasks at 37 °C with
moderate shaking (60 revolutions per minute (rpm)) to ensure maximal single merozoite
invasion events (102), under hypoxic conditions (5% O2, 5% CO», 90% Ny, Afrox, South Africa).
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Parasitaemia, defined as the percentage of infected erythrocytes, was routinely determined by
counting ~ 500 erythrocytes of a thin blood smear stained with Rapi-Diff (Merck, South Africa)
and visualised with a 1000X magnification YS2-H light microscope (Nikon, Japan). All parasite
images were taken with an Eclipse 50i microscope with digital sight (Nikon, Japan). Routinely,
the erythrocytes were pelleted by centrifugation at 3500 xg for 3 min (Heraeus® Megafuge 40
centrifuge, Thermo Fisher Scientific, USA) and the spent medium was aspirated and replaced
with fresh pre-warmed (37 °C) complete culture medium. The asexual cultures were maintained

at ~ 8 % parasitaemia for ring- or ~ 4 % parasitaemia for trophozoite-stage parasites.

Asexual parasite cultures were synchronised with iso-osmotic D-sorbitol exposure to obtain
cultures with the same developmental stages (> 90% ring-stage) for stage-specific experiments
(103). Infected erythrocytes with trophozoite- or schizont-stage parasites are permeable to
sorbitol due to the presence of the NPPs, resulting in increased entry of osmotic pressure into
the cell, causing cell lysis (104). Cultures consisting mainly of ring-stage parasites were
incubated in pre-warmed (37 °C) 5 % (w/v) D-sorbitol (Sigma-Aldrich, USA) at 37 °C for 10 min.
After incubation, the parasites were pelleted by centrifugation at 3500 xg for 3 min (Heraeus®
Megafuge 40 centrifuge, Thermo Fisher Scientific, USA), and the supernatant was aspirated.
The residual D-sorbitol was removed by washing the parasite culture with incomplete culture
medium [RPMI-1640 medium (Sigma Aldrich, USA) containing L-glutamine and supplemented
with 25 mM HEPES (pH 7.5, Sigma Aldrich, USA), 0.2 mM hypoxanthine (Sigma Aldrich, USA),
0.024 mg/mL gentamycin (Fresenius Kabi Manufacturing, SA), 23.81 mM sodium bicarbonate
(Sigma Aldrich, USA), 0.2 % (w/v) D-glucose (Merck, SA)]. The synchronised culture was
resuspended in pre-heated (37 °C) complete culture medium. Two rounds of synchronisation

5 h apart were performed to obtain a highly synchronised culture.

4.4. Cloning strategy to create recombinant plasmids

Two genetic manipulation techniques were used to investigate the essentiality of the putative
amino acid transporters, Pf3d7_0515500 and Pf3d7_1132500 in the P. falciparum
intraerythrocytic life cycle. In the first instance, a 5’ gene fragment of the putative amino acid
transporter was used in the pSLI-TGD recombinant plasmids, to allow for integration in the first
portion of the GOI. Subsequently, the endogenous gene was replaced with the 5’ gene fragment
in the recombinant plasmid, resulting in the expression of non-functional proteins after
integration. For this technique, pSLI-TGD-Pf3d7_0515500, and pSLI-TGD-Pf3d7_1132500 were

generated as summarised in (Figure 4.2).
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Figure 4.1 Cloning strategy to generate pSLI- TGD recombinant plasmids.

The 5’ gene fragments were synthesised by Gene Universal and the pUC57 plasmid, with the respective
gene fragments were transformed into competent Escherichia coli cells, to create E. coli stocks and to
isolate plasmids. Concurrently, SLI-plasmids with ampicillin resistance (AmpR), Neomycin resistance
(NeoR), and human dihydrofolate reductase resistance (hDHFR) were isolated from E. coli stocks.
Asterisk (*) represents a stop codon.

Secondly, a conditional gimS knockdown was generated with a 3’ gene fragment, to insert the
glmS ribozyme at the 3’ terminus of the GOI and subsequently investigate the function of the
amino acid transporters by conditionally altering the mRNA transcripts of the transporter genes
(Figure 4.2). Four different plasmids were generated, with each gene associated with a non-
functional gims (M9) control: pSLI-gimS-Pf3d7_0515500, pSLI-M9-Pf3d7_0515500, pSLI-gimS-
Pf3d7_1132500 and pSLI-M9-Pf3d7_1132500.
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Figure 4.2 Cloning strategy to generate pSLI-gImS recombinant plasmids.

The selected gene fragment of amino acid transporters was amplified using gene specific primer pairs.
Additionally, the gene fragments were synthesised by Gene Universal and the pUC57 plasmid, with the
respective gene fragments were transformed into competent E. coli cells, to create E. coli stocks and to
isolate plasmids. Concurrently, SLI-plasmids with ampicillin resistance (AmpR), Neomycin resistance
(NeoR), and human dihydrofolate reductase resistance (hDHFR) were isolated from E. coli stocks.
Asterisk (*) represents a stop codon.

4.4.1. Production of 5 and 3’ gene fragments of Pf3d7_0515500 and
Pf3d7_1132500

For both the 5’ fragments, as well as the 3’ fragment of Pf3d7_0515500, the gene fragments
required for downstream cloning were commercially synthesised. By contrast, the 3’ fragment of
Pf3d7_1132500 was amplified from gDNA.

32

© University of Pretoria



TEIT VAN PRETO
ITY OF PRETO
ITHI YA PRETO

mn
«Z

44.1.1. Gene fragment synthesis

The nucleotide sequences of Pf3d7_0515500 and Pf3d7_1132500 were obtained from
PlasmoDB and used to design the gene fragments that were synthesised. Nucleotide
sequences of ~ 350 bp corresponding to the 5’ coding strand and ~ 400 — 800 bp corresponding
to the 3’ coding strand for each putative transporter were identified. These selected gene
fragments with restriction enzyme sites, Notl (5-GCGGCCGCTAA-3’) and Mlul (5-ACGCGT-
3’), and an additional stop codon (TAA) at the 5’ end of the gene fragment, were submitted to
Gene Universal (USA) for synthesis. The gene fragments were synthesised into pUC57
plasmids, containing ampicillin resistance and lacking intrinsic Notl and Mlul restriction sites.
The lyophilised plasmids received from Gene Universal were transformed into E. coli cells to

generate working stocks.

4.41.2. Genomic DNA isolation

For downstream PCR amplification experiments, genomic DNA (gDNA) was isolated from a
culture containing asexual NF54 P. falciparum (> 5 % parasitaemia of mostly trophozoite-stage
parasites) using the Quick-gDNA Blood Miniprep kit (Zymo Research, USA). The isolation kits
make use of chaotropic lysis buffers to release gDNA from the infected erythrocytes by
solubilising membrane bound proteins and disrupting the hydrophobic effect of water molecules
in the cell membranes (105). A volume of 200 pL infected erythrocytes was mixed with 800 pyL
of chaotropic lysis buffer through vortexing and left at room temperature for 10 min.
Subsequently, the mixture was transferred to Zymo-Spin IIC columns and centrifuged at
10000 xg for 1 min in a Minispin centrifuge (Eppendorf, Germany) to separate and extract the
gDNA that selectively binds to silica resin columns. Pre-wash buffer (200 pyL) was added to the
silica column and centrifuged at 10000 xg for 1 min, whereafter 500 yL wash buffer was added
to the column and centrifuged as above. Purified gDNA was eluded from the silica column by
incubating 50 L elution buffer, at room temperature for 5 min, in the column and centrifuging it
for 30 sec at 14100 xg. The quality and concentration of the purified DNA was determined
spectrophotometrically with a NanoDrop One® spectrophotometer (Serial number: 949416,
Thermo Fisher Scientific, USA) by measuring the UV light absorbance of nucleic acids due to
the resonance structure of purines and pyrimidines at 260 nm. The purity of each sample was
determined by the absorbance ratios Azeo/Azgo and Azeo/Azz0, With a ratio close to 1.8 — 2.0

regarded as pure dsDNA free of contaminants such as proteins (Azso/Azs0) and aromatic
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compounds containing phenolic rings (Azso/A230) respectively. Purified DNA was stored at 4 °C

until use.

4.4.1.3. Gene fragment amplification

Primers (Table 4.1) for the amplification of the 3’ fragment of Pf3d7_1132500 from P. falciparum
gDNA was designed using primer designing software, Benchling (www.benchling.com, open-
source). Notl (5-GCGGCCGC-3’) and Mlul (5-ACGCGT-3’) restriction enzyme sites were
added to the forward and reverse primers, respectively, along with four additional nucleotides at
the ends of these sites, to allow enzyme digestion and subsequent ligation of the amplified gene
fragment in the SLI vectors. The forward primer also contained a stop codon (TAA) to prevent
gene fragment expression prior to genomic integration. The specificity of the primers to the

genes of interest was determined using the BLAST tool on PlasmoDB.

Table 4.1: Primer sequences for 3’ gene fragment amplification.

Primer | Forward/ ' D @P . Product
Primer sequence (5’ — 3’ orientation)
code Reverse length
Pr3 F cgatgcagccgc TAACATATTCTCCAAAAACTTACACCAATGTGGTGC 368
Pr4 R cgatacqgcgtTTCATTTTTATCTATTCTTTTTTTTITTITTTITTTITTGTGT

*Restriction sites, Mlul and Notl as underlined, and four nonspecific nucleotides were added to primer
sequences. The forward primer introduces a stop codon, as indicated in red.

The amplification of the gene fragment was carried out using an Applied Biosystems 2720
Thermal Cycler (Applied Biosystems, USA) with each reaction containing 1x KAPA Ready mix
and buffer [KAPA Taq DNA polymerase (0.5 U/25 L), dNTPs (0.2 mM), MgCI2 (1.5 mM)], 10
pmol of each primer (Table 4.1) and 20 — 40 ng of gDNA isolated as described in 4.4.1.2. PCR
conditions consisted of initial denaturation of 5min at 95°C, followed by 30 cycles of
denaturation of 30 sec at 95 °C, primer annealing of 1 min at 55 °C, extension of 1 min at 68 °C

and a final extension of 5 min at 68 °C.

