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Summary

While malaria is a treatable disease caused by Plasmodium parasites, resulting in worldwide
mortality. Plasmodium falciparum parasites are vulnerable to changes in intracellular ion
concentrations. The parasite Na*/H*-ATPase (PfATP4) responsible for the simultaneous efflux
of Na* and the influx of H* is targeted by chemically diverse antiplasmodial compounds, while
triaminopyrimidine resistance is associated with mutations in a V-type H*-ATPase. In
P. falciparum parasites, a high intracellular K* concentration is maintained by the influx of K*
through K* channels, against the concentration gradient due to a highly negative membrane
potential. Given that K* is the most abundant intracellular cation, it is possible that changing
intracellular K* levels would prevent parasite proliferation. Any changes in the intracellular K*
also affect the membrane potential, ultimately leading to cell death. Previous whole-cell
proliferation assays showed that putative K* channel inhibitors and ionophores inhibit
proliferation, but these studies did not test the antiproliferative effects with changes in

intracellular K*.

Intracellular K* can be measured using ion-selective electrodes, X-ray microanalysis, HPLC,
flame photometry and atomic absorption. However, these techniques require complex sample
preparation and often specialized equipment. These limitations can be overcome by using a
fluorescent-based whole-cell assay and use readily available equipment such as fluorimeters
or flow cytometers. Here, we developed complementary fluorescent assays using the
membrane potential dye DiBAC4(3) and the K* sensitive indicator APG-1 to evaluate changes
in membrane potential (Ay) and intracellular K*, respectively.

We found that 250 nM DiBAC4(3) provided a high fluorescent signal in isolated asexual
P. falciparum trophozoites after 30 min incubation. This condition resulted in a signal-to-noise
of 119.28 and a Z'-factor of 0.83 and was used for further analysis of changes in the parasite’s
membrane potential after treatment with inhibitors. APG-1 (5 uM) resulted in the highest signal-
to-background ratio after 60 minutes, that also resulted in high signal-to-noise ratios (276.26)
and a Z'-factor of 0.89. Therefore, the two fluorescent probes could successfully be detected

in P. falciparum parasites and subsequently evaluate changes in Ay and intracellular K*.

Putative K* channel inhibitors were subsequently evaluated for their potential to inhibit parasite
proliferation. The most active inhibitor based on whole-cell activity against the parasite was
evaluated with DIBAC4(3) and APG-1 to determine if the compound causes the changes in Ay
and intracellular K* expected following K* channel inhibition. We demonstrated that the
optimised assays can detect the expected Ay and intracellular K* changes based on the
biological effect following treatment with known antimalarial compounds. We also showed that

X



ion maintenance targets do have distinct profiles that can be used to distinguish between the

targets. We envision this assay will be useful for drug mechanism of action studies.
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1. Literature review

1.1. Malaria: the disease

Malaria is a disease caused by Plasmodium parasites, and these parasites are transmitted to
the human host by female Anopheles mosquitoes. Although it is a preventable and treatable
disease, it still claims the lives of thousands of people a year. Between 2000-2022, effective
malaria control strategies resulted in an estimated 11.7 million deaths prevented, but in 2022,
approximately 608 000 deaths still occurred due to malaria, with 249 million cases of malaria
worldwide (Figure 1.1) (World Health Organization, 2023).

I One or more indigenous cases
[ Certified malaria free

8 No indigenous cases in 3 years
[] No Malaria

Figure 1.1: Global malaria incidence in 2021. Malaria cases are predominant in Africé, SbutH-East
Asia and South America with Africa having the number of cases (95 %). Image adapted from WHO
malaria report 2023 and created using MapChart (https://www.mapchart.net/).

Malaria can present as asymptomatic, uncomplicated, or severe malaria. Asymptomatic
malaria occurs when malaria parasites are present in the blood of an infected individual, without
this person showing symptoms. Patients with asymptomatic malaria can provide a parasite
supply for transmission that can lead to symptomatic malaria in other patients (Das et al.,
2015). A person with uncomplicated malaria is symptomatic, including fever, nausea,
headache, and dizziness, but excludes signs of vital organ dysfunction (Bartoloni and
Zammarchi, 2012). Severe malaria presents with the same symptoms as uncomplicated
malaria, but in these patients, the disease can also include acute renal failure, severe anaemia
and respiratory failure (Bartoloni and Zammarchi, 2012). Malaria can progress rapidly from the

first symptom to severe malaria. In adults with no prior exposure to malaria, malaria can



progress to severe malaria in a few days, but in children this could be within 24 hours
(Maartens, 2008).

1.2. The life cycle of P. falciparum parasites

For malaria to be transmitted, there needs to be an interaction between the host (human),
vector (Anopheles mosquito) and the parasite (Plasmodium) (Rossati et al., 2016). Although
there are over 400 Anopheles species, only 30-40 of these can spread the parasite (Nicoletti,
2020). In South Africa, the most common species responsible for transmission are Anopheles
funestus, Anopheles arabiensis, and Anopheles gambiae (Kaiser et al., 2021). Of the five
Plasmodium species that can cause malaria (Plasmodium falciparum, Plasmodium vivax,
Plasmodium malariae, Plasmodium knowlesi, Plasmodium ovale curtisi and
Plasmodium ovale wallikeri (Lalremruata et al., 2017), P. falciparum has the highest mortality
rate (Kavunga-Membo et al., 2018) and is the most widespread in sub-Saharan Africa (Bhatt
et al., 2015). And as such P. falciparum forms the basis of this study.

Infection occurs when sporozoites are transferred from an infected female Anopheles mosquito
to the human host during a blood meal (Figure 1.2). Sporozoites are motile and travel in the
bloodstream to the liver to infect hepatocytes and initiate the exoerythrocytic developmental
cycle (EDC). The first round of asexual replication occurs within hepatocytes (Venugopal et al.,
2020), where the sporozoite differentiates to form a multinucleated, exoerythrocytic schizont
containing numerous hepatic merozoites (Sturm et al., 2006). These are released back into
circulation to infect erythrocytes and initiate the subsequent rounds of asexual replication
during the intraerythrocytic developmental cycle (IDC) (Venugopal et al., 2020, Soulard et al.,
2015).

After invading the erythrocyte, the parasite changes into a thin indented circle known as the
ring stage (Figure 1.2) (Langreth et al., 1978). In this stage, the parasite feeds on small
amounts of haemoglobin, also taking up nutrients from the plasma (Spielmann and Beck,
2000). These parasites develop into a trophozoite, where the parasite becomes most
metabolically active, undergoes cellular growth while simultaneously modifying the erythrocyte
plasma membrane (EPM) to ensure ion and nutrient acquisition (Bannister and Mitchell, 2003).
This allows the parasite to grow and develop into a schizont. During schizogony, the
intraerythrocytic parasite undergoes three to four rounds of DNA synthesis, mitosis, and
nuclear division in the schizont stage to produce 12 — 40 nuclei (Moon et al., 2013). Nuclear
segregation and cell division result in daughter merozoites which are released into the
bloodstream to infect new erythrocytes and repeat the IDC every 48 hours (Bannister and
Mitchell, 2003, Moon et al., 2013). The symptoms associated with malaria are primarily due to



this stage of the life cycle, where the schizonts rupture and the erythrocytes are destroyed
(Trampuz et al., 2003).

A small portion (<10 %) of the asexual parasites commit to gametocytogenesis that results in
mature gametocytes that can transmit back from host to vector (Figure 1.2) (Talman et al.,
2004). Gametocytogenesis in P. falciparum takes ~12 days to complete and is distinguished
by five different morphological stages (stage I-V). Stage | gametocytes have morphologically
similar round shapes to the asexual trophozoite parasite. In stage || gametocytes, a shape
change is initiated, and the gametocytes take on a “D” shape. Stage Il gametocytes change
to a lemon-shaped parasite as the parasite’s length is twice its width. Stage IV gametocytes
are elongated with pointed ends (Talman et al., 2004, Dixon and Tilley, 2021). The final stage
(V) has the falciform or crescent shape that is unique to P. falciparum (Chawla et al., 2021).
Immature gametocytes (stage I-IV) are sequestered in the bone marrow. Mature male and
female gametocytes (stage V) are released back into the blood stream for circulation to be
transmitted to a feeding female Anopheles mosquito after 2-3 days (Figure 1.2) (Messina et

Mosquito Mosquito

s Blood Schizont
@
\ ’ ‘ Infected .. Q ‘
\ \ erythrocyte / r\ 07‘
\ S ) Erythrocytes ‘ . I DC
porozoites
’ )

Sexual
\I " Trophozoite life cycle
) -
StageV
‘ Merozoites Ring gametocytes
ULLIS\{?W MU Gametocytogenesis
Stage | Stage Il
Stage lll Stage IV
Hepatocyte Hepatic Schizont EDC Bone marrow

Figure 1.2: Plasmodium falciparum life cycle. Sporozoites are release in the blood stream of a
human host during the blood meal of an infected female Anopheles mosquito. The exoerythrocytic
developmental cycle (EDC) is initiated by sporozoites making their way to the liver where they infect
the hepatocytes and forms a hepatic schizont that ruptures and releases merozoites. In the blood
stream merozoites invades the erythrocytes to start the intraerythrocytic developmental cycle (IDC)
where the ring stage parasite will develop into a trophozoite and then a schizont. The schizont bursts
and releases merozoites back into circulation to infect new erythrocytes. A small portion of the asexual
parasite will commit to gametocytogenesis where they will undergo sexual differentiation. Stage V
(mature) gametocytes are transmittable to another mosquito during a blood meal. Figure created with
Adobe illustrator.