A portion of the PCR products were analysed on a 1% (w/v) agarose gel (Bioconcept,
Switzerland)/Tris-Acetate-EDTA (TAE, 0.04 M Tris-acetate, 1 mM EDTA, pH 8) in TAE running
buffer at 110 V for 45 min. Each sample was loaded with 2 yL 6x Purple Loading Dye (New
England Biolabs, UK) and 5 yL GeneRuler™ 1 kb DNA ladder (Promega, USA) was used as a
molecular marker. The gel was stained with ethidium bromide (0.5 yg/mL). DNA bands were
visualised with a Gel Doc Go Imaging system (Bio-Rad, USA) at 302 nm. Gel images were

analysed using Image Lab 3.0 (Bio-Rad, USA).
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The remaining PCR products were subjected to RE digestion to generate sticky ends for
subsequent ligation reactions. Here, the PCR products were incubated with 6 U Notl-HF (high
fidelity, New England Biolabs, UK) and 6 U Mlul-HF (high fidelity, New England Biolabs, UK) in
1x CutSmart buffer 3.1 (New England Biolabs, UK) for 3 h at 37 °C (2720 Thermal Cycler,
Applied Biosystems, USA).

The digested gene fragments were purified using a NucleoSpinGel and PCR Clean-up kit
(Macherey-Nagel, Germany). For each 100 uL of PCR products, 200 uL binding buffer was
added. The solution was transferred to a High Pure filter column provided in the kit and
centrifuged for 30 sec at 11000 xg after which the flow through was discarded and two wash
steps were performed with 700 yL wash buffer and centrifugation for 30 sec at 11000 xg.
Excess wash buffer was removed by centrifuging the column for 2 min at 11000 xg. DNA was
eluted by incubating 30 uL elution buffer in the column at room temperature for 1 min, followed
by centrifuging the column for 1 min at 11000 xg. The concentrations of the digested fragments

were determined spectrophotometrically, as described above.

4.4.2. Preparation of heat-shock competent Escherichia coli cells

DH5a E. coli cells were used to generate CaCl, competent cells, as these cells have mutated
endAl, an endonuclease that degrades foreign plasmids, and recA, which prevents
recombination between cloned and native genes (106). CaCl, competent E. coli DH5a cells
were prepared from thawed DH5a E. coli stocks (stored at -70 °C) and cultured overnight in
5 mL Luria-Bertani (LB) liquid medium (1 % (w/v) tryptone (Glentham Life Sciences, UK), 0.5 %
(w/v) yeast extract (Glentham Life Sciences, UK) and 1 % (w/v) NaCl (Sigma-Aldrich, USA), pH
7.5) containing 50 pg/ml ampicillin (VWR Life Sciences, USA) with agitation (180 rpm) at 37 °C
(MRC LM-570 incubator, Israel). The saturated overnight culture was diluted in a ratio of 1/50 in
LB liquid medium and incubated with agitation at 37 °C until the optical density (ODeoo) of 0.8
ODsoo/mL was reached (measured every 30 min using a NanoDrop One® spectrophotometer
(Serial number: 949416, Thermo Fisher Scientific, USA)). Cells were harvested during the log
growth phase to ensure viable cells were collected. Subsequently, cells were chilled on ice for
15 min and centrifuged at 1865 xg for 30 min at 4 °C in an SL 8R centrifuge (Thermo Scientific,
USA). The supernatant was discarded, and the pellet was resuspended in 25 mL ice-cold 0.1 M
CaCl, (Merck, South Africa) and centrifuged as before. The supernatant was again decanted
and then the cells were resuspended in 2.5 mL ice-cold 0.1 M CaCl, and 375 uL 13 % (v/v)
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glycerol (Sigma-Aldrich, USA) and incubated on ice for 1 h, after which the cells were aliquoted
into 100 pL and stored at -80 °C until use.

4.4.3. Transformation of CaCl2 competent cells

Competent cell aliquots prepared as above (4.4.2) were placed on ice to thaw, after which 10 ng
DNA was added to the thawed cells and incubated on ice for 30 min, followed by heat shock for
90 s at 42 °C (AccuBlock Digital Dry baths, Labnet International Inc., USA). Repulsion between
negative bacterial cells and the negative backbone of the DNA can be overcome by divalent
cations such as calcium ions binding linear or circular DNA to the bacterial cells. The binding of
divalent cations also increases membrane permeability, therefore making transformation 4 — 6
times more effective (107, 108). Treatment of cells with temperature imbalances such as heat-
shock further reduces the repulsion between the foreign DNA and the cell membrane, thus
leading to the incorporation of DNA into the cytosol (109). Subsequently, the reaction was
incubated on ice for 2 min after which the entire mixture was transferred to 900 pL pre-warmed
LB liguid medium containing 50 pg/mL ampicillin supplemented with 20 mM glucose and
incubated with shaking (180 rpm) for 30 min at 37 °C (MRC LM-570 incubator, Israel). Of the
transformation mixture, 100 uL was plated onto 1 % LB-agar-ampicillin plates (1 % (w/v) agar in
LB liquid medium containing 100 pg/mL ampicillin) and incubated overnight at 37°C in a
stationary incubator. A blank control, transformation without plasmid, was included in the
transformation experiments. The isolated single colonies obtained in the plates were
subsequently inoculated into LB-ampicillin liqguid medium and grown overnight at 37 °C with
agitation (180 rpm).

4.4.4. Plasmid isolation

Plasmid DNA was isolated from transformed E. coli DH5a cell cultures that were incubated
overnight with agitation (180 rpm) at 37 °C in 10 mL of LB medium containing 50 pg/mL
ampicillin. A portion of the culture, 5 mL, was centrifuged at 11000 xg (Minispin Eppendorf
centrifuge, Germany) for 30 s and the pellet was resuspended in ice-cold 250 uL suspension
buffer containing 0.1 mg/ml RNAse through the vortex. An SDS/alkaline lysis buffer, 250 L,
was added to the suspension and the solution was incubated for 5 min at room temperature to
release DNA from cells. After the addition of 300 yL neutralisation buffer, the sample was
centrifuged for 10 min at 11000 xg in a Minispin centrifuge to pellet precipitated proteins,

genomic DNA and cell debris. The supernatant was transferred to a High Pure filter column
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provided in the kit and centrifuged for 1 min at 11000 xg. Subsequently, the flow through was
discarded and 500 yL wash buffer containing ethanol was added to wash out contaminants
such as salts and metabolites. The column was centrifuged for 1 min at 11000 xg and the flow
through was discarded, after which the column was centrifuged for a second time to remove
residual wash buffer. The plasmid DNA was eluted in 50 yL prewarmed elution buffer (5 mM
Tris/Cl, pH 8.5) by centrifugation for 1 min at 11000 xg. The concentration of purified plasmid
DNA was determined spectrophotometrically as described above and stored at -20 °C until use.

Subsequently, ~0.5 — 1.0 yg DNA was digested with 6 U Notl-HF (high fidelity, New England
Biolabs, UK) and 6 U Mlul-HF (high fidelity, New England Biolabs, UK), as described in 4.4.1.3.
The digested constructs were separated on a 1 % (w/v) agarose/TAE gel stained with 0.5 pg/mL
ethidium bromide and the desired DNA fragments were excised from the gel on a UV illuminator
with minimal UV exposure time. For each 100 mg of the excised gel, 200 pL binding buffer from
the NucleoSpinGel and PCR Clean-up kit (Macherey-Nagel, Germany) was added to the
sample and the gel was dissolved in the buffer for 10 min at 50 °C. The digested gene
fragments were purified as per the manufacturer's instructions described in 4.4.1.3. The
concentrations of the digested fragments were determined spectrophotometrically, and

subsequent ligation reactions were performed.

4.45. Ligation

The gene fragments of Pf3d7_0515500 and Pf3d7_1132500 were ligated to the digested vector
backbones with 400 U of T4 DNA ligase (New England Biolabs, USA) in 1x Ligase buffer (New
England Biolabs, USA) to produce recombinant plasmids. The T4 DNA ligase synthesises
phosphodiester bonds in dsDNA breaks by esterification of a 5’- phosphoryl to a 3’- hydroxyl
group (110). All ligation reactions contained at least a 5:1 insert to vector ratio, with a final
concentration of 50 ng vector backbone added to each reaction. The insert concentration used

for the reaction was calculated as follows:

ng of vector x kb size of insert

- X insert: vector molar ratio = ng of insert
kb size of vector

The entire 10 pL ligation reaction was incubated at room temperature for 30 min, after which it
was incubated overnight at 4 °C and used to transform 100 yL DH5a E. coli competent cells as
described in 4.4.3. The transformation reactions were plated onto LB-agar-ampicillin plates and

incubated overnight.
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4.4.6. Colony screen PCR

Colonies containing the recombinant plasmid have an ampicillin resistance gene that allows for
the survival of recombinant colonies in the presence of ampicillin. Between 5 and 8 possible
recombinant colonies were randomly selected from the LB-agar-ampicillin plates, inoculated into
100 pL LB-ampicillin medium (LB supplemented with 50 pyg/mL ampicillin) and grown for 3 h at
37 °C in a shaking incubator (180 rpm). Next, a PCR was performed with the backbone specific
primers, listed in Table 4.2, to confirm by size estimation whether the gene fragments were

present.

Each PCR used to amplify gene fragments was performed using an Applied Biosystems 2720
Thermal Cycler (Applied Biosystems, USA) and contained 1x KAPA Ready mix [KAPA Taq DNA
polymerase (0.5 U/25 yL), KAPA Taq buffer, dNTPs (0.2 mM), MgCl; (1.5 mM)], 10 pmol of
each primer (Table 4.2) and 1 uyL of bacterial culture. The amplification of the gene insert
fragments was achieved with a denaturation step of 95 °C for 5 min, followed by 30 cycles of
denaturation at 95 °C for 30 sec, annealing at 58 °C for 30 sec and extension at 68 °C for 1 min.
The final elongation of the amplified DNA by Taq polymerase occurs at 72 °C for 1 min. The
results of colony screen PCR were visualised on a 1 % (w/v) agarose/TAE gel.

Table 4.2: Primer sequences used for colony screen PCR and DNA sequencing.

Primer 1D Primer code FRorward/ Primer sequence (5’ — 3’ orientation)
everse

Lz 116 Prl F AGCGGATAACAATTTCACACAGGA

Lz 114 Pr2 R ACAAGAATTGGGACAACTCCAGTGA

*The primer sequences are specific to the backbone and flank the gene insert within the SLI plasmid.
Primer Lz_116 is located upstream of the insert region, and primer Lz_114 is located downstream of the
insert, specific to the GFP sequence.

After positive transformants were confirmed, recombinant bacterial cultures were transferred to
10 ml of LB-ampicillin and grown overnight at 37 °C with shaking at 180 rpm. Plasmid DNA was
isolated from the saturated overnight culture as per manufacturer’s instructions (NucleoBond
Xtra Mini purification kit, Machery Nagel, Germany), and between ~ 0.5 and 1.0 pg plasmid DNA
was subjected to RE mapping, as described in 4.4.1.3, to verify the fragment size found in the

vector.

4.4.7. Sanger sequencing

Sanger sequencing was performed to confirm the orientation and sequence of the gene
fragments inserted into the vectors. Sanger sequencing incorporates fluorescently-labelled

dideoxynucleotides (ddNTPs) during DNA replication, which causes chain termination. The
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different coloured ddNTPs can be detected to determine the nucleotide sequence of the
replicated DNA.

Each 20 pL sequencing reaction consists of ~ 300 ng plasmid DNA, 2x BigDye Buffer (4 yL) and
1x BigDye reaction mix (2 pL) from the Big Dye Sequencing kit (Applied Biosystems, USA) and
5 pmol of either forward or reverse primers (Table 4.2, Lz 114, and Lz_116). Replication
reactions were performed in an Applied Biosystems 2720 thermal cycler (Applied Biosystems,
USA) with the following conditions: initial denaturation of 1 min at 95 °C, followed by 25 cycles of
denaturation of 10 sec at 95 °C, primer annealing of 5 sec at 58 °C, and extension of 4 min at
60°C. The sequencing products were cleaned by ethanol precipitation to remove
unincorporated fluorescent nucleotides that can lead to high background readings. The products
were incubated in an ice-cold solution of 0.1x the volume sodium acetate (3 M, pH 5.2) and 3x
the volume 98 % (v/v) ethanol and incubated on ice for 15 min. The samples were centrifuged at
11000 xg for 35 min at 4 °C, after which the supernatant was removed, and the pellet was
washed with 250 pL ice-cold 70 % (v/v) ethanol and centrifuged at 11000 xg for 15 min at 4 °C.
The pellet was retained and all ethanol was removed by evaporation in a Vacuum Concentrator
(Bachofer, Germany) for 7 min. The sequencing samples were submitted for analysis at the
University of Pretoria’s FABI AGCT Sequencing facility. The ABI3500xL Genetic analyser
(Applied Biosystems, USA) was used to determine the sequence and analysed with Benchling

(www.benchling.com, open-source).

4.5. Large scale recombinant plasmid isolation

The recombinant plasmids, as confirmed with Sanger sequencing, were transformed into
competent DH5a E. coli cells as described in 4.4.3. Transformed cultures were grown at 37 °C
overnight (O/N) in LB-agar-ampicillin plates, then transferred to 5 mL of freshly prepared LB-
amp medium (50 pg/mL ampicillin) and grown at 37 °C O/N in a shaking incubator at ~ 180 rpm.
After this, 3 mL of the saturated culture was used to inoculate 200 mL LB-amp medium (50
pug/mL ampicillin) and grown O/N as described above. Recombinant plasmids were isolated
from saturated DH5a E. coli cells with an optical density greater than 1.8 as measured with a
NanoDrop One® spectrophotometer (Thermo Fisher Scientific, USA), using the NucleoBond
Xtra Midi kit (Macherey-Nagel, Germany). A concentration of ~ 100 - 200 yg recombinant

plasmid was obtained for future transfections.

The eluded recombinant plasmid DNA was concentrated by adding 3.5 mL of ice-cold 100 %

(v/v) isopropanol, resuspended by vortex for 6 — 10 s and pelleted at 15000 xg for 30 min at
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4 °C. Ice-cold 70 % (v/v) ethanol (1 mL) was added to the pellet and centrifuged as above for
15 min. The ethanol was removed, and the pellet dried in a heating block at 50 °C. Once dried,
the pellet was resuspended in 250 yL pre-heated dddH.O and stored at -20 °C. The
concentration of plasmid DNA was measured spectrophotometrically. The gene fragment sizes
in the isolated recombinant plasmids were confirmed by RE mapping, as described in 4.4.1.3.

A day before transfection, ~ 100 - 250 ug of the respective recombinant plasmid DNA was
precipitated with ethanol as previously described (4.4.7), and dried in a sterile BSL2 flow hood
to allow resuspension of the plasmid pellets into 250 yL Cytomix (120 mM KCI (Merck, South
Africa), 0.15 mM CacCl, (Merck, South Africa), 2 mM EGTA (Sigma-Aldrich, USA), 5 mM MgCl,
(Merck, South Africa), 10 mM K:PO, (Merck, South Africa), 25 mM HEPES (Sigma-Aldrich,
USA), pH 7.6) for downstream experiments. A final concentration of 50 — 200 uyg was obtained

and the plasmid DNA samples were stored at 4 °C until transfection.

4.6. P. falciparum parasite transfection

Transfection of P. falciparum parasites allows the movement of the recombinant plasmids into
the parasite, through transient pores in the lipid bilayer of the membranes created when
applying an electric field (111). Therefore, a culture of P. falciparum consisting of predominantly
ring-stage parasites (> 5 % parasitaemia, 5 % haematocrit, > 75 % ring culture) was used for
each transfection. The cultures were centrifuged at 11000 xg for 3 min to separate the culture
media from the erythrocytes and replace spent culture media with fresh medium 3 h prior to the
transfection. At the time of transfection, the cultures were centrifuged at 11000 xg for 3 min to
aspirate the culture medium and the parasite-containing pellet was washed once with Cytomix
in a 1:1 ratio and centrifuged as above. The parasite-infected pellet (200 pL, 100 %
haematocrit) was resuspended with the Cytomix-plasmid DNA mixture, as prepared in 4.5,
containing 50 — 200 pg of recombinant plasmid DNA to a final volume of 450 yL. The mixtures
were electroporated in pre-cooled 2 mm cuvettes in a Gene Pulser Xcell Electroporation system
(Bio-Rad, USA) at a capacitance of 950 uF and a voltage of 310 V, producing optimal time

constants between 10 — 20 ms.

The electroporated mixture was transferred to a culture flask containing 5 mL pre-warmed
culture medium supplemented with 50 pL fresh erythrocytes (100 % haematocrit) and allowed to
recover for 3 h in a hypoxic environment at 37 °C. Then, lysed erythrocytes from the parasite
suspension were aspirated after the recovered culture was centrifuged for 3 min at 3500 xg and

the transfected cells were resuspended in 5 mL complete culture medium that was transferred
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to the stationary incubator at 37 °C under hypoxic conditions. This was regarded as day O of

transfection.

4.7.Drug selection and confirmation of episomal uptake of plasmids

Twenty-four (day 1) and forty-eight hours (day 2) after transfection, drug pressure using 4 nM
WR99210 (Jacobus Pharmaceutical Company, USA) was applied for 10 consecutive days to
transfected parasites to select for episomal uptake of recombinant SLI plasmids (112, 113). As
an antifolate drug, WR99210 prevents nucleic acid synthesis by inhibiting the parasite
dihydrofolate reductase (DHFR). However, parasites with episomal uptake of recombinant
plasmids will have the human DHFR (hDHFR) resistance marker that is not susceptible to
WR99210, allowing them to synthesise folates necessary for nucleic acid synthesis and thus
survive (114). The parasitaemia was determined every second day, with thin blood smears

stained with RapiDiff, using light microscopy as in section 4.3.

Once the parasitaemia of the recovered culture reached >4 % with a majority trophozoites
culture, samples were collected, and genomic DNA was isolated with the Quick-DNA miniprep
kit (Zymo Research, USA), according to the manufacturer's specifications. To confirm the
episomal presence of recombinant plasmids, amplification of the plasmid was completed using
vector backbone specific primers Lz_114 and Lz_116 (Table 4.2). Each PCR reaction consisted
of 1x KAPA Ready mix and buffer, 10 pmol of each primer flanking the gene fragment insert and
~ 30 ng extracted DNA. The thermocycler conditions consisted of an initial denaturation of 5 min
at 95 °C, followed by 30 cycles of denaturation of 30 sec at 95 °C, primer annealing of 1 min at
58 °C, extension of 1 min at 68 °C and a final extension of 5 min at 68 °C. The amplified

products were analysed using agarose/TAE gel electrophoresis as described above.

Following episomal uptake confirmation, a majority ring stage culture (> 75 % ring stage) were
cryogenically preserved in liquid nitrogen by resuspending 250 - 500 uL infected erythrocytes
(100 % haematocrit) in a 1:1 ratio with specialised freezing media (28 % (v/v) glycerol (Sigma
Aldrich, USA), 3 % (w/v) sorbitol (Sigma Aldrich, USA), and 0.65 % (w/v) NaCl (Glentham,
USA)). The recombinant parasite lines were referred to as NF54-epi(pSLI-TGD_gene) for the
gene deletion system and NF54-epi(pSLI-gImS/-M9_gene) for the induce knockdown system.

4.8.Drug selection for genomic integration

Two biological cultures of NF54-epi(pSLI-TGD_gene) and NF54-epi(pSLI-gImS/-M9_gene) were

subjected to a second drug selection cycle with 400 ug/mL neomycin derivative, G418 (Thermo
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Fisher Scientific, USA). G418 prevents polypeptide synthesis and ensures that only the parasite
population with genomic integration, and subsequently displayed the neomycin resistance
marker under the endogenous promoter of the selected gene, survived (115). The parasite
cultures were placed under drug selection for 10 consecutive days and then every second day
for a total of 16 days in the stationary incubator, after which the parasites were transferred to a
shaking incubator and allowed to recover in fresh culture media. Parasitaemia was monitored
every second day with RapiDiff-stained blood smears as described in section 4.3. During
recovery, the culture medium was replaced every 3 -4 days, and fresh erythrocytes were

added weekly to replace lysed cells and maintain a 5 % haematocrit.

4.9.Confirmation of genomic integration

Samples of the recovered parasite cultures were isolated as described in section 4.4.1.2 and
screened for genomic integration once the parasitaemia reached > 4 %. To detect locus specific
genomic integration, the 5 and 3’ region of the native loci were amplified in a PCR reaction
consisting of 1x KAPA Ready mix and buffer, 10 pmol primer pairs described in Table 4.3
(Figure 4.3) and ~ 30 ng gDNA.

Prs/Pr7 Pré/Pr8
Ed -
Pr5/Pr7 Pr2 RY6/Fré
B 4 — =
vosstorss — - QD 6P 72418 — D~
B F_'r’QIPr11 E’Lﬂ 0/Pr12
Genomic locus :
Pro/Pri1 Pr10/Pr12

Modified locus —C-GFPIT2AINec§ﬂgImS)-//—-—

Figure 4.3: Schematic representation of primer pairs used to detect genomic integration.
Primers for screening genomic integration of A) NF54-gene-GFP and B) NF54-gene-GFP-gimS/-M9,
listed in Table 4.3 and direction (indicated by arrows). Schematic diagram not drawn to scale.