After uptake by a feeding mosquito, gametocytes differentiate into gametes due to the drop in
temperature and the presence of xanthurenic acid within the mosquito midgut (Garcia et al.,
1998). Male gametocytes differentiate into 8 flagellated male microgametes, and the female
gametocyte differentiates into a single female macrogamete. The microgamete and
macrogamete fuse to form a fertile zygote, which develops into a motile ookinete that is able
to cross the midgut wall to develop into an oocyst (Grasso et al., 2022). In the oocyst, another
round of asexual replication occurs to produce sporozoites. The sporozoites travel to and
invade the salivary gland, where they will remain until they can be transmitted to a new host
for the cycle to start again (Venugopal et al., 2020).

1.3. Malaria control strategies

The spread of malaria can be controlled by targeting the mosquito vector or the Plasmodium
parasite itself. Vector control depends on the targeting of mosquito larvae and/or adult
mosquitoes (Mpofu et al., 2016). Mosquito control methods include indoor residual spraying
(IRS) and the use of long-lasting insecticidal nets (LLINs) (Benelli and Beier, 2017). There are
four directly lethal insecticide classes recommended for use with LLINs and IRS, namely,
pyrethroids, organochlorines, carbamates, and organophosphates (Fang et al., 2019).
Unfortunately, various factors reduced the usefulness of these. Organophosphates and
pyrethroids cannot be used in combination or rotation because of cross-resistance.
Organochlorides and carbamates have been used in agriculture, and resistance to these
insecticide classes has emerged. Organochlorides, carbamates and organophosphates cannot
be applied safely at an effective dose with LLINs (Killeen et al., 2017). Therefore, alternative
vector control strategies are required. An example of the latter include larviciding which kills
immature mosquitoes that are still developing in the water by regularly applying microbial

insecticides, chemical insecticides, oils, or larvivores fish (Choi et al., 2019).

Parasite control includes the use of vaccines or chemical compounds to 1) prevent an infection
from being established, 2) treat patients with malaria and 3) block transmission. Vaccines can
be grouped into three groups: The first group targets the pre-erythrocytic stages, before
erythrocytic invasion. These vaccines target the sporozoites and liver stage parasites, aiming
to completely prevent infection. A pre-erythrocytic vaccine approved and recommended by the
WHO in moderate to high malaria transmission settings is RTS,S/AS01 with an efficacy of 36 %
efficacy (EI-Moamly and EI-Sweify, 2023, Asante et al., 2020, Laurens, 2020). A new pre-
erythrocytic vaccine R21/Matrix-M has been approved by WHO and has demonstrated and
efficacy of 77 % (Genton, 2023). Erythrocytic vaccines are the second group of vaccines and
target the parasites in the blood stages, including merozoites, to reduce the parasite load in an
infected person. Both the first and second vaccine groups may thus prevent an infection from
4



being established. By contrast, the third group of vaccines is transmission-blocking vaccines,
targeting gametocytes and gametes, thereby preventing parasite transmission from the human
host to the mosquito (Richie and Saul, 2002, EI-Moamly and EI-Sweify, 2023). Both of the latter
groups are still exploratory.

People travelling to malaria-endemic areas, seasonal malaria as well as intermittent preventive
treatment makes use of malaria chemoprophylaxis to prevent infection (Ahmad et al., 2021).
In South Africa mefloquine, doxycycline, and atovaquone/proguanil is the recommended
chemoprophylactic drugs and needs to be taken for 1 week (atovaquone/proguanil) or 4 weeks
(mefloquine and doxycycline) after leaving the area (van Zyl, 2018). Seasonal malaria
chemopreventation is an effective way of preventing malaria infections in malaria-endemic
areas. A course of antimalarials is administered in the malaria season to prevent infections
during the peak transmission time (Xu et al., 2023). Sulfadoxine-pyrimethamine (SP) is used
as an intermittent preventive treatment of malaria in pregnancy (IPTp) (IPTp-SP) (Nana et al.,
2023, Anto et al., 2019). This has been shown to be an effective strategy in which the pregnant
woman receives three doses of SP regardless of whether the pregnant woman is infected or
not (World Health Organization, 2017). This results in a decrease of pregnant women infected
with malaria (Anto et al., 2019).

Chemotherapeutics are used to kill the parasites, thus restricting the infection and the
pathological effect (White, 2017). Antimalarials can be clustered into four major classes:
antifolates (sulfadoxine and pyrimethamine), quinolines (chloroquine and quinine), artemisinin
derivatives (artesunate), and antimicrobials (doxycycline). However, there is resistance against
the most commonly used drugs of all four classes mentioned (Cai et al., 2016).

Artemisinin combination therapies (ACTs) is recommended for malaria treatment (Cui et al.,
2015, Gatton et al., 2004). Combination therapies are used to reduce the chance of resistance
development against both partner drugs. In the case of ACTs, the fast-acting artemisinin
component is combined with a slow-acting drug (e.g. lumefantrine) to completely clear an
infection (Cui et al., 2015, Cui and Su, 2009). Unfortunately, partial resistance to ACTs has
already emerged in Southeast Asia and East Africa (Hanboonkunupakarn et al., 2022).
Resistance to ACTs emphasises the need for new chemotherapeutics and, therefore, a greater
understanding of the biology of parasites.



1.4. Regulation of ion transport and membrane potential in P. falciparum

parasites

P. falciparum parasites are surrounded by three membranes: the EPM, parasitophorous
vacuolar membrane (PVM), and the parasite plasma membrane (PPM) (Counihan et al., 2021).
Nutrients taken from the surrounding environment must cross these three membranes to reach
the parasite. Although the EPM has substrate specific transporters, not all substrates
necessary for parasite survival can be acquired through these transporters from the human
host. To increase the EPM permeability, trophozoite stage parasites (15-20 hours post invasion
(hpi)) modifies the EPM to create new permeation pathways (NPPs) (Counihan et al., 2021,
Mauritz et al., 2011). NPPs increase the permeability of infected erythrocytes to a range of
small molecular weight solutes such as sugars, amino acids, and ions (Kirk, 2015). NPPs have
the characteristics of an anion-selective channel and are referred to as Plasmodium surface
anion channel (PSAC). Soluble macromolecules cross the PVM via a cation and anion
permeable channels that acts as a sieve. The transport of nutrients across the PVM is only
limited by the size (<1.4 kDa) of the solute and the diffusion coefficient (Counihan et al., 2021).
The substrate that reaches the PPM can then be transported in to the parasite via the
transporters on the PPM (Martin, 2020).

Once the P. falciparum parasite has entered the erythrocyte, the environment surrounding the
parasite changes from high [Na*]/ low [K*] in blood plasma to low [Na*]/ high [K*] in the
erythrocyte cytosol (Figure 1.3 A) (Lee et al., 1988). This low [Na*]/ high [K*] in the uninfected
erythrocyte is maintained by the human Na*/K* ATPase that transports Na* out of the
erythrocyte and K* into the erythrocyte (Radosinska and Vrbjar, 2016). The NPPs mediate a
change in Na* and K* concentrations in the infected erythrocyte, thereby altering the
surrounding environment of the parasite in the erythrocyte to a high [Na*])/ low [K*] environment,

similar to what the parasite experienced in blood plasma (Figure 1.3 B) (Mauritz et al., 2011).

The high cytosolic [Na*] in the infected erythrocyte cytosol results in a large inwardly directed
[Na'] gradient into the parasite. PfATP4 actively exports Na* against the inward gradient into
the erythrocytic cytosol to counter the inward leakage of Na* into the parasite down its
concentration gradient (Spillman et al., 2013b). PfATP4 is a P-type ATPase and is located on
the plasma membrane of the parasite. The export of Na* is coupled with the import of H™,
placing a significant acid load on the parasite that must be countered by the export of H*
(Spillman et al., 2013a). The vacuolar-type H*-ATPase (V-type-ATPase) can be found on the
PPM and is the major source of H* export. The export of H* also results in the inward negative
membrane potential (Ay) across the plasma membrane. The Ay is modulated by the influx of



K* due to electrodiffusion against the [K*] gradient via the K* channels, resulting in a final
membrane potential of -95 mV (Figure 1.3 B) (Allen and Kirk, 2004).

A B

Na*/K*
\ ATPase

Plasmodium falciparum

Figure 1.3: P. falciparum ion and membrane potential regulation. A) Low Na*, high K cytosol in
the uninfected erythrocyte is maintained by the human Na*/K* ATPase. The Na*/K* ATPase exports
Na® against its concentration gradient while importing K* against its concentration gradient. B) Small
molecular weight solutes, including ions from the blood plasma cross the erythrocyte plasma membrane
(EPM) via the new permeation pathways (NPPs). The solutes reaching the parasitophorous vacuolar
membrane (PVM) can cross this membrane via the sieve-like channels on the PVM. PfATP4 actively
pumps Na* out of the parasite cytosol against the inward Na* gradient, while also pumping H* into the
cytosol of the parasite. The V-type-ATPase is responsible for the export of H" out of the parasite and
into the erythrocyte. The export of H* results in the inward negative membrane potential (Ay) across
the parasite plasma membrane (PPM). The Ay is regulated by the influx of K* against the K*
concentration gradient via the K* channels resulting in a final membrane potential of -95 mV. The figure
was generated on BioRender under the basic license for educational purposes and basic design.

1.5. Inhibition of ion transport and Ay regulation as antiplasmodial target

Large-scale phenotypic screening, where a compound’s effect on parasite proliferation was
tested without prior knowledge of the molecular target, has been very successful in discovering
new antimalarial drug candidates (Yang et al., 2021). The disadvantage of this approach is
that, without further studies and biochemical assays, the mode of action of the compound
(MoA) remains unknown (Plouffe et al., 2008). Target identification requires extensive
biological investigations. For example, the target of an active compound can be identified by in
vitro evolution and whole-genome analysis (IVEWGA) to identify proteins that mutate in
response to the drug (Yang et al., 2021). This will identify either the protein responsible for
resistance and/or the actual target. Targeted MoA investigations can thus be based on this

information.