The thermocycler conditions for NF54-gene-GFP drug selected parasites consisted of the
following: initial denaturation of 5 min at 95 °C, followed by 30 cycles of denaturation of 30 sec
at 95 °C, primer annealing of 1 min at 58 °C, extension of 2 min at 68 °C and a final extension of
5 min at 68 °C. For conditional knockdown NF54-gene-GFP-gImS/-M9 drug selected parasites,

the genomic integration confirmation PCR conditions consisted of an initial denaturation of 5 min

42

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(e

at 95 °C, followed by 30 cycles of denaturation of 30 sec at 95 °C, primer annealing of 1 min at
60 °C, extension of 2 min at 68 °C and a final extension of 5 min at 68 °C. The PCR products
were visualised on a 1 % (w/v) agarose/TAE gel with 0.5 pg/mL ethidium bromide. It is expected
that once genomic integration has occurred, allele exchange will result in an increased amplicon
size compared to the wild type (WT) genome and therefore the WT locus of transgenic parasites

will not create a PCR product in the extension time described above.

The C-terminal GFP fluorescence tag will only be expressed if genomic integration occurred
under the native promoter. Therefore, GFP fluorescence will confirm integration on a functional,
protein level. The recovered intraerythrocytic P. falciparum parasite cultures (10 puL, 5%
haematocrit) were placed onto a microscope slide and sealed with a 1 mm coverslip (Menzel-
Glaser, Thermo Fisher Scientific, USA) prior to imaging. Both brightfield and fluorescent images
were captured with an excitation wavelength of 488 nm and emission wavelength of 500 nm
using an EVOS M5000 cell imaging system (Thermo Fisher Scientific, USA) with a 100x oil
immersion objective (1000x magnification). Image analysis was performed with the preloaded
EVOS software.

Table 4.3: Primer pairs for genomic integration confirmation.

Parasite line Primer | Forward/ Primer sequence (5’ — 3’ orientation) el
code | Reverse length
5 Pr5 F CAACCTTGTGTTTTATTCCCATGTTCATATACC 650
Pr2 R ACAAGAATTGGGACAACTCCAGTGA
NF54- 3 Pri F AGCGGATAACAATTTCACACAGGA 630
Pf3d760§;5500' Pr6 R CACTCGCCATATGTATAATATCATTATATGATATACC
WT | Pr5 F CAACCTTGTGTTTTATTCCCATGTTCATATACC 1050
locus [ Pré R CACTCGCCATATGTATAATATCATTATATGATATACC
5 Pro F CTGGGAAAGCTGCCCTTAATCTC 050
Pr2 R ACAAGAATTGGGACAACTCCAGTGA
NF54- , Pri F AGCGGATAACAATTTCACACAGGA
Pf3d7_0515500- | 3 760
GFPgIMSI-M9 Pr10 R TGGAGAAATGTATAAGAAGAAAAAATATATGCATGTATC
WT | Pro F CTGGGAAAGCTGCCCTTAATCTC 1060
locus | Pr10 R TGGAGAAATGTATAAGAAGAAAAAATATATGCATGTATC
5 Pr7 F CCATATAAAACAAAATAGGGAACACACACATGT 650
Pr2 R ACAAGAATTGGGACAACTCCAGTGA
Pf3d7Nii§,_2 c00. | Pri F AGCGGATAACAATTTCACACAGGA 650
SEp Pr8 R GAGCACAACGAATAGTTATCATATATATTACCACG
wWT | Pr7 F CCATATAAAACAAAATAGGGAACACACACATGT 1950
locus [ Pr8 R GAGCACAACGAATAGTTATCATATATATTACCACG
— 5 | _Pril F TATTTTACTTACATTGAATATAGTACAATTCATTTCGGTTC | .,
Bf3d 1199500 Pr2 R ACAAGAATTGGGACAACTCCAGTGA
GrPgImeIMS | 3 Prl F AGCGGATAACAATTTCACACAGGA 1150
Pri2 R AATTAGGAAGGAGTTGGGTATGAAACCTC
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WT
locus

Prii

TATTTTACTTACATTGAATATAGTACAATTCATTTCGGTTC

Pri2

AATTAGGAAGGAGTTGGGTATGAAACCTC

1200

© University of Pretoria

44




5. Results

5.1. In silico analysis of Pf3D7_0515500 and Pf3D7_1132500

In silico analysis was performed to investigate the topology of the membrane transport proteins
Pf3D7_0515500 and Pf3D7_1132500, using different transmembrane predictive tools. The
topology predicted by TOPCON consists of a consensus profile obtained from five different
predictive bioinformatic tools: OCTOPUS, Philius, PolyPhobius, SCAMPI and SPOCTOPUS.
Additionally, TOPCON considers the free energy needed for amino acids in the protein to be
inserted into the membrane when predicting the protein topology (116). OCTOPUS is a
bioinformatic tool used to predict inside/outside and membrane/non-membrane regions in a
protein (117), while Philius predicts the location of signal peptide cleavage sites and topological
(cytosolic/non-cytosolic) information (118). PolyPhobius includes information from protein
homologs when predicting protein topology (119), whereas SCAMPI predicts membrane protein
topology based on physical data such as hydrophobicity and free energies of individual amino
acids to membrane insertion (120). Lastly, SPOCTOPUS is an extension of OCTOPUS, adding
signal peptide predictors to the statistical hidden Markov model used in the OCTOPUS
algorithm to predict topology (121). For both genes, the consensus topological prediction is 14
transmembrane domains, with the N- and C-terminus predicted to be cytosolic, and no signal

peptide sites were detected (Figure 5.1).
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Figure 5.1: Predicted transmembrane domains for Pf3D7_0515500 and Pf3D7_1132500.
A) Pf3D7_0515500 (960 amino acids) and B) Pf3D7_1132500 (1439 amino acids). All programs were
used with default settings. The figure was compiled using TOPCON (https://topcons.cbr.su.se/pred/).
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To further validate the predicted number of transmembrane domains for Pf3D7_0515500 and
Pf3D7_1132500, the Kyte-Doolittle scale was used to produce a hydropathy plot, Figure 5.2
(200). The hydropathy plot coincided with the number of predicted transmembrane domains,
with 14 hydrophobic regions being identified for each amino acid transporter.
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Figure 5.2: Hydrophobicity plot of amino acid transporters.

A Kyte-Doolittle plot, with window size 21, was made for A) Pf3D7_0515500 and B) Pf3D7_1132500. The
red line at 1.6 depicts the threshold value for a high probability that the sequence is membrane
embedded. Values above and below 0 indicate hydrophobic and hydrophilic regions, respectively. Light
blue highlighted peaks represent the predicted transmembrane domain as determined by the Kyte-
Doolittle method (100).

Furthermore, conserved protein family and domain predictions were done with InterPro. Both
genes contained transmembrane domains associated with the NSS superfamily (IPR0O00175).
The NSS superfamily domains are located in the center of the protein, spanning most of the
predicted transmembrane helices. Therefore, it was confirmed that these transporters have the
possibility of functioning as amino acid transporters, as this family couples the cotransport of

Na* or the countertransport of K* with amino acid uptake (122).
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Figure 5.3: Schematic representation of Pf3D7_0515500 and Pf3D7_1132500 architecture.

Predicted sodium:neurotransmitter symporter domain (IPR000175) shown in green of A) Pf3D7_0515500
(960 amino acids) and B) Pf3D7_1132500 (1439 amino acids). Obtained from InterPro
(https://www.ebi.ac.uk/interpro) accessed on 6 September 2023.

5.2. In vitro cultivation of P. falciparum

The morphology and proliferation of intraerythrocytic asexual P. falciparum (drug sensitive strain
NF54) parasites were evaluated using RapiDiff stained slides and visualised by light microscopy
(Figure 5.4). During in vitro cultivation, asexual P. falciparum parasites progressed through the
life cycle in 48 h, as expected. Ring stage parasites had thin chromatin structures when stained,
whereas trophozoites had a visibly dark stained hemozoin crystal, the by-product of
haemoglobin digestion in the metabolically active parasite. Furthermore, as parasites mature
from early to late trophozoites, an increase in the size of the parasite cytoplasm is observed.
The parasites next progress into the schizont stage, where DNA replication and nuclear division

are indicated by individually stained nuclei within the parasite.
P. falciparum (NF54)

. . 2 ﬁ? Q’

0-20 20-36 36 -48
hpi

Figure 5.4: Intraerythrocytic P. falciparum NF54 morphology over 48 h.

NF54 P. falciparum was RapiDiff-stained and visualised with 1000x magnification using a light
microscope (Nikon, Japan). Ring stage parasites had a thin ring of visible cytoplasm, trophozoite stage
parasites had a haemozoin pigment and larger parasite body, and schizonts were multinucleated.
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The morphology of the parasites seen here was consistent with literature (18). It was therefore
possible to maintain an NF54 P. falciparum asexual culture in vitro, and experiments for genetic

manipulation of these cultures could be performed.

5.3. Cloning and validation of pSLI-TGD plasmids

The SLI-TGD system was constructed to investigate the essentiality of putative amino acid
transporters, Pf3D7_0515500 and Pf37_1132500 in asexual proliferation and
gametocytogenesis, as these transporters are expected to be non-essential for asexual stage
parasites (Table 1.1) (84). Therefore, genetic modification of these genes with the TGD system
would not prohibit asexual P. falciparum survival, and subsequent studies in gametocyte stages
would be possible. Truncated fragments of the Pf3d7_0515500 (288 bp) and Pf3d7_1132500
(324 bp) genes preceding the transmembrane domains were commercially synthesised and

cloned into the pSLI-TGD plasmid.

5.3.1. Cloning of 5’ gene fragments into SLI-TGD vector backbone

The 5 gene fragments of Pf3d7_0515500 or Pf3d7_1132500 in the pUC57-simple plasmids,
synthesised by Gene Universal, were purified from E. coli and restriction enzyme digestion with
Notl and Mlul was performed to isolate the Pf3d7_0515500 (~ 280 bp) and Pf3d7_1132500
(~ 300 bp) gene fragments (Figure 5.5A and B). Two bands, corresponding to the 5 gene
fragment synthesised, and the pUC57 plasmid backbone were obtained from the respective
isolated plasmids (Figure 5.5A and B). Similarly, the SLI-TGD vector plasmid was isolated from
a stock of E. coli cells that contained the vector plasmid and subjected to restriction enzyme
digestion to verify the identity of the isolated plasmid and isolate the vector backbone. The
expected band sizes for the pSLI-TGD vector (~ 6700 bp) that contains a gene fragment of
Pf3d7_1463000 (~ 1600 bp) were obtained (Figure 5.5C). Complete digestion of the plasmid
was achieved as no additional band, corresponding to the uncut pSLI-TGD-Pf3d7_1463000 was
observed in the digested reaction. The band, corresponding to the pSLI-TGD backbone, was

excised from the agarose gel, and purified for future ligation reactions.
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Figure 5.5: Restriction enzyme digestion of 5' gene fragments and pSLI-TGD.