Two such identified compounds include triaminopyrimidine ZY-19489 that completed Phase |
investigations in 2022 (Barber et al., 2022), and the spiroindolone KAEG609 (Cipargamin)
currently in Phase |l trials (Schmitt et al., 2022). Antimalarials belonging to the
triaminopyrimidines (TAPs) class has nanomolar activity with a long half-life against
P. falciparum resistant strains. IVEWGA identified a mutation in the V-type-ATPase subunit D
as a potential resistance mechanism for TAPs (Hameed et al., 2015). Treatment of parasites
with the generic V-type-ATPase inhibitor Bafilomycin A4 leads to an increased [H*] of the
parasite’s cytoplasm (Figure 1.4) (Hayashi et al., 2000, Saliba and Kirk, 1999). Radiolabelled
assays have also shown that Bafilomycin A+ leads to membrane depolarisation (Allen and Kirk,
2004). It is possible that TAPs also lead to depolarisation, but the direct effect of TAPs on the
Ay had not yet been measured at the beginning of the study and would require a suitable Ay

assay.

Plasmodium falciparum

Figure 1.4: The biological effect of V-type ATPase inhibition in P. falciparum. Treatment of
parasites with the V-type-ATPase inhibitor Bafilomycin A+ leads to the increase of parasite cytoplasmic
acidification and a decrease in Ay (depolarised, less negative). The figure was generated on BioRender
under the basic license for educational purposes and basic design.

With regards to spiroindolone KAEG609, exposure resulted in mutations in PATP4 (Rottmann
et al.,, 2010), later identified as the target of KAEG09 (Spillman et al., 2013b). Inhibition of
PfATP4 activity results in a characteristic cellular response: with inhibition of Na* export and
H* import causing cytosolic alkalinisation (Lehane et al., 2014). Parasites treated with PTATP4
inhibitors show an immediate disruption of Na* and pH homeostasis (Figure 1.5) (Spillman et
al., 2013b), leading to detrimental swelling of the entire infected cell (Spillman and Kirk, 2015).
The characteristic cellular response observed following PfATP4 inhibition was subsequently
used in biochemical assays to identify other chemical classes that inhibit PfATP4 without
having to use IVEWGA (Lehane et al., 2014). By measuring intracellular Na* levels and pH

changes with fluorescent Na* and pH indicators, six compounds out of the set of 400
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compounds included in the Malaria Box (www.mmv.org/malaria-box) were confirmed as
PfATP4 inhibitors (Van Voorhis et al., 2016).

Plasmodium falciparum

Figure 1.5: Biological effect of PFATP4 inhibition. When PfATP4 is inhibited, the exchange of H* for
Na*is stopped, causing an increase in cytosolic pH. The figure was generated on BioRender under the
basic license for educational purposes and basic design.

1.6. Evidence for K* regulation as antiplasmodial target

K* is the most abundant intracellular cation, essential for a wide range of functions. Given the
sensitivity of P. falciparum parasites to compounds that inhibit proteins involved in ion
homeostasis, it stands to reason that inhibition of K* channels will most likely result in cell death
(Figure 1.6). K* channel blocking with Cs* or Ba?* prevents K* from entering the parasite to
offset the highly negative Ay generated by the export of H* by the V-type ATPase (Figure 1.6),
thereby leading to membrane hyperpolarisation (more negative) (Allen and Kirk, 2004).


http://www.mmv.org/malaria-box

Na™ atp

ADP + P,

) T
ADP + P,

Plasmodium falciparum,

Figure 1.6: P. falciparum K* channel inhibition. In the presence of K* channel inhibitors the parasite
is not able to import K* into the cell. This results in the Ay becoming more negative due to the V-type
ATPase activity. The figure was generated on BioRender under the basic license for educational
purposes and basic design.

As expected, inhibitors proven to inhibit K* channels in other organisms (Table 1.1) inhibit the
proliferation of asexual parasites (Waller et al., 2008a, D'Alessandro et al., 2015, Schmitt et
al., 2022). While interference with K* levels has been proposed as the mode of action of these
inhibitors, none of the studies to date determined the direct effect on intracellular K* levels.
There are several limitations to the inhibitors tested. Although these inhibitors have been used
as K* channel inhibitors in other organisms, some of these have additional non K* channel
targets. Of the previously tested compounds that only target K* channels, some do not
necessarily target the class of K* channels expressed in P. falciparum. The P. falciparum
genome encodes for putative voltage-gated (Kv) and big conductance Ca®*-activated K* (BK)
channels (Waller et al., 2008a, Ellekvist et al., 2004), and inhibitors should be geared towards

these classes.
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Table 1.1: Summary of K* channel inhibitors previously showed to

proliferation, tested with the [*H]-hypoxanthine incorporation assay.

inhibit P. falciparum

Compound Targets(s) ICso0 value
Quinine Interferes with haemoglobin digestion 714 nM
Quinidine Interferes with haemoglobin digestion 36.5+1.3nM
Apamine ATP-type Ca?*-activated K* channels ND

Bicuclline Gamma-aminobutyric acid receptor and Ca?*-activated K* 79.3+2.9 uM
methiodidle channels

Charybdotoxin Ca?*-activated K* channels and voltage-gated K* channels ND
Clotrimazole inhibits haem-peroxidase 0.060 + 0.001 uM
Haloperidol Inwardly rectifying K* channels and voltage-gated K* channels 4.29 £ 0.17 yM
Tubocurarine Ca?*-activated K* channels 129 + 3.2 uM
chloride

Trifluoperazine CDPK4 inhibitor 45+ 1 uM
hydrochloride

Verruculogen Ca?*-activated K* channels ND

There are however more direct lines of evidence for the importance of K* regulation in the form
of ionophore studies. lonophores form hydrophilic pores in the membrane to allow selected
cations to pass through the membrane, disrupting the transmembrane concentration gradient
(David and Rajasekaran, 2015). K" ionophores have low nanomolar activity against
P. falciparum asexual parasite proliferation (Table 1.2). Boromycin, monensin, salinomycin,
and nigericin were also tested against gametocytes with low nanomolar activity, indicating that
the use of K* ionophores are detrimental to both asexual parasites and gametocytes
(D'Alessandro et al., 2015, de Carvalho et al., 2021). Therefore, interference with K*
maintenance may be an avenue for new antiplasmodial compounds; however, the effect of

these compounds on P. falciparum K* levels must first be proven.
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Table 1.2: Summary of ionophores previously used in P. falciparum, resulting in parasite death.

lonophore Targets(s) Assay ICs0 value References

Name

Boromycin K* ionophore ELISA 09+0.1nM (de Carvalho et al.,

. 2021)
(Asexual parasites)
ELISA 9+4nM
(Stage V gametocyte)
Monensin Exchanges H* pLDH 1.0+ 0.2 nM (Adovelande and
for K* or Na* . Schrevel, 1996,
(Asexual parasites) D'Alessandro et al.
pLDH 1.9+1.3 nM 2015)
(Stage II-1ll gametocyte)
pLDH 57+1.1nM
(Stage IV-V gametocyte)

Valinomycin | K* ionophore [H]-hypoxanthine | 4.76 nM (Lim et al., 2012,
incorporation Gumila et al., 1996)
assays

Salinomycin | K* ionophore pLDH 21.9+£12.3nM (D'Alessandro et al.,

. 2015)
(Asexual parasites)
pLDH 14.5+7.4nM
(Stage II-1ll gametocyte)
pLDH 6.3+1.7 nM
(Stage IV-V gametocyte)

Nigericin Electroneutral pLDH 1.8+1.0 nM (D'Alessandro et al.,
exchange of K* . 2015, Pressman,
for H* (Asexual parasites) 1968)

pLDH 2.7+1.2nM

(Stage II-1ll gametocyte)
pLDH 0.9+04nM

(Stage IV-V gametocyte)

Gramicidin Na*® and K* [H]-hypoxanthine | 0.27 + 0.14 nM (Bharti et al., 2019,
ionophore incorporation Otten-Kuipers et al.,

assays 1995)

Maduramicin | Na* ionophore [H]-hypoxanthine | 2.67 nM (Das et al., 2016,
incorporation Raza et al., 2018)
assays

Lonomycin Ca?* ionophore pLDH 13 nM (Morgan and Jacob,

1994, Otoguro et al.,
2001)

Lasalocid Monovalent and | pLDH 29 nM (Mahtal et al., 2020,
divalent Otoguro et al., 2001)
ionophore
cations

Narasin Monovalent pLDH 1.6 nM (Cybulski et al.,
cations 2015, Otoguro et al.,

2001)

Calcimycin Ca?* ionophore | pLDH 1.2 uyM (Reed and Lardy,

1972, Otoguro et al.,
2001)
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1.7. lon and Ay detection assays

Different techniques have been used to detect Na* and K* levels in infected erythrocytes,
including flame photometry (Overman, 1948), ion-sensitive electrodes (Pillai et al., 2013) and
high performance liquid chromatography (HPLC) (Winterberg and Kirk, 2016). However, these
techniques require specialised equipment, sample preparation and/or radiolabelled probes. An
example of the use of HPLC was to determine the intracellular Na* and K* levels of untreated
versus treated P. falciparum parasites with KAE609, and the Ay was measured using the K*
congener 8Rb (Ellekvist et al., 2008).

An alternative may be fluorescent dyes, which are compounds with intense fluorescent
properties that can absorb and emit light within the visible region of the electromagnetic
spectrum (Christie, 2011). Fluorescent dyes are a powerful tool that has been used for
biosensing and bioimaging due to their high sensitivity and specificity (Zhu et al., 2016).
Compared to other techniques, fluorescent dyes have an advantage because they allow fast
detection with high selectivity, are less invasive allowing use in intact cells, are easy to use and
use readily available equipment for detection (Nagano, 2010, Yoon et al., 2021, Oliveira et al.,
2018).

In Plasmodium parasites, parasite cytosolic Na* concentrations have been measured using a
fluorescent Na* sensitive dye ‘sodium binding benzofuran isopthalate’ (SBFI) (Spillman et al.,
2013b). SBFI comprises of fluorophores that are linked to a crown ether which confers
selectivity for Na* (Minta and Tsien, 1989). This is a ratiometric dye with an 18-fold higher
selectivity for Na* over K*, with an excitation of 340 nm and emission of 500 nm (lamshanova
et al., 2016, Minta and Tsien, 1989). SBFI has been used to investigate the effect of PfATP4
inhibition on Na®* levels in P. falciparum (Spillman et al., 2013b), as well as to identify
compounds that may inhibit PFATP4 based on the effect on Na* levels (Dennis et al., 2018Db,
Dennis et al., 2018a, Lehane et al., 2014).

Some probes have been developed that respond to K* ions, however, these are not efficient in
selectively measuring K* in the presence of other monovalent cations (Boyd et al., 2021).
‘Potassium binding benzofuran isophalate’ (PBFI) is a fluorescent dye that is used to determine
intracellular K* concentrations. PBFI has two benzofuran isophalate fluorophores connected to
the diazacrown ether, which confers selectivity for K*. PBFI is only 1.5-fold more selective to
K* than Na* (Meuwis et al., 1995). PBFI affinity for K* (Kd = 8 mM) provide low sensitivity for
K* in intracellular environments that have a concentration of K* higher than 100 mM (Rimmele
and Chatton, 2014). A disadvantage however is PBFI does not work on readily available
equipment, as it requires far-UV excitation, which can also cause photodamage (Rana et al.,

2019).
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Asante potassium green (APG) based dyes are fluorescent K* probe used to determine K*
levels in a cell (Rana et al., 2019). The acetoxymethyl ester creates a hydrophobic molecule
that allows the dye to enter the cell by diffusion. Cytosolic esterases cleaves the acetoxymethyl
ester, charging the dye and trapping the hydrophilic dye inside the cell (Jobsis et al., 2007). In
contrast to PBFI that needs UV excitation, APG has an excitation peak around 500 nm,
indicating that UV excitation is not needed (Rana et al., 2019). APG also overcomes the poor
loading efficiency typically seen when using PBFI (Rimmele and Chatton, 2014). Compared to
PBFI, APG is only slightly influenced by Na* at intracellular levels (Rimmele and Chatton,
2014).

Bis(1,3-Dibutylbarbituric Acid) Trimethine Oxonol (DiIBAC4(3) is a slow, voltage-sensitive Ay
fluorescent dye previously used in P. falciparum (Allen and Kirk, 2004). The negatively charged
DIBAC4(3) distributes between the outer and inner leaflet of the membrane, based on the Ay.
Membrane depolarisation allows for the accumulation of the negatively charged dye in the cell,
resulting in an increase in signal while hyperpolarisation results in a decreased signal (Yamada
et al.,, 2001). DIBAC4(3) has been used to measure Ay in both uninfected erythrocytes
(Moersdorf et al., 2013) as well as P. falciparum parasites that have been isolated from the
erythrocyte (Allen and Kirk, 2004).

1.8. Changes in ion and Ay fluorescent dye signals can be predicted

based on known biological effects

There are several possible scenarios that can be observed if antiplasmodial compounds target
proteins involved in ion and Ay regulation (Figure 1.7). Inhibition of the V-type ATPase results
in a decrease in H" export and PPM depolarisation (less negative Ay) (Hayashi et al., 2000,
Allen and Kirk, 2004). Therefore, there will be less of an electrical gradient that can pull K* into
the parasite against the K* concentration gradient, resulting in lower intracellular K* levels
(Figure 1.7 A). On the contrary, inhibition of either PFATP4 or K* uptake should result in a more
negative Ay (Figure 1.7 B and C). Inhibition of PfATP4 prevents the exchange of intracellular
Na* for extracellular H*. However, since the V-type ATPase is still active, there is a constant
export of H* that is no longer replenished, leading to hyperpolarisation of the PPM (more
negative Ay) (Figure 1.7 B). This hyperpolarisation may lead to increased K* influx. By
contrast, preventing K* influx into the parasite cytosol while maintaining V-type ATPase
mediated H* export will also hyperpolarise the PPM but will lead to a decrease in K* levels
(Figure 1.7 C). To distinguish between these scenarios, the effect on not only intracellular K*
but also Ay must be measured. Membrane hyperpolarisation with increased K* levels, indicate

PfATP4 inhibition, while membrane hyperpolarisation with a decrease in K* levels indicate K*
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channel inhibition. By contrast membrane depolarisation with a decrease in K* levels, indicate
V-type ATPase inhibition (Figure 1.7 D).
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Figure 1.7: Distinct profiles of ion maintenance targets. Proven biological effects are indicated in
red while expected biological effects are indicated in black. A) Inhibition of V-type ATPase results in H*
export being blocked, the Ay becomes more positive, and less K* flows into the parasite. B) Inhibition
of PfATP4 leads to blocked import of H*, the Ay becomes more negative and more K* flows into the
parasite. C) K* channel inhibition results in a decrease in K* flow into the parasite and the Ay becomes
more negative. D) Heatmap representation of expected changes in DiBAC4(3) and APG-1 fluorescence
following inhibition ofion maintenance proteins. DIBAC4(3) signal increases as the Ay becomes more
positive, and decrease if Ay becomes more negative. APG-1 fluorescence increase with increased
intracellular K*, and decrease with a decrease in intracellular K*. Figures were generated on BioRender
under the basic license for educational purposes and basic design.

In this study, we propose to develop simple fluorescence-based assays to determine changes
in Ay and intracellular K* levels of P. falciparum after treatment with antiplasmodial
compounds. This assay will not only be useful in confirming that the effect of putative K*
channel inhibitors and ionophores are due to perturbing K* levels, but will also be used to

differentiate between the inhibition of different proteins involved in ion regulation.
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2. Aim, Hypothesis and Objectives

2.1. Hypothesis
APG-1 and DIBAC4(3) fluorescent dyes can measure Ay and intracellular K* levels in isolated

P. falciparum parasites.

2.2. Aim

Establish semiquantitative fluorescent assays to detect changes in membrane potential and
intracellular K* levels in isolated P. falciparum parasites.

2.3. Objectives

L Determine if DIBAC4(3) fluorescence responds to Ay changes.

Il. Establish if APG-1 fluorescence responds to changes in intracellular K* levels.
lll. Identify a control K* channel inhibitor for use in Ay and intracellular K* assays.

IV. Determine if ion maintenance proteins have responses with DiBAC4(3) and APG-1.

2.4. Research outputs

Thomas, J., Claassen, E., Birkholtz, L., Niemand, J. Investigating the functional relevance of

K* channels in asexual Plasmodium falciparum parasites. 7" South African Malaria Research
Conference. Poster presentation. Virtual, August 2022.

Thomas, J., Claassen, E., Birkholtz, L., Niemand, J. Assante Potassium Green-1 as a tool for

analysing changes in Plasmodium falciparum intracellular K* levels. 4" H3D symposium.
Poster presentation. Stellenbosch, South Africa, October 2022

Thomas, J., Claassen, E., Birkholtz, L., Niemand, J. A fluorescence-based assay of K* levels

in intraerythrocytic Plasmodium falciparum parasites. 8" South African Malaria Research

Conference. Poster presentation. Pretoria, South Africa, August 2023

Thomas, J., Claassen, E., Birkholtz, L., Niemand, J. Semiquantitative fluorescent methods to

detect changes in membrane potential and intracellular K* levels in Plasmodium falciparum
distinguish between different ion maintenance targets. MPM XXXIV 2023. Poster presentation.
Woods Hole, USA, September 2023
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3. Methods and Materials

3.1. Identification of K* channel inhibitors

Given that the K* channels of P. falciparum fall into the classes of Kv and Bk (Waller et al.,
2008a, Ellekvist et al., 2004), Kv and BK channel inhibitors with proven K* channel inhibition in
other organisms were identified. Inhibitors that targeted additional ion channels, apart from K*
channels, were removed from the list as well as K* channel inhibitors that does not target Kv
or BK channels. Inhibitors that had a molecular weight greater than 500 g/mol were also
removed. This resulted in six K* channel inhibitors investigated in this study: Paxilline (Cayman
chemical, USA), AUT1 (Cayman chemical, USA), XE-991 (Sigma-Aldrich, USA), GAL_021
(Cayman chemical, USA), 4-aminopyridine (Sigma-Aldrich, USA) and 3,4-diaminopyridine
(Sigma-Aldrich, USA).

3.2. Intraerythrocytic P. falciparum parasite culturing

3.2.1. Ethical clearance statement

All experiments requiring P. falciparum parasites were performed at the University of Pretoria
in the Malaria Parasite Molecular Laboratory (M?PL), a biosafety level 2 (BSL2) certified facility
(registration number: 39.2/University of Pretoria-19/160). All in vitro parasite cultivation and the
use of human blood were covered by an umbrella ethics clearance for the SARChi program
under Prof. Lyn-Marié Birkholtz (NAS ethics approval no: 180000094). This project was
approved under NAS ethics clearance number: NAS026/2022.