Restriction enzyme digestion of pUC57 plasmids containing the 5’ gene fragment of A) Pf3d7_0515500
and B) Pf3d7_1132500 and C) pSLI-TGD plasmid with Notl and MIul, evaluated on a 1% (w/v)
agarose/TAE gel and stained with EtBr (0.5 pg/mL). U: Undigested controls and C: digested plasmids.
Lane M contains a GeneRuler™ 1 kb DNA ladder (Promega). The complete electrophoresis gels are
located in Supplementary Figure 9.1 and Figure 9.2.

After obtaining digested products corresponding to the expected 5 gene fragment and pSLI-
TGD plasmid backbone, the respective gene fragments were isolated and purified from the

agarose/TAE gels. The purified gene fragments were used for downstream ligation reactions.
5.3.2. Identification of recombinant pSLI-TGD plasmids

The 5’ gene fragments for Pf3d7_0515500 and Pf3d7_1132500 were sticky end ligated to the

backbone of the pSLI-TGD vector, and putative recombinant plasmids were transformed into

competent E. coli cells as described in 4.4.3. Colony screen PCR was performed on the 4 — 8

colonies obtained from the transformation reaction, with vector backbone specific primer pairs
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(Table 4.2). Four of the five colonies screened for the ligation reaction containing the 5 gene
fragment for Pf3d7_0515500 with the pSLI-TGD vector backbone produced the expected PCR
product band of ~ 400 bp (Figure 5.6A). All the colonies screened for the ligation reaction
containing the 5 gene fragment for Pf3d7_1132500 produced the expected PCR product of
~ 550 bp (Figure 5.6B). Colony 1 from the putative pSLI-TGD_Pf3d7_0515500 and colony 3
from the putative pSLI-TGD_ Pf3d7_ 1132500 were chosen for subsequent confirmation

experiments and DNA sequencing.

A pSLI-TGD_Pf3d7_0515500 B pSLI-TGD_Pf3d7_1132500
M 1 2 3 4 5 M 1 2 3 4

10000bp— , 10000b
8000bp— : : 8000bp
750bp— 750bp—
500bp — _
p - ~400bp 500bp
250bp— 250bp—

Figure 5.6: Colony screening for recombinant pSLI-TGD_gene plasmids.

PCR products were evaluated on a 1 % (w/v) agarose/TAE gel and stained with EtBr (0.5 yg/mL). Lane M
contains a GeneRuler™ 1 kb DNA ladder (Promega). A) Lanes 1-5 contain amplified 5’ gene fragments
of Pf3d7_0515500. B) Lanes 1 — 4 contain amplified 5’ gene fragments of Pf3d7_1132500. The complete
electrophoresis gels are located in Supplementary Figure 9.4.

The putative recombinant plasmids were also digested with Notl and Mlul to validate the
presence and size of 5’ gene fragments (Figure 5.7). The expected insert sizes for pSLI-TGD-
Pf3d7_0515500 (~ 280 bp) and pSLI-TGD-Pf3d7_1132500 (~ 300 bp) were obtained.
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Figure 5.7: Restriction enzyme digestion of recombinant pSLI-TGD_gene plasmids.

RE confirmation of A) pSLI-TGD-Pf3d7_0515500 and B) pSLI-TGD-Pf3d7_1132500 on 1% (w/v)
agarose/TAE gel and stained with EtBr (0.5 yg/mL). Lane M contains a GeneRuler™ 1 kb DNA ladder
(Promega). U: Undigested controls and C: digested plasmids. The complete electrophoresis gels are in
Supplementary Figure 9.3.

These results indicate that both genes were successfully cloned into the pSLI-TGD vector. Next,
the sequences of these plasmids were evaluated to confirm that the cloning was successful and

that no point or frameshift mutations occurred in the gene fragments.

5.3.3. Sequence validation of recombinant pSLI-TGD

DNA Sanger sequencing was performed to ensure that the correct nucleotide sequence and
orientation of the gene fragments were cloned into the pSLI-TGD vector backbone. Backbone
specific primers Lz_116 and Lz_114 were used to sequence the entire gene fragment inserted
into the SLI-TGD vector backbone. Using overlapping forward and reverse sequences, the
chromatogram and consensus sequence, generated using an open-source online software tool,
Benchling (www.benchling.com), were used to evaluate the nucleotide sequence of the gene
insert. The 5’ gene fragments found in the recombinant pSLI-TGD plasmids were identical to the
genomic DNA of a 3D7 P. falciparum parasite. The 5’ gene fragment regions were also in-frame
with other elements of the pSLI-TGD plasmid, such as the GFP-tag, and neomycin resistance
gene that can be used to select for integrants. Therefore, successful cloning of the plasmids
pSLI-TGD-Pf3d7_0515500 and pSLI-TGD-Pf3d7_1132500 was achieved.
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Figure 5.8: Sequence validation of recombinant pSLI-TGD_gene plasmid clones.

Sequence alignments of the recombinant pSLI-TGD plasmid with 5’ gene fragment inserts to confirm
nucleotide identity. T: template sequence of A) pSLI_TGD_ Pf3d7_0515500 and B) pSLI-
TGD_Pf3d7_1132500 indicated with associated chromatogram and C: consensus sequence determined
by Sanger sequencing, with white gaps where sequences are not shown. The asterisks (*) indicate the
stop codon.

5.4. Transfection and selection for episomal uptake of pSLI-TGD

For transfection experiments, large quantities (~ 50 — 200 pug) of plasmid DNA was required
(94). Pure plasmid DNA was isolated for each of the SLI-TGD recombinant plasmids from
saturated E. coli cultures, and a small portion of the purified plasmid was digested with Notl and

Mlul, to validate the identity of the isolated plasmids.
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Figure 5.9: Restriction enzyme digestion of isolated SLI-TGD plasmids.

Notl and Milul restriction enzyme digestion of recombinant pSLI-TGD plasmids for A) Pf3d7-0515500 and
B) Pf3d7-1132500 plasmids after plasmid isolation, visualised on 1 % (w/v) agarose/TAE gel with EtBr
(0.5 yg/mL), Lane M contains a GeneRuler™ 1 kb DNA ladder (Promega). Complete electrophoresis gels
are located in Supplementary Figure 9.6.
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The expected vector (6760 bp) and gene insert fragments for pSLI-TGD-Pf3d7_0515500
(~ 280 bp) and pSLI-TGD-Pf3d7_1132500 (~ 300 bp) were observed, confirming that the correct
plasmids were isolated (Figure 5.9). The isolated plasmids were subsequently concentrated and
precipitated, as described in section 4.5, for transfection into P. falciparum parasites. The
electroporation was performed at 305 — 330 V and produced acceptable time constants of > 13
for both transfection reactions.

The transfected parasites were subjected to 10 consecutive days of WR99210 (4 nM) drug
pressure to select for parasites that had successfully taken up the recombinant plasmid
episomally and therefore expressed the hDHFR gene that allows resistance to WR99210. For
two biological parasite cultures transfected with either pSLI-TGD-Pf3d7_0515500 or pSLI-TGD-
Pf3d7_1132500, selection with WR99210 was started 24 h after electroporation and maintained
for 10 consecutive days (94, 123), followed by a period, where the parasites were maintained
under normal culture conditions to allow recovery (Figure 5.10). During transfection,
electroporation exerted a large amount of stress on erythrocytes, leading to a degree of
erythrocyte lysis and a rapid drop in parasitaemia within the first few days after transfection.
This is evident with the 3 -4 % drop in parasitaemia from day O to 1 after transfection with
recombinant pSLI-TGD. Treatment with WR99210 resulted in a further reduction in parasitaemia
until no parasites were visible on a thin blood smear. After 20 to 22 days in drug free media, no
viable parasites reappeared, indicating that episomal uptake of the recombinant plasmids was

unsuccessful (Figure 5.10).
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Figure 5.10: Parasitaemia of P. falciparum parasites transfected with pSLI-TGD with episomal
selection 24 h after transfection.

The parasites of NF54 strain P. falciparum were transfected with pSLI-TGD-Pf3d7_0515500 and pSLI-
TGD-Pf3d7_1132500 (day 0). Transfection was followed by selection of WR99210 drugs (grey box, from
day 1) to select parasites with episomal uptake of plasmids. Parasitaemia was monitored every second
day after transfection with RapidDiff stained thin blood smears.
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After this, an alternative approach was used where, for one biological repeat, selection with
WR99210 (4 nM) was only started 48 h after electroporation (112) and was maintained for 8
consecutive days (Figure 5.11). Here, pSLI-TGD-Pf3d7_0515500 and pSLI-TGD-
Pf3d7_1132500 were transfected into independent NF54 cultures, and an initial decrease in
parasitaemia was observed after electroporation. It was expected that the parasitaemia would
drop to undetectable levels under WR99210 drug selection and that parasite recovery would
only occur after WR99210 was removed, however after 5—7 days of drug selection, the
parasitaemia of both transfected cultures started increasing.
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Figure 5.11. Parasitaemia of P. falciparum parasites transfected with pSLI-TGD with episomal
selection 48 h after transfection and recovery.

NF54 strain P. falciparum parasites were transfected with pSLI-TGD-Pf3d7_0515500 and pSLI-TGD-
Pf3d7_1132500 followed by WR99210 drugs selection (grey box, from day 2) to select for parasites with

episomal uptake of plasmids. Parasitaemia was monitored every second day after transfection with
RapidDiff stained thin blood smears.

To confirm the episomal presence of pSLI-TGD-Pf3d7_0515500 and pSLI-TGD-
Pf3d7_1132500, samples from the recovered parasite cultures (> 4 % trophozoite cultures, 5 %
haematocrit) were used to isolate DNA. Vector backbone specific primers that amplify the gene
fragments of interest were used in a PCR screen and produced a single band at ~ 500 bp for
pSLI-TGD-Pf3d7_0515500. Furthermore, a band of ~ 500 bp for pSLI-TGD-Pf3d7_1132500,

was visualised on an agarose/TAE gel, confirming the episomal uptake of this recombinant
plasmid (Figure 5.12).
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Figure 5.12: Confirmation of episomal presence of recombinant pSLI-TGD plasmids.