P. falciparum drug sensitive strain NF54, chloroquine resistant strain Dd2 and multidrug
resistant strain K1 parasites were obtained from BEI resources (https://www.beiresources.org).
These parasites were cultured in human erythrocytes (blood types A+ or O+) using standard
procedures (Trager and Jensen, 1976) at 5 % haematocrit in complete culture medium [RPMI-
1640 culture medium (Sigma-Aldrich, USA), supplemented with 0.0024 mg/mL gentamycin
(HyClone, USA), 0.2 % (w/v) glucose (Merck, Germany), 25 mM HEPES pH 7.2- 7.5 (Sigma-
Aldrich, USA), 200 uM hypoxanthine (Sigma-Aldrich, USA), 32.81 mM sodium bicarbonate
(Sigma-Aldrich, USA) and completed with 5 g/L Albumax Il ( Life technologies, USA)]. Cultures
were maintained between 4-6 % parasitaemia under hypoxic conditions of 90 % N2, 5 % COx,
5 % O2 (Afrox, South Africa) with rotation at 60 rpm and at 37 °C to allow single merozoite
invasion. Parasitaemia was calculated by the number of infected erythrocytes divided by the
total number of erythrocytes. If the parasitaemia was 4 % or more non-infected erythrocytes
and culture media were added.
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3.2.2. RapiDiff visualization of P. falciparum parasites

Thin smears of intraerythrocytic P. falciparum parasite cultures were fixed with methanol and
stained using RapiDiff (Merck, South Africa) for visualisation. Stained slides were used to
determine the parasitaemia using a YS2-H Nikon light microscope (Nikon, Japan) with oil
immersion at 1 000x magnification. The Nikon Eclipse 50i microscope (Nikon, Japan) was used
to take pictures of the parasites and analyse them on the NIS-Element software F package
version 3.0 (Nikon, Japan).

3.2.3. Synchronisation of asexual P. falciparum parasites

Asexual P. falciparum parasite cultures comprising of at least 2 % ring-stage parasites were
synchronised using 5 % (w/v) D-sorbitol (Sigma-Aldrich, USA) (Lambros and Vanderberg,
1979). Due to the NPPs formed in the trophozoite and schizont stage, these parasites are more
permeable to D-sorbitol resulting in the lysis of these parasite stages. This results in a majority
synchronised ring-stage culture. Culture samples were incubated with D-sorbitol for 10 min at
37 °C and then centrifuged for 2 min at 3500 xg. Afterward, the culture was washed twice with
incomplete culture medium to ensure excess D-sorbitol and parasite debris were removed. The
culture was then readjusted to a 5 % haematocrit with non-infected erythrocytes and complete

culture medium.

3.3. SYBR Green | fluorescence assay to measure in vitro activity of

compounds against asexual P. falciparum parasite proliferation

The SYBR Green | assay was used to measure the proliferation of in vitro intraerythrocytic
P. falciparum NF54, Dd2, and K1 parasites after treatment with compounds. Anti-plasmodial
activity of the potential K* channel inhibitors Paxilline (Sigma-Aldrich, USA and Cayman
chemical, USA), AUT1 (Cayman chemical, USA), XE-991 (Sigma-Aldrich, USA), GAL_021
(Cayman chemical, USA), 4-aminopyridine (Sigma-Aldrich, USA) and 3,4-diaminopyridine
(Sigma-Aldrich, USA), was determined using the SYBR Green | fluorescence-based assay.
SYBR Green | intercalates into the minor groove of double-stranded DNA. This assay can be
used to specifically determine parasite double-stranded DNA as a proxy for parasite
proliferation, seeing that erythrocytes do not contain nuclear material. The activity of the known
V-type ATPase inhibitor concanamycin A (van Schalkwyk et al., 2010) (Glentham Life
Sciences, UK) and the known PfATP4 inhibitor KAE609 (Spillman and Kirk, 2015) was also
validated on the strains used here, and these compounds would serve as controls for inhibition
of the two proteins.
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In a 96-well plate, a 2-fold serial dilution of the compounds was performed in complete culture
medium using chloroquine (0.5 yM) as a background control and untreated parasites as a
positive control for proliferation. A parasite suspension was made using a synchronised
asexual parasite culture (>95 % ring-stage) at 1 % parasitaemia and 2 % haematocrit. The
parasite suspension was added to each well in a 1:1 ratio, resulting in a final haematocrit of
1 %. The plates were incubated at 37 °C in a stationary incubator for 96 h under hypoxic
conditions (90 % N2, 5 % COz2, 5 % O2).

Following incubation, samples were resuspended in a 1:1 ratio in a 96-well plate with SYBR
Green | lysis buffer [5 mM EDTA (Sigma-Aldrich, USA), 0.008 % (w/v) saponin (Sigma-Aldrich,
USA), 20 mM Tris (Sigma-Aldrich, USA) pH 7.5, 0.08 % (v/v) Triton X-100 (Sigma-Aldrich,
USA)] supplemented with 0.002 % (v/v) SYBR Green | (Invitrogen, USA) and incubated for 1 h
in the dark at room temperature. Fluorescence was measured using a Fluoroskan Ascent FL
microplate fluorimeter (Thermo Scientific, USA; excitation 490 nm, emission 520 nm). Excel
was used to analyse the data where the background was subtracted, and the data were
normalised relative to the positive control for proliferation. Data were represented as a dose-
response curve using GraphPad 9.2.0 (GraphPad Software, USA) showing the standard error
of the mean (S.E.). Data were used from three independent experiments, each of which was
performed in technical triplicates.

3.4. Measurement of changes in the membrane potential using DiBAC4(3)

Late-stage trophozoites (34-37 hpi) were isolated using saponin (0.05 % v/v, Sigma-Aldrich,
USA) inverted 5 times and then centrifuged for 2 min at 3260 xg in a SL 8R centrifuge (Thermo
Scientific, USA). The supernatant was removed, and the pellet washed 3 times with normal
malaria saline [125 mM NaCl (Glentham Life Sciences, UK), 5 mM KCI (Merck, Germany), 25
mM HEPES (Sigma-Aldrich, USA), 20 mM Glucose (Merck, Germany) and 1 mM MgCl
(Merck, Germany), pH 7.1] (Saliba et al., 1998) after which the isolated parasites were
resuspended in 1 mL malaria saline. The number of isolated parasites was determined using
an improved Neubauer haemocytometer and adjusted to 3 x 107 parasites/mL. DiIBAC4(3)
(Sigma-Aldrich, USA) was added to the parasite suspension (final concentration 250 nM) and
then incubated in a shaking incubator (160 rpm) (MRC LM-570 incubator, Israel) for 30 min
(Moersdorf et al., 2013) at 37 °C in the dark. Subsequently, the samples were transferred to a
96-well plate and the fluorescence was read using a Fluoroskan Ascent FL microplate
fluorimeter (Thermo Scientific, USA; excitation 490 nm, emission 520 nm). Malaria saline, with
0.025-0.2 % v/v DMSO as vehicle control, was used as background fluorescence control. Excel
was used to analyse the data where the background was subtracted, and the data were
normalised relative to the untreated parasites.
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To obtain the optimal concentration of DIBAC4(3) to be used in an assay, the same method as
mentioned above was used with different concentrations of DiBAC4(3) (Table 3.1). Likewise,
different incubation times of DiIBAC4(3) (final concentration 250 nM) stained parasites were
tested following the same procedure.

Table 3.1: Optimal concentration and incubation time of DiBAC4(3) for P. falciparum.

DiBAC4(3) concentration (nM) Incubation time (min)
1.5
3
Optimal concentration > 30
24
250
30
Optimal incubation time 250 60
90

To determine the effect of different compounds on Ay, different experimental conditions were
used as follows: lonophores (Gramacidin, Valinomycin, Nigericin, and Salinomycin) were
tested at a single concentration of 5 pM. Paxilline was used at different concentrations
(12.5 pM, 25 uM, 50 uM, 100 uM and 150 pM) to determine if this K* channel inhibitor results
in a dose dependent response in Ay. For all other experiments, Paxilline was used at a single
concentration of 50 yM. The V-type ATPase inhibitor Concanamycin A was tested at 200 nM
while the PfATP4 inhibitor KAE609 was used at 1 uM. The predicted K* channel inhibitors
Tubocurarine chloride, Apamine and 4-aminopyridine, the known antimalarials Chloroquine,
Dihydroartemisinin, Pyrimethamine, Sulfadoxine, Quinine, and antiplasmodial compounds
Clemizole (MMV002015) and MMV1634391 were all tested at 10 yM. Trophozoites isolated
using saponin (0.05 % v/v) were resuspended to 3 x 107 parasites/mL and incubated for 15
min with the above compound(s) before DIBAC4(3) (final concentration 250 nM) was added.
After the dye was added, the samples were incubated for 30 min before fluorescence was

measured. Fluorescence was measured and data analysed as above.

3.5. Changes in K* levels using APG-1

Of the three APG dyes APG-1 will be used to determine changes in intracellular K* levels based
on the Kd value (Kd= 50 mM) and the high intracellular K* levels inside the parasite cytosol.
Isolated trophozoites (34-37 hpi) were resuspended to 2 x 107 parasites/mL using the same
method as previously described. Pluronic F-127 (Sigma-Aldrich, USA, 0.1 % v/v) and APG-1

(Abcam, UK, final concentration 5 uM) was added to the parasite suspension and incubated in
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a stationary incubator (MRC LM-570 incubator, Israel) for 60 min at 37 °C in the dark. After 60
min of incubation, the samples were transferred to a 96 well plate and fluorescence was read
using a Fluoroskan Ascent FL microplate fluorimeter (Thermo Scientific, USA; excitation 490
nm, emission 520 nm). Malaria saline with 0.025-0.2 % DMSO as required as vehicle control
was used with Pluronic F-127 (0.1 % v/v) and APG-1 (final concentration 5 uM) as background
fluorescence control. Excel was used to analyse the data where the background was
subtracted, and the data was normalised relative to the untreated parasites.

To determine the ideal concentration of APG-1 to be used with this assay, parasites were
isolated and resuspended to 2 x 107 parasites/mL. Different concentrations of APG-1 were
tested at the same incubation time as shown in the table below. Subsequently, different

incubation times were tested at a single concentration (Table 3.2)

Table 3.2: Conditions for optimal APG-1 fluorescence signal in isolated P. falciparum parasites.

APG-1 concentration (uM) Incubation time (min)
Optimal concentration 0.1
5 60
10
Optimal incubation time 10
5 30
60

To determine whether Paxilline can protect against K* loss from the parasite by blocking K*
channels, the isolated parasites were resuspended in K* free malaria saline [125 mM NaCl, 5
mM Choline chloride (Glentham Life Sciences, UK), 25 mM HEPES, 20 mM Glucose, and 1
mM MgClz, pH 7.1], and normal malaria saline given above. Samples were incubated for 15
min with the drug before adding Pluronic F-127 (0.1 % v/v) and APG-1 (final concentration 5
puM). DMSO (0.1 % v/v) was included in the cell-free malaria saline to measure background

fluorescence.

To determine the effect that different compounds have on intracellular K* levels, different
experimental conditions were used as described above. Isolated trophozoites resuspended to
2 x 107 parasites/mL were incubated for 15 min with the compound(s) before APG-1 (final
concentration 5 uM) and Pluronic F-127 (final concentration 0.1 % v/v) was added, the sample

incubated for 60 min and fluorescence measured as described above.
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3.6. Fluorescent imaging of DiBAC4(3) and APG-1 stained P. falciparum

parasites

A majority trophozoite (95 %) parasite culture at ~ 8 % parasitaemia was centrifuged for 2 min
at 3260 xg in a SL 8R centrifuge, the media aspirated and the pellet resuspended in 400 pL
normal malaria saline. Subsequently, either DiBAC4(3) (final concentration 250 nM) or APG-1
(final concentration 5 yM) was added. Alternatively, the parasites were isolated from the
erythrocytes using saponin (0.05 % v/v) and resuspend in 400 uL of malaria saline with either
250 nM DIBAC4(3) or 5 yM APG-1. Both infected erythrocytes and isolated parasites were
incubated at 37 °C for 30 min (DiBAC4(3)) or 60 min (APG-1) after which a 10 yL sample was
seeded onto a slide and covered with a coverslip. Images were captured using an EVOS
M5000 cell imaging system (oil immersion at 1 000x magnification), with excitation at 470 nm

and emission at 525 nm. Images were processed using ImagedJ version 1.54g.
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4. Results

4.1. In vitro production of intraerythrocytic P. falciparum parasites

Asexual P. falciparum NF54, Dd2 and K1 parasites were cultured in vitro for the SYBR Green 1
proliferation assay while NF54 parasites were used for all other experiments. All developmental
stages of the asexual parasite were observed during the 48 h life cycle (Figure 4.1). Ring-stage
parasites were present at 1-16 hpi recognizable by the indented circle shape. Trophozoites
were observed between 18 and 37 hpi, distinguishable by the increase in cytoplasm size and
density along with the formation of the hemozoin crystal. The multinucleated schizont
developed from 38-48 hpi after which it burst and released merozoites to invade new
erythrocytes to restart the life cycle.

| e

e

—_— — HLoum
Ring Trophozoite Schizont

Figure 4.1: P. falciparum asexual lifecycle development. Asexual P. falciparum NF54 parasite
development from ring stage to schizont stage over the 48 h life cycle. Parasites were visualized using
a light microscope at 1000x magnification with RapiDiff stained slides.

4.2. Membrane potential dye DiBAC4(3) responds to Ay in isolated

P. falciparum parasites

DIBAC4(3) is a voltage sensitive fluorescent dye used to measure Ay of cells (Yamada et al.,
2001), where membrane depolarisation causes the electrostatic attraction of this anionic dye
to the membrane, resulting in an increased signal. However, a hyperpolarised membrane
potential reduces the electrostatic interaction of the dye with the membrane, causing a lower
signal (Maher et al., 2007). The fluorescence of DiIBAC4(3) was associated with the plasma
membrane in infected erythrocytes, where concentrated staining can be observed for both the
EPM and the PPM. In isolated parasites fluorescence was associated with PPM (Figure 4.2).
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Figure 4.2: Localisation of the membrane potential sensitive fluorescent dye DIBAC4(3) in
isolated P. falciparum trophozoites. Localisation of DiIBAC4(3) in infected erythrocytes and isolated
trophozoites, observed using the EVOS M5000 cell imaging system under 1 000x magnification (oil
immersion), with excitation at 470 nm and emission at 525 nm. On the left panel is the brightfield image
followed by the fluorescence image in the middle. The right panel is the superimposed image of the
fluorescence image on to the brightfield image. Images were processed using Imaged version 1.54g.

Previously uninfected erythrocytes was stained with 250 nM of the dye incubated for 30 min
prior to any measurements (Moersdorf et al., 2013). By contrast, the single previous use of
DIiBAC4(3) in isolated P. falciparum parasites used 1.5 nM of the dye with kinetic
measurements for 20 min (Allen and Kirk, 2004). Here, we optimised the conditions for a non-
kinetic endpoint assay. DIBAC4(3) had a concentration-dependent increase in signal-to-
background (S/B) fluorescence at concentrations between 1.5 and 24 nM (Figure 4.3 A). A
higher concentration of DIiBAC4(3) resulted in an increased signal at 250 nM, with no
statistically significant difference in S/B between 24 and 250 nM (P=0.66, n=3, unpaired
student t-test). Therefore, all samples were incubated with 250 nM DiBAC4(3) for future studies.

To determine whether a longer incubation time will result in an increase in DiBACa4(3)
fluorescence, the signal was compared after 30, 60 and 90 min of incubation. Longer
incubation resulted in a decrease in the fluorescence value (Figure 4.3 B). Therefore, all
subsequent incubations with DIBAC4(3) were performed for 30 min.
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Figure 4.3: Optimization of DiIBAC4(3) fluorescence in isolated P. falciparum parasites. Isolated
parasites were suspended in malaria saline at 3 x 107 parasites/mL and incubated with 250 nM
DIBAC4(3) for 30 min at 37 °C unless otherwise indicated. A) Fluorescence signal-minus-background
(bars) and S/B ratios (symbols) at different dye concentrations. B) Fluorescence signals following
different incubation times. Fluorescence was measured using a Fluoroscan Ascent FL microplate
fluorometer, excitation at 485 nm and emission at 538 nm. Data are from n=3, each performed in
technical triplicates with S.E.

A variety of different compounds with known biological effects were used to determine if
DIiBAC4(3) responded as expected. Concanamycin A as a known V-type ATPase inhibitor
induced depolarisation that led to a statistically significant increase in DiIBAC4(3) fluorescence
(120 £ 10 % of control, n=6, P<0.05, unpaired student t-test) (Figure 4.4 A). Likewise,
membrane hyperpolarisation by ionophores that increase membrane permeability to either K*
(Valinomycin) or both K* and Na* (Gramicidin) lead to a statistically significant decrease in
DiBAC4(3) fluorescence of 67 +9 % of control (n=3, P=0.04) and 86 + 5 % of control (n=3,
P=0.03 unpaired student t-test) respectively, due to the leak of K* out of the cell down the
concentration gradient (Figure 4.4 A). While Nigericin (ionophore that increase membrane
permeability to H" and K*) also caused a decrease in DiBAC4(3) fluorescence (90 + 10 % of
control, n=3, P=0.4, unpaired student t-test), this decrease was not statistically significant.
Unexpectedly, Salinomycin (K* ionophore) did not have an effect on DiBAC4(3) fluorescence
under the test conditions.
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Figure 4.4: DIBAC4(3) fluorescence respond to changes in Ay and ion levels in isolated
P. falciparum parasites. Isolated parasites were suspended in malaria saline at 3 x 107 parasites/mL
and incubated with 250 nM DIiBAC4(3) for 30 min at 37 °C. A) Relative fluorescence following inhibition
by Concanamycin A (200 nM), Gramicidin, Valinomycin, Nigericin, and Salinomycin (5 yM each). B)
Heatmap representation of changes in DIBAC4(3) fluorescent signal. Fluorescence was measured
using a Fluoroscan Ascent FL microplate fluorometer, excitation at 485 nm and emission at 538 nm.
Data are from n=3, each performed in technical triplicates with S.E., * =P <0.05, * * =P <0.01 unpaired
student t-test compared to control.

The DIBAC4(3) fluorescence assay was evaluated for the assay reproducibility (Z’-factor) and
inner-assay reproducibility via % coefficient of variation (CV) (Zhang et al., 1999). The assay
had an excellent Z'-factor of 0.87 (lversen et al., 2006) and a low average % CV of 2.19 %
(n=6). Therefore, DIBAC4(3) fluorescence can be used to assess changes in the membrane
potential of isolated P. falciparum parasites.