A) Representation of primer pairs used to detect episomal presence. B and C) PCR screen to validate the
episomal presence of B) Pf3d7_0515500 and C) Pf3d7_1132500 in pSLI-TGD. The PCR products were
visualised on a 1 % (w/v) agarose/TAE gel with (0.5 pg/mL), Lane M contains a GeneRuler™ 1 kb DNA
ladder (Promega). The complete electrophoresis gels are located in Supplementary Figure 9.8 and Figure
9.9.

Successful episomal uptake of both recombinant plasmids indicated that the parasite cultures
could be placed under G418 drug selection to select for integration of the plasmid into the

parasitic genome.

5.5. Transgenic SLI-TGD line selection with G418

To integrate recombinant plasmids into the parasite genome, two biological parasites cultures
with confirmed episomal uptake of the recombinant SLI plasmids were subjected to a second
cycle of drug selection with G418. Drug selection with 400 pg/mL G418, a neomycin derivative,
was maintained for 16 days, after which drug pressure was removed and parasitaemia was
monitored every 3 to 4 days. Here, the SLI system should aid in the efficacy of genomic

integration as the neomycin resistance can only be expressed under the GOI promoter after
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integration of the recombinant plasmid into the parasite genome. The second drug selection
cycle, with G418, will allow for the selection of integrated lines only, as the parasite population
with episomal expression of the recombinant plasmids does not produce the neomycin resistant
protein. If the integration of pSLI-TGD-Pf3d7_0515500 and pSLI-TGD-Pf3d7_1132500 occurred
and no parasites were recovered after 4 weeks, this could indicate that these amino acid
transporters are essential for the proliferation of asexual parasites. However, based on previous
gene essentiality studies (88), it is expected that the parasites will be able to recover after gene
disruption, as these transporters are not essential for asexual parasites (Table 1.1) and might

only be essential for the sexual differentiation of P. falciparum.

Unexpectedly, during the first 10 - 11 days of G418 drug selection, the parasites proliferated
normally in contrast to the expected steady decrease of parasitaemia. The parasitaemia for
each of the NF54-epi(pSLI-TGD-Pf3d7_0515500) and NF54-epi(pSLI-TGD-Pf3d7_1132500)
lines that underwent integration selection to produce the modified lines NF54-Pf3d7_0515500-
GFP and NF54-Pf3d7_1132500-GFP, only decreased from day 12, with minimal to no parasites
being detected after day 16 of drug selection. No viable parasites appeared after 34 days
without drug selection (Figure 5.13A), indicating that homologous recombination did not occur,
and that genomic integration was unsuccessful. To ensure that the batch of G418 was active
and effective against P. falciparum parasites at 400 ug/mL, an independent culture with
episomal uptake of NF54-epi(pSLI-gimS-mybl) and NF54-epi(pSLI-M9-mybl) was placed
under G418 drug selection for 16 days (124). The expected decrease in parasitaemia was
observed from the start of the drug selection cycle, and parasite recovery was observed from 30
days onwards (Figure 5.13B). Therefore, the G418 batch was active, and results seen during
integration selection for NF54-Pf3d7_0515500-GFP and NF54-Pf3d7_1132500-GFP were not

due to an inactive G418 but specific for these transgenic lines.
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Figure 5.13: Parasitaemia of P. falciparum during SLI-TGD integration selection with G418.
Episomal  confirmation  of  NF54-epi(pSLI-TGD-Pf3d7_0515500) and NF54-epi(pSLI-TGD-
Pf3d7_1132500) was followed by the selection of G418 drugs (grey box) to select parasites with
integration of recombinant plasmids for A) Biological 1 and Biological 2. B) Control for G418 drug
selection on cultures with episomal pSLI-gImS/-M9. Parasitaemia was determined from RapidDiff stained
thin blood smears and adjusted by diluting the parasite culture to obtain the required parasitaemia (dash
lines) every second day.

Given that transgenic lines with non-functional amino acid transporters could not be established,
an inducible knockdown system was investigated to potentially evaluate the essentiality of these

transporters in asexual proliferation and gametocyte differentiation of P. falciparum parasites.
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5.6. Cloning and validation of pSLI-gImS/-M9 plasmids

The SLI-gImS conditional knockdown system allows for the reduction of Pf3d7_0515500 and
Pf3d7_1132500 expression at various stages of the parasite’s life cycle through the inducible
degradation of the mRNA to investigate the phenotypic effect and function of these putative
amino acid transporters. The 3’ gene fragment of Pf3d7_0515500 (426 bp) and Pf3d7_1132500
(853 bp) was cloned into plasmids containing a GFP tag and the riboswitch (pSLI-gimS). A

control plasmid, with nonfunctional gimS ribozyme (pSLI-M9) was also generated.

5.6.1. Cloning of 3’ gene fragments into SLI-gImS/-M9 vector backbone

Due to the AT-richness of Pf3d7_1132500, commercial synthesis was unsuccessful, and
alternatively, the 3’ fragment for Pf3d7_1132500 was amplified from gDNA with primers that
incorporate Notl and Mlul cut sites. The PCR products were digested with Notl and Mlul, and
subsequently evaluated on an agarose/TAE gel. A single band, corresponding to the expected
gene fragment size of Pf3d7_1132500 (~ 800 bp) was obtained (Figure 5.14), indicating that
optimised conditions and gene-specific primers were used to amplify the 3’ gene fragment.

QO
0
1 Ve
M - 9’@’6

- —
p—
~—
-4
—_—

750bp—""

Figure 5.14: Amplification of Pf3d7_1132500 3' gene fragment.
PCR amplification of Pf3d7_1132500 was evaluated on a 1 % (w/v) agarose/TAE gel and stained with
EtBr (0.5 pg/mL). -) blank control. Lane M contains a GeneRuler™ 1 kb DNA ladder (Promega).

The gene fragment for Pf3d7_0515500, corresponding to the 3’ coding strand of this putative
amino acid transporter, was synthesised by Gene Universal (USA). After purification of the
pUC57 plasmid containing the 3’ gene fragment, Notl and MIul digestion was performed to

confirm the identity of the isolated plasmid and obtain the gene insert. Two bands,
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corresponding to the expected fragment sizes for the synthesised Pf3d7_0515500 gene
fragment (~400 bp) and vector (~ 2700 bp), were obtained (Figure 5.15A). Similarly, the SLI-
glmS and SLI-M9 plasmids were isolated from E. coli stocks and after Notl and Mlul digestion to
confirm the plasmid identity, the expected bands corresponding to the vector backbone
(~ 7000 bp) the original gene insert (Pf3d7_1406300, ~ 900 bp) was observed (Figure 5.15B).
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Figure 5.15: Restriction enzyme digestion of Pf3d7_0515500 3' gene fragment.

Restriction enzyme digestion of A) pUC57-Pf3d7_0515500 and B) SLI-gImS (7806 bp) and SLI-M9 (7806
bp) plasmids with Notl and Mlul, evaluated on a 1 % (w/v) agarose/TAE gel and stained with EtBr (0.5
pg/mL). U: Undigested controls and C: digested plasmids. Lane M contains a GeneRuler™ 1 kb DNA
ladder (Promega). The complete electrophoresis gels are located in Supplementary Figure 9.1 and Figure
9.2.

The band sizes for the 3’ gene fragments of both genes, Pf3d7_0515500 and Pf3d7_1132500,
and the vector backbone SLI-gImS and SLI-M9, were as expected and were purified from the

gel to be used in subsequent cloning experiments.

5.6.2. Identification of recombinant pSLI-gImS/-M9 plasmids

The 3’ gene fragments for both Pf3d7_0515500 and Pf3d7_1132500, were cloned into the pSLI-
glmS and pSLI-M9 plasmids, thus allowing the GFP-tag and glmS ribozyme to be in-frame with
the gene fragment. After ligation, the putative recombinant plasmids were transformed into
competent E. coli cells, and the subsequent colonies were PCR screened for the amplification of
selected gene fragments with vector specific primer pair (Table 4.2). For each gene fragment,
the expected band size of ~ 500 bp for Pf3d7_0515500 and ~ 1000 bp for Pf3d7_1132500 for
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colony screen PCR was obtained, indicating that the 3’ gene fragments were successfully

cloned into the vectors (Figure 5.16).
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Figure 5.16: Colony screening for recombinant pSLI-gImS/-M9_gene plasmids.

The products of PCR screening with backbone specific primers were evaluated on a 1% (w/v)
agarose/TAE gel and stained with EtBr (0.5 yg/mL). Lane M contains a GeneRuler™ 1 kb DNA ladder
(Promega). A) Lanes 1-3 contain the amplified gene insert fragment of Pf3d7_0515500 cloned into pSLI-
glmS, while lane 4-6 was cloned into pSLI-M9. B) Lanes 1 and 2 contain amplified gene insert fragments
of Pf3d7_1132500 cloned into pSLI-gimS and pSLI-M9, respectively. The complete electrophoresis gels
are located in Supplementary Figure 9.5.

Recombinant plasmids were also evaluated with RE mapping, to confirm that the Notl and Mlul
sites surrounding the gene insert were not disrupted. The band sizes for Pf3d7_0515500
(~ 400 bp) and Pf3d7_1132500 (~ 800 bp) were observed from the digested plasmids of the
digested SLI-gImS and SLI-M9 recombinant plasmids (Figure 5.17). This colony screen and
restriction enzyme results indicate that both gene fragments were successfully cloned into the
respective SLI-gimS and SLI-M9 plasmids. To confirm the identity of the recombinant SLI-gImS

and SLI-M9 plasmids, Sanger sequencing was performed.

60

© University of Pretoria



0 0 Q0
o0 O o0
S (o\° o\ S A3 A3V
A\, 0 € 40 \( Cb

8000bp — == ‘ il 8000bp — == i l b ~7000bp
6000bp— = - Ss== ~7000bp goOOb

P_'=

-

750bp— 1000bp— ~800bp
500bp— ~400bp  750bp—
250bp—

Figure 5.17: Restriction enzyme digestion of recombinant pSLI-gImS/-M9 plasmids.

The confirmation of RE digestion of recombinant plasmids for A) Pf3d7_0515500 and B) Pf3d7_1132500
was evaluated on a 1 % (w/v) agarose/TAE gel and stained with EtBr (0.5 pg/mL). Lane M contains a
GeneRuler™ 1 kb DNA ladder (Promega). U: Undigested controls and C: digested plasmids. The
complete electrophoresis gels are in Supplementary Figure 9.3.