4.3. APG-1 responds to changes in K* in isolated P. falciparum parasites

Here, we investigated if we can use APG-1 to evaluate intracellular K* levels of isolated
P. falciparum parasites. As expected, the fluorescence of APG-1 is localised to the parasite
cytoplasm in both infected erythrocytes and isolated parasites, since K* levels of the infected
erythrocyte cytosol are similar to the surrounding environment (Figure 4.5) (Kirk, 2015).
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Brightfield APG-1 Merged

Figure 4.5: Localisation of the K* sensitive fluorescent dye APG-1 in P. falciparum trophozoites.
Localisation of APG-1 in infected erythrocytes and isolated trophozoites, observed using the EVOS
M5000 cell imaging system under 1 000x magnification (oil immersion), with excitation at 470 nm and
emission at 525 nm. On the left panel is the brightfield image followed by the fluorescence image. The
right panel is the superimposed image of the fluorescence image on to the brightfield image. Images
were processed using Imaged version 1.54g.
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We evaluated the signal-minus-background and S/B measured for a range of APG-1
concentrations following a 60 min incubation, to allow for uptake and subsequent de-
esterification of the dye. An increase in dye concentration from 1 to 5 yM did lead to an increase
in signal-minus-background and S/B (from 0.07 to 0.90 and 1.14 to 6.34, respectively),
although doubling the concentration to 10 uM did not increase the signal-minus-background
(0.90 vs. 0.86) and led to a decrease in S/B (4.94 + 0.19, n=3, unpaired student t-test) (Figure
4.6 A). APG-1 fluorescence increased over time from 10 to 60 min incubation. Given that the
isolated parasites are no longer within the host erythrocyte, longer incubation times were not
considered to ensure that >95 % of the parasites remain viable (Figure 4.6 B) (Saliba et al.,
1998). Based on these results, all subsequent experiments used isolated P. falciparum

parasites stained with 5 yM APG-1 for 60 min.
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Figure 4.6: APG-1 fluorescence in isolated P. falciparum parasites. Isolated parasites were
suspended in malaria saline at 2 x 10 parasites/mL. A) APG-1 fluorescent signal-minus-background
(bars) and S/B ratios (symbols) incubated for 60 min at different dye concentrations. B) APG-1 (5 uM)
signal response to different incubation time points. Fluorescence was measured using a Fluoroscan
Ascent FL microplate fluorometer, excitation at 485 nm and emission at 538 nm. Data from n=1 in
technical triplicate, shown with SD between technical triplicate.

Next, we evaluated if APG-1 fluorescence responds as expected to changes in Ay and
intracellular ion levels. PPM depolarisation induced by Concanamycin A (200 nM) inhibition of
V-type ATPase leads to a statistically significant decrease in relative APG-1 fluorescence (63
t 4 % of control, n=6, P<0.0001, unpaired student t-test) (Figure 4.7 A) due to the decreased
uptake of K* associated with the decreased Ay. Similarly, treatment of isolated parasites with
ionophores that increase membrane permeability to K* (Valinomycin and Salinomycin), K* and
Na* (Gramicidin) or H* and K" (Nigericin) led to a statistically significant decrease in
fluorescence due to the movement of K* out of the cell down the concentration gradient.
Valinomycin (70 £ 6 % of control, n=3, P=0.007, unpaired student t-test), Nigericin (73 £ 4 %
of control, n=3, P=0.003, unpaired student t-test), Gramicidin (61 + 7 % of control, n=3,
P=0.006, unpaired student t-test) and Salinomycin (66 £+ 3 % of control, n=3, P=0.0006,
unpaired student t-test) (Figure 4.7 B). No statistically significant difference was observed

between the ionophores.

The assay had an excellent intra-assay variability with a Z’-factor of 0.84 (lversen et al., 2006)
and had a % CV of 3.59 % (n=6). Therefore, APG-1 fluorescence can be used to evaluate

changes in cytosolic K* in isolated P. falciparum parasites.
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Figure 4.7: APG-1 fluorescence respond to changes in ion levels in isolated P. falciparum
parasiteslsolated parasites were suspended in malaria saline at 2 x 107 parasites/mL, and stained with
5 uM APG-1 for 60 min 37 °C. A) APG-1 fluorescence values following inhibition by Concanamycin A
(200 nM), Valinomycin, Nigericin, Gramicidin and Salinomycin (5 uM). B) Heatmap representation of
changes in APG-1 fluorescent signal. Fluorescence was measured using a Fluoroscan Ascent FL
microplate fluorometer, excitation at 485 nm and emission at 538 nm. Data from n>3, each performed
in technical triplicates with S.E., * * =P <0.01, * * * =P <0.001, * * * * =P <0.0001 unpaired student t-test

compared to control.

4.4. Paxilline can be used as a control inhibitor of K* channels in isolated
P. falciparum parasites

4.4.1. K*channel inhibitor selection process

A known V-type ATPase inhibitor was used above to validate the response of the DIBAC4(3)
and APG-1 assays. At the start of the study a control compound with activity against
P. falciparum parasites that specifically targets K* channels was not available. Therefore,
several inhibitors with proven K* channel inhibition in other organisms were investigated for

their activity against P. falciparum parasites.

127 compounds were identified from TargetMol (https://www.targetmol.com/target/Potassium
_Channel/2) as known K* channel inhibitors in humans, mice and rats, amongst others (Figure
4.8). From these, 57 compounds blocked only K* channels, of which only 11 were specific for
either Kv (6) or BK (5) K* channels. Compounds with a molecular weight greater than 500 g/mol

were excluded to ensure that only drug-like compounds were tested. This resulted in the 6
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compounds (AUT1, GAL-021, Paxilline, XE_991, 3,4-diaminopyridine and 4-aminopyridine)

evaluated here.

» MW< 500g/mol (4)
MW> 500g/mol (2)
——» MW< 500g/mol (2)
—» MW> 500g/mol (2)

- K* channel

- K*and CaZ* channel

- K*and NaZ* channel

- K* and other channels

D K*, Ca?*and Na2* channel
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I:l K+, Ca2*and other channels
|:| K* channel activator
- No data available

45%
K* channel
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» Other K* channel (26)
» Kv and other K* channel (5)

» BK and other K* channel (2)
Did not specify (13)

Figure 4.8: K* channel inhibitor selection process. The final 6 K* inhibitors were chosen from the
initial 127 potential K* channel inhibitors. Inhibitors that were not specific to K* channels was removed
first. From the 57 remaining inhibitors 11 was specific to either Kv or BK channels, of which only the
final 6 had a molecular weight below 500 g/mol.

The six putative K* channel inhibitors were evaluated for their ability to affect asexual
P. falciparum NF54 parasite proliferation (Figure 4.9). Of these, the fungal alkaloid Paxilline (a
BK channel inhibitor) inhibited parasite proliferation in the low micromolar range (4.52 + 0.23
uM) (Figure 4.9 A). Compared to Paxilline, the other identified BK channel inhibitor, AUT1, had
a much lower effect on parasite proliferation, with an ICso value of 84.6 + 5.6 uM (Figure 4.9 B).
The Kv channel inhibitors, XE_991 (ICso of 36.16 + 0.78 uM, Figure 4.9 C) and GAL_021 (86
+ 14 pM) (Figure 4.9 D), were also poorly active. Surprisingly, the standard K* channel
inhibitors 4-aminopyridine (Figure 4.9 E) and 3,4-diaminopyridine (Figure 4.9 F) (Khammy et
al., 2018, Maddison and Newsom-Davis, 2003) were in effect unable to prevent parasite
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proliferation to any appreciable level with an 1Cso of 350 £ 29 yM and 426.333 £ 0.001 uM,
respectively.
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Figure 4.9: In vitro activity of K* channel inhibitors against the proliferation of asexual
P. falciparum NF54 parasites. Inhibition of parasite proliferation by K* channel inhibitors was tested
on synchronizedin vitro intraerythrocytic P. falciparum NF54 parasites (1 % parasitaemia, 1 %
haematocrit) and incubated for 96 h at 37 °C. A) Paxilline, B) AUT1, C) XE_991, D) GAL_021, E) 4-
aminopyridine and F) 3,4-diaminopyridine. Data from n=3, each performed in technical triplicates with
S.E. Where the error bars are not visible it falls within the symbol.

Based on the activity of Paxilline against drug-sensitive NF54 P. falciparum parasites, its
activity against Dd2 (chloroquine resistant) and K1 (multidrug resistant) P. falciparum parasites
were evaluated. Paxilline showed some gain in activity against these strains, with 67 + 5 % and
71 £ 5 % inhibition against Dd2 and K1, when these parasites were treated with Paxilline at the
NF54 ICso concentration (4.5 uM) (Figure 4.10).
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Figure 4.10: In vitro activity of Paxilline against the proliferation of drug-resistant P. falciparum
strains. Synchronized in vitro intraerythrocytic P. falciparum Dd2 and K1 parasites (1 % parasitaemia,
1 % haematocrit) treatment with Paxilline (4.5 pM) and incubated for 96 h at 37 °C. Data from n=4, each
performed in technical triplicates showing S.E.

4.4.2. Changes in DIiBAC4(3) and APG-1 fluorescence confirm that

Paxilline inhibits K* transport

To establish whether Paxilline can be used as a control K* channel inhibitor in both Ay and K*
level assays, both DiIBAC4(3) and APG-1 fluorescence were measured following treatment of
isolated P. falciparum parasites with different concentrations of Paxilline. DiBAC4(3) and APG-
1 fluorescence showed a dose-dependent decrease in the presence of Paxilline (Figure 4.11),
consistent with membrane hyperpolarisation due to decreased K* uptake via increased
blocking of K* channels.
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Figure 4.11: Paxilline has a dose-dependent effect on DiBAC4(3) and APG-1 fluorescence in
isolated P. falciparum parasites. Isolated parasites were suspended in malaria saline and treated for
15 min at 37 °C with different concentrations of Paxilline prior to staining: 3 x 10 parasites/mL incubated
with 250 nM DiBAC4(3) for 30 min (dark grey) or 2 x 107 parasites/mL stained with 5 yM APG-1 for 60
min (light grey). Fluorescence was measured using a Fluoroscan Ascent FL microplate fluorometer,
excitation at 485 nm and emission at 538 nm. Data from n=3, each performed in technical triplicates
with S.E.
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Furthermore, Paxilline non-significantly decreased the loss of APG-1 fluorescence observed
when the outward K* concentration gradient is increased by removing external K* (Figure 4.12).
These results confirm that Paxillin inhibits K* channels and can be used as a control compound

in both assays.

)

0

c

8 °

& 30-

o

(o)

=

- 20-

(ID []

3 i

, 1

7]

o

X 0- l
6&6 \\Q\oe

& oF
\)(‘ 24

Figure 4.12: Paxilline has a protective effect against loss of APG-1 fluorescence in the absence
of external K*. Isolated parasites were suspended in normal malaria saline and K* free malaria saline
at 2 x 107 parasites/mL and stained with 5 uyM APG-1 for 60 min at 37 °C in the presence or absence
of Paxilline (50 uM). Fluorescence was measured using a Fluoroscan Ascent FL microplate fluorometer,
excitation at 485 nm and emission at 538 nm. Data from n=3, each performed in technical triplicates
with S.E.

4.5. Evaluation of changes in the Ay and intracellular K* levels in isolated

P. falciparum parasites following compound treatment

4.5.1. DiIiBAC4(3) and APG-1 confirms changes in K* levels following

treatment with previously predicted K* channel inhibitors

Previously, the antiproliferative effects of some compounds were ascribed to inhibition of K*
channels (Table 1.1) (Waller et al., 2008a). Here, we evaluated if these compounds result in
membrane hyperpolarisation (decrease in DIBAC4(3) fluorescence) and reduced K* levels, as
expected from K* channel inhibitors (Figure 4.13 A). The bee toxin Apamine did not change
DIBAC4(3) and APG-1 fluorescence, consistent with the lack of inhibitory effect on parasite
proliferation previously observed (Waller et al., 2008a). Quinine had no statistically significant
effect on the DIBAC4(3) fluorescence. In contrast, Quinine resulted in a statistically significant
decrease in APG-1 fluorescence (89 + 1 % of control, n=3, P=0.04, unpaired student t-test).
Parasites treated with Tubocurarine chloride showed an unexpected statistically significant

increase in DIBAC4(3) fluorescence (105 + 7 % of control, n=3, P=0.007, unpaired student t-
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test) and a statistically significant decrease in APG-1 fluorescence (90 + 2 % of control, n=3,
P=0.005, unpaired student t-test). These results support previous postulations that inhibition of
the K* channel is at least partially responsible for the observed proliferation inhibition seen with

Quinine and Tubocurarine chloride (Waller et al., 2008a).
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Figure 4.13: DIBAC4(3) and APG-1 fluorescence following treatment with putative K* channel
inhibitors previously used in Plasmodium. 1solated parasites were suspended in malaria saline and
treated for 15 min at 37 °C with Apamine (10 yM), Quinine (10 uM), and Tubocurarine chloride (10 uM)
prior to staining: 3 x 107 parasites/mL incubated with 250 nM DIiBAC4(3) for 30 min (dark grey), or 2 x
107 parasites/mL stained with 5 uM APG-1 for 60 min (light grey). Paxilline (50 uM) was added as a K*
channel inhibitor control. B) Heatmap representation of changes in fluorescent signal. Fluorescence
was measured using a Fluoroscan Ascent FL microplate fluorometer, excitation at 485 nm and emission
at 538 nm. Data from n=3, each performed in technical triplicates with S.E., * =P <0.05, * * =P <0.01,
**** =P <0.0001, unpaired student t-test compared to control.

4.5.2. No difference observed in DIBAC43) and APG-1 fluorescence

following treatment with antimalarials with known MoA

DIBAC4(3) and APG-1 fluorescent assays were tested using antimalarial compounds with
known MoA to ensure that no non-specific changes are detected. Chloroquine (inhibits the
conversion of haem to haemozoin), Dihydroartemisinin (inhibits haem detoxification),
Pyrimethamine (targets dihydrofolate reductase) and Sulfadoxine (targets dihydropteroate
synthase and dihydrofolate reductase) was chosen since their MoA should not affect Ay or
intracellular K* levels. No change in DiBAC4(3) or APG-1 fluorescence was observed for these
antimalarials (Figure 4.14). These results confirm that DIBAC4(3) fluorescence changes are
due to changes in membrane potential, and APG-1 fluorescence changes are due to changes

in K* levels and not to general drug-induced cellular stress.
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Figure 4.14: DiBAC4(3) and APG-1 fluorescence in isolated P. falciparum parasites treated with
antimalarials with known MoA. Isolated parasites were suspended in malaria saline and treated for
15 min at 37 °C with Chloroquine (10 uM), Dihydroartemisinin (10 pM), Pyrimethamine (10 pM), and
Sulfadoxine (10 pM) before dye was added: 3 x 107 parasites/mL incubated with 250 nM DiBAC4(3) for
30 min (dark grey) or 2 x 107 parasites/mL with 5 uM APG-1 for 60 min (light grey). Paxilline (50 uM)
was added as a K* channel inhibitor control. Fluorescence was measured using a Fluoroscan Ascent
FL microplate fluorometer, excitation at 485 nm and emission at 538 nm. Data from n=3, each
performed in technical triplicates with S.E., * * * =P <0.001, * * * * =P <0.0001, unpaired student t-test
compared to control.

4.5.3. The effect of ion maintenance inhibitors on DiBAC4(3) and APG-1

fluorescence signal in isolated P. falciparum

Next, we investigated whether the inhibition of ion maintenance targets have distinct profiles
measurable with DIBAC4(3) and APG-1. Inhibition of V-type ATPase leads to less H* being
exported, the membrane becoming depolarised, and less K* being able to enter the cell. This
can be seen by the statistically significant increase in DiBAC4(3) fluorescence, (128 + 6 % of
control, n=3, P=0.01, unpaired student t-test, Figure 4.15, dark grey) in Concanamycin A
treated parasites. The significant decrease in APG-1 fluorescence signal (57 + 7 % of control,
n=3, P=0.0006, unpaired student t-test, light grey) indicate K* import decreasing due to the
membrane depolarising. Inhibition of PFATP4 results in less H* being imported and leads to the
membrane hyperpolarising due to H* still being exported by the V-type ATPase. In the
presence of KAEG09 there was no statistically significant effect on DIBAC4(3) fluorescence
(114 £ 11 % of control, n=3, unpaired student t-test). Likewise, there was no difference in APG-
1 fluorescence,( 102 £ 1 % of control, n=3, unpaired student t-test) indicating no change in

intracellular K* levels. The inhibition of K* channels results in the halt of K* influx into the cell,
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consequently leading to membrane hyperpolarisation. This was observed by the highly
statistically significant decrease of both DIBAC4(3) and APG-1 fluorescence (52 + 9 % of
control, n=3 P=0.006 and 33 £ 3 % of control, n=3 P<0.0001, unpaired student t-test).
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Figure 4.15: DIBAC4(3) and APG-1 fluorescence in isolated P. falciparum parasites subsequent
to ion maintenance inhibition. Isolated parasites were suspended in malaria saline and treated for 15
min at 37 °C with either Concanamycin A (200 nM), Paxilline (50 uM), KAE609 (1 uM) before dye was
added: 3 x 107 parasites/mL incubated with 250 nM DiBAC4(3) for 30 min (dark grey) or 2 x 10’
parasites/mL with 5 yM APG-1 for 60 min (light grey). B) Heatmap representation of changes in
fluorescent signal. Fluorescence was measured using a Fluoroscan Ascent FL microplate fluorometer,
excitation at 485 nm and emission at 538 nm. Data from n=3, each performed in technical triplicates
with S.E., *=P <0.05, **=P <0.01, ***=P <0.001, **** =P <0.0001, unpaired student t-test
compared to control.

4.54. The use of DIBAC4(3) and APG-1 to identify the mechanism of

action of new compounds

Screening of the Medicines for Malaria Venture (MMV) Pandemic Response Box identified hits
with similarity to ion channel inhibitors (Reader et al., 2021), Clemizole and MMV1634391. To
evaluate if the antiproliferative effects of these compounds are due to interference with ion
maintenance, we tested the effect on Ay and K* levels. Clemizole had a slight, non-statistically
significant decrease in DIiBAC4(3) fluorescence with no change in APG-1 fluorescence
observed. MMV1634391 showed a statistically significant, but slight decrease in both
DIBAC4(3) fluorescence (92 + 2 % of control, n=3, P=0.02, unpaired student t-test) and APG-
1 fluorescence (90 = 5 % of control, n=3, P=0.03, unpaired student t-test) (Figure 18).
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Therefore, MMV1634391 affects both Ay and intracellular K* levels, which may contribute to

the antiplasmodial effect of this compound.
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Figure 4.16: DIBAC4(3) and APG-1 as a tool to identify the mode of action of new compounds.
Isolated parasites were suspended in malaria saline and treated for 15 min at 37 °C with either
Clemizole (10 uM) or MMV1634391 (10 uM) before the respective dye was added: 3 x 107 parasites/mL
incubated with 250 nM DiBAC4(3) for 30 min (dark grey) or 2 x 107 parasites/mL with 5 yM APG-1 for
60 min (light grey). Paxilline (50 uM) was added as a K* channel inhibitor control. B) Heatmap
representation of changes in fluorescent