5.6.3. Sequence validation of recombinant pSLI-gImS/-M9

Lastly, the nucleotide sequence of the 3 gene fragments was evaluated with Sanger
sequencing as described in 4.4.7. The combination of the chromatogram data and the
consensus sequence, produced from overlapping forward and reverse sequences produced
with backbone-specific primers, confirmed that there were no mutations or deletions in the gene
inserts of pSLI-gImS-Pf3d7_0515500, pSLI-M9-Pf3d7_0515500, pSLI-gimS-Pf3d7_1132500
and pSLI-M9-Pf3d7_1132500 (Figure 5.18). The 3’ gene fragments were in-frame with both the
GFP and gimS ribozyme sequences found in the vector backbone, therefore conditional
knockdown of the protein will be possible once genomic integration occurs.
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5’ Pf3D7_0515500 3’ fragment

T: GCGGCCGCTAAAAAATAGCTACTCCT//GAATTTATAAATATG ACGCGTGCTAGAGGTG

A A A o

gimS C: GCGGCCGCTAAAAAATAGCTACTCCT GAATTTATAAATATGACGCGTGCTAGAGGTG

M9 C: GCGGCCGCTAAAAAATAGCTACTCCT GAATTTATAAATATGACGCGTGCTAGAGGTG
Pf3D7_1132500 3’ fragment

i
B < Voo |7

T. GCGGCCGCTAACATATTCTCCAAAAA/IGAATAGATAAAAATGACGCGTGCTAGAGGTG

gImS C: GCGGCCGCTAACATATTCTCCAAAAA GAATAGATAAAAATGACGCGTGCTAGAGGTG

YAY,
00004000 D)

M9 C:GCGGCCGCTAACATATTCTCCAAAAA GAATAGATAAAAATGACGCGTGCTAGAGGTG

Figure 5.18: Sequence validation of recombinant pSLI-gImS/-M9 plasmids.

Sequence chromatogram and C: consensus sequence of recombinant pSLI-gImS/-M9 plasmids with .3’
gene fragments of A) pSLI_TGD_Pf3d7_0515500 and B) pSLI-TGD_Pf3d7_1132500 compared to the T:
template sequence. White gaps indicate where sequences are not shown, and the asterisk (*) indicates
the stop codon.

Successful cloning of recombinant plasmids pSLI-gimS-Pf3d7_0515500, pSLI-M9-
Pf3d7_0515500, pSLI-gimS-Pf3d7_1132500 and pSLI-M9-Pf3d7_1132500 was achieved and
can be used to generate transgenic parasite lines with inducible expression of these putative

amino acid transporters.

5.7. Transfection and selection for episomal uptake of pSLI-gImS/-M9

Large quantities of plasmid DNA from pSLI-gimS_Pf3d7_0515500, pSLI-M9_Pf3d7_0515500,
pSLI-gimS_Pf3d7_1132500 and pSLI-M9_Pf3d7_1132500 were successfully isolated from
saturated E. coli cultures. The digested products were analysed on agarose/TAE gel, and the
band sizes were as expected for the SLI-gIimS and SLI-M9 vectors (7000 bp) and 3’ gene
fragments: Pf3d7_0515500 (~ 400 bp) and Pf3d7_1132500 (~ 800 bp) (Figure 5.19).
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Figure 5.19: Restriction enzyme digestion of isolated SLI-gImS/-M9 plasmids.

The enzyme digestion of pSLI-gImS/-M9 for A) Pf3d7-0515500 and B) Pf3d7-1132500 plasmids after
plasmid isolation was visualised on 1 % (w/v) agarose/TAE gel with EtBr (0.5 ug/mL), Lane M contains a
GeneRuler™ 1 kb DNA ladder (Promega). Complete electrophoresis gels are located in Supplementary
Figure 9.6 and Figure 9.7.

An NF54 parasite culture was electroporated at 310 V to allow for the uptake of recombinant
plasmids, and a sufficient time constant of > 15 was obtained. Transfected parasites were
subjected to 10 consecutive days of WR99210 (4 nM) drug selection after electroporation. For
two biological parasite cultures transfected with the respective recombinant plasmids, WR99210
drug selection was started 24 h after electroporation (94, 123). This was followed by a recovery
period, where parasites were kept under normal culture conditions (Figure 5.20). Electroporation
and subsequent treatment with WR99210 resulted in the expected reduction of parasitaemia
until no parasites were visible on a thin blood smear at ~ 5 days later. As was observed with the
SLI-TGD system, viable parasites did not reappear for transfected parasites placed under drug
selection 24 h after electroporation, indicating that the uptake of recombinant plasmids was
unsuccessful (Figure 5.20A and B). An alternative approach was also used where one biological
repeat was subjected to WR99210 drug pressure that was only started 48 h after
electroporation as previously described (112). Here, the pSLI-gimS/-M9_Pf3d7_0515500 and
pSLI-gImS/-M9_Pf3d7_1132500 were transfected into separate NF54 parasite cultures, and
when WR99210 drug selection was only started 48 h after transfection. Again, the parasitaemia
started increasing during WR99210 drug selection as the transfected parasites were able to
withstand drug pressure, indicating possible episomal uptake of the recombinant plasmids
(Figure 5.21C).
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Figure 5.20: Parasitaemia of P. falciparum parasites transfected with pSLI-gImS/-M9 with episomal
selection 48 h after transfection.
Transfection with pSLI-gImS/-M9-Pf3d7_0515500 and pSLI- gimS/-M9-Pf3d7_1132500 was followed by
WR99210 drug selection (grey box) from A and B) 24 h for two biological and C) 48 h to select for
parasites with episomal uptake of plasmids. Parasitaemia was monitored every second day after
transfection with RapidDiff stained thin blood smears.

Genomic DNA was isolated from the recovered parasites and was PCR screened to confirm the

episomal presence of recombinant SLI-gImS/-M9 plasmids (Figure 5.21).
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Figure 5.21: Confirmation of episomal presence of recombinant pSLI-gImS/-M9 plasmids.

A) Representation of primer pairs and expected amplicon sizes used to detect episomal presence. B and
C) Episomal presence of pSLI-giImS/-M9 recombinant plasmids for B) Pf3d7_0515500 and C)
Pf3d7_1132500. Products were visualised on a 1 % (w/v) agarose/TAE gel with (0.5 yg/mL), Lane M
contains a GeneRuler™ 1 kb DNA ladder (Promega). The complete electrophoresis gels are found in
Supplementary Figure 9.8 and Figure 9.9.

PCR screening, with vector specific primers, detected the episomal presence of pSLI-
glmS_Pf3d7_0515500 and pSLI-M9_ Pf3d7_0515500 by producing a single band at the
expected size of ~ 600 bp. Furthermore, a single band of ~ 1000 bp were detected for pSLI-
glmS_Pf3d7_1132500 and pSLI-M9_Pf3d7_1132500, confirming the episomal uptake of
recombinant plasmids. Subsequently, this parasite culture could be placed under G418 drug

pressure to select for the integration of recombinant plasmids into the parasite’s genome.
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5.8.Transgenic SLI-gImS line selection with G418

The  NF54-epi(pSLI-gimS_Pf3d7_0515500), NF54-epi(pSLI-M9_Pf3d7_0515500), NF54-
epi(pSLI-gimS_Pf3d7_1132500), and NF54-epi(pSLI-M9_Pf3d7_1132500) parasite cultures
were subjected to a second round of drug pressure, using G418. Surprisingly, parasitaemia only
started to decrease after day 13 of G418 drug pressure, until no parasites were detected
microscopically (Figure 5.22). For recovery, the cultures were kept under standard conditions as
described in section 4.3. Here, the first biological repeat did not generate transgenic lines, and
no recovered parasites were ever observed (Figure 5.22A). In the second biological repeat, the
recovered parasites appeared after 30 days without drug pressure, and genomic DNA was
isolated to determine if genomic integration occurred (Figure 5.22B).
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Figure 5.22: Parasitaemia of P. falciparum parasites during SLI-gImS/-M9 integration selection.
Confirmation of episomal uptake was followed by selection of G418 drug selection (grey box) for A)
Biological 1 and B) Biological 2 to select for genomic integration. Parasitaemia was monitored every
second day and adjusted accordingly (dashed line) with RapidDiff stained thin blood smears.

In order to assess if transgenic lines NF54-Pf3d7_0515500-gimS-GFP, NF54-Pf3d7_1132500-
gImS-GFP, NF54-Pf3d7_0515500-M9-GFP and NF54-Pf3d7_1132500-M9-GFP were created,

genomic integration of the recovered parasite cultures were assessed by PCR using primers,
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described in Table 4.3, to amplify regions at the 5’ and 3’ regions of the GOI locus (Figure 5.23).
If genomic integration occurred, WT locus amplification would be absent because the modified
locus size is not able to amplify under selected PCR conditions. Also, amplification in the 5’ and
3’ regions flanking the modified site will be detected. However, from the recovered parasite
culture, a band was observed at the WT locus and no amplification was observed in the 5’ and

3’ regions, indicating that integration at the GOI locus was unsuccessful (Figure 5.23).

A Locus 5 3
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Figure 5.23: Screening of possible SLI-gImS transgenic lines.

Genomic integration of pSLI-gimS was performed with primers flanking the 5 and 3’ regions of A)
Pf3d7_0515500 and B) Pf3d7_1132500. Products were visualised on a 1 % (w/v) agarose/TAE gel with
(0.5 pg/mL), Lane M contains a GeneRuler™ 1 kb DNA ladder (Promega).

Although a population of parasites were able to recover from G418 drug selection and thus
neomycin resistance must be present, no positive PCR results were obtained when
investigating integration at the amino acid transporter locus. Since the activity of the G418 was
previously confirmed (Figure 5.13), an alternative reason for the recovery from G418 selection
was investigated. One explanation is that the PCR reaction is faulty since the efficacy of the
specific primer pairs cannot be tested until integration is obtained. Alternatively, it has been
reported that integration of recombinant plasmids can occur into an incorrect locus (94). If in-

frame integration of the recombinant plasmid occurred at a different locus with similarity to the
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GOl, it would still result in the expression of the GFP fluorescence tag. Therefore, the recovered
parasite cultures were evaluated with fluorescence microscopy. Green fluorescence was
confirmed for NF54-Pf3d7_0515500-gImS-GFP (Figure 5.24).

NF54-Pf3d7_0515500-g/mS-GFP

Bright- Merged
field

Figure 5.24: Fluorescence analysis of NF54-Pf3d7_0515500-gImS-GFP.

Green fluorescence was measured with excitation wavelength 488 nm and emission wavelength 500 nm
for putative transgenic line, NF54-Pf3d7_0515500-gImS-GFP using an EVOS cell imaging system
(Thermo Fisher Scientific, USA) at 1000x magnification for both brightfield (left) and merged fluorescent
images.

The green fluorescence suggests that the GFP tag is expressed, which requires that genomic
integration of the recombinant plasmid occur. At present, it is unclear whether this occurred at
the GOI locus, or a different genomic location. This could potentially be due to no random
breaks occurring in the parasite genome at the GOI, therefore homologous recombination with
the recombinant plasmids occurred at another locus to allow for the expression of neomycin
resistance and parasite survival (94). Consequently, whole genome sequencing should be

performed to determine the location of the genomic integration.
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6. Discussion

The P. falciparum parasite has a variety of nutritional requirements throughout its complex life
cycle. Amino acids, obtained from host haemoglobin, or taken up from the extracellular
environment, are required by all stages of the P. falciparum parasite for protein synthesis and
DNA replication. Extensive digestion of host haemoglobin is observed in asexual stage
parasites; however, the parasite only incorporates a small amount of these amino acids into
protein synthesis (77). Excess amino acids are exported out of asexual parasites, while amino
acids such as isoleucine, tryptophan, and glutamine are imported. Three of the 11 putative
amino acid transporters identified in the parasite genome and expressed in the asexual life
stage are essential (84). In contrast, gametocytes undergo extensive transcriptional remodelling
and a relative decrease in the expression of putative amino acid transporters is observed (83).
Four amino acid transporters are constitutively expressed in gametocytes, of which
Pf3d7_0515500 (GEP1) was identified as an ortholog to a transporter essential to P. yoellii
gametocytogenesis (92). As such, the essentiality in P. falciparum of this putative amino acid
transporter, Pf3d7_0515500 (GEP1), and another transporter from the same superfamily,
Pf3d7_1132500 (NSS3) was investigated.

To identify new therapeutic drug targets, the essentiality of a pathway or protein needs to be
validated through genetic manipulation. Various genetic manipulation techniques, to investigate
protein essentiality, have been developed for P. falciparum, including targeted gene deletion,
and conditional knockdown of protein expression. Gene knockout is an effective technique to
investigate gene essentiality, given that the parasite is haploid for most of its life cycle, and that
irreversible protein loss is observed. Although conditional knockdown of membrane proteins has
been achieved with the glmS ribozyme, one concern associated with this technique is the
lifespan of membrane proteins that have been translated prior to knockdown of the mRNA and
whether the level of knockdown achieved will result in a phenotype (125). This study was
focused on generating transgenic lines for the subsequent investigation of the essentiality of
Pf3d7_0515500 (GEP1) and Pf3d7_1132500 (NSS3) in P. falciparum asexual proliferation and
gametocytogenesis. Here, we attempted to generate transgenic parasite lines which could
genetically disrupt and conditionally knockdown the putative amino acid transporters to
determine the essentiality of these amino acid transporters in gametocytogenesis. The
truncation of the transporter genes with the SLI-TGD system at the 5’ fragment of the gene at its

native loci should produce a non-functional transporter. However, after multiple integration
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attempts through a dual drug selection cycle, no integrants were obtained for the SLI-TGD
system. The lack of integrants obtained for both putative amino acid transporters from this
genetic integration approach indicates the inability to genetically modify these genes with SLI-
TGD is due to technical difficulties, rather than essentiality, as they were suggested to be non-
essential for asexual P. falciparum (84). Known difficulties with P. falciparum transfections
include low efficiencies (0.8 x 10 ) and the loss of episomal presence of the plasmids as they
are not equally divided between daughter merozoites during schizogony (126, 127).
Furthermore, once integration occurs, the neomycin resistance gene expression is driven by the
native amino acid promoters, and as seen by the expression profiles indicated in Table 1.1,
Pf3d7_0515500 has relatively low expression during the IDC. Therefore, insufficient levels of
neomycin resistance could be produced for the survival of integrant parasites when 400 pg/mL

G418 drug pressure was applied.

Alternatively, the SLI-gImS system was used in an attempt to generate conditional knockdown
lines, where fully functional transporter proteins are present until the knockdown of the gImS
ribozyme is induced. For the first biological of G418 selection, parasites were unable to recover.
The parasite cultures that were able to recover during another biological repeat of G418 drug
selection were analysed by PCR to detect the integration of the 5 and 3’ regions, however,
amplification of the WT locus was present. As the primer pairs for the integration confirmation
PCR could not be tested prior to integration, it remains unclear if genomic integration occurred
at the GOl locus to result in the expression of the neomycin selection marker. Furthermore, the
presence of green fluorescence was detected in NF54-Pf3d7_0515500-gImS-GFP, supporting
the hypothesis that integration of the recombinant plasmid occurred. Therefore, future studies
should include whole genome sequencing to determine if genomic integration of the
recombinant plasmids occurred at the amino acid transporter loci, prior to determining the
essentiality of these transporters in P. falciparum parasites. If integration of the recombinant
plasmids occurred at the incorrect locus, CRISPR-Cas9 could be used to circumvent the

stochastic integration of the recombinant plasmids by targeting the GOI.

The transport of free amino acids, and the import of isoleucine and methionine, are crucial for
the survival of P. falciparum parasites. From this study, we are one step closer to investigating
the essentiality of these NSS amino acid transporters in P. falciparum parasites that could
increase our understanding of parasite biology and help to identify possible therapeutic drug
targets. If these putative amino acids transporters prove to be essential for P. falciparum

parasites, the amino acid specificity and subsequent essential biological pathways could be
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identified. Additionally, FDA approved drugs targeting the NSS subfamily, can be tested against
P. falciparum parasites, and active compounds can be chemically modified to increase the

specificity to the parasite.
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7. Conclusion

Malaria remains deadly, and drug resistance to current chemotherapeutics has stalled the
progress towards reducing the burden of malaria. To identify new chemotherapeutic drug
targets that are effective against the pathogenic asexual stage and prevent resistance
transmission, the parasite biology needs to be investigated. As it is critical for the parasite to
obtain amino acids from the host and to expel excess amino acids from the parasite, this study
was directed towards investigating the essentiality of putative amino acid transporters in asexual

proliferation and gametocytogenesis of P. falciparum, with two genetic modification tools.

Recombinant plasmids, to disrupt and conditionally knockdown the two putative amino acid
transporters, were successfully generated and transfected into asexual P. falciparum parasites.
Episomal uptake for both systems were confirmed, however, only the SLI-gimS system resulted
in neomycin resistant parasites. In future studies, whole genome sequencing could be used to
determine where genomic integration of the recombinant plasmids occurred. Furthermore, the
essentiality of these two putative amino acid transporters, Pf3d7_0515500 (GEP1) and
Pf3d7_1132500 (NSS3) could be investigated to aid in the discovery of essential proteins and

pathways in P. falciparum parasites that could be targeted by chemotherapeutics.
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Figure 9.1: RE digestion of synthesised pUC57 for Figure 5.5 and Figure 5.15.

pUC57 plasmids syntheised by Gene Universal, digested with Notl and Mlul and visualised on 1 % (w/v)
agarose/TAE gel with 0.5 yg/mL EtBr to isolate respective gene fragments. Lane M contains a

GeneRuler™ 1 kb DNA ladder (Promega), U: undigested plasmids, C: digested plasmids.

Figure 9.2: RE digestion of pSLI-TGD, pSLI-gImS and pSLI-M9 vectors for Figure 5.5 and Figure

5.15.
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Vectors were digested with Notl and Mlul and visualised on 1 % (w/v) agarose/TAE gel with 0.5 pg/mL
EtBr to isolate respective vector backbones. Lane M contains a GeneRuler™ 1 kb DNA ladder
(Promega), U: undigested plasmids, C: digested plasmids.
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Figure 9.3: RE digestion of pSLI-TGD and pSLI-gImS/-M9 plasmids with Pf3d7_0515500 fragments
for Figure 5.7 and Figure 5.17.

Plasmids were digested with Notl and Mlul and visualised on 1 % (w/v) agarose/TAE gel with 0.5 pg/mL
EtBr to confirm fragment sizes of recombinant plasmids. Lane M contains a GeneRuler™ 1 kb DNA
ladder (Promega), U: undigested plasmids, C: digested plasmids.

pSLI-TGD_Pf3d7_0515500
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Figure 9.4: PCR screening for recombinant pSLI-TGD_gene for Figure 5.6.

Bacterial colonies PCR screened for recombinant plasmids were visualised on 1 % (w/v) agarose/TAE gel
with 0.5 yg/mL EtBr. Lane M contains a GeneRuler™ 1 kb DNA ladder (Promega), and the positive
control (+) contained the pSLI-TGD plasmid with the original insert.
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Figure 9.5: PCR screening for recombinant pSLI-gimS/-M9_gene for Figure 5.16.
Bacterial colonies screened with vector specific primers for recombinant plasmids were visualised on 1 %
(w/v) agarose/TAE gel with 0.5 yg/mL EtBr. Lane M contains a GeneRuler™ 1 kb DNA ladder (Promega).

Figure 9.6: Validation of recombinant pSLI-TGD and pSLI-gimS/-M9 plasmids for transfection for
Figure 5.9 and Figure 5.19.

Large scale isolated plasmids were digested with Notl and Mlul and visualised on 1 % (w/v) agarose/TAE
gel with 0.5 pg/mL EtBr. Lane M contains a GeneRuler™ 1 kb DNA ladder (Promega).
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Figure 9.7: Validation of recombinant pSLI-gImS/-M9 plasmids for transfection for Figure 5.19.
Large scale isolated plasmids for Pf3d7_1132500 were digested with Notl and Mlul and visualised on 1 %
(w/v) agarose/TAE gel with 0.5 ug/mL EtBr. Lane M contains a GeneRuler™ 1 kb DNA ladder (Promega).
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Figure 9.8: Validation of Pf3d7_0515500 plasmid episomal presence for Figure 5.12 and Figure
5.21.

PCR screen for episomal presence of pSLI-TGD and pSLI-gimS/-M9 and visualised on 1% (w/v)
agarose/TAE gel with 0.5 pg/mL EtBr. Lane M contains a GeneRuler™ 1 kb DNA ladder (Promega).
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Figure 9.9: Validation of Pf3d7_1132500 plasmid episomal presence for Figure 5.12 and Figure
5.21.

Screen for episomal presence of A) pSLI-TGD and B) pSLI-gImS/-M9 and visualised on 1 % (w/v)
agarose/TAE gel with 0.5 pg/mL EtBr. Lane M contains a GeneRuler™ 1 kb DNA ladder (Promega).
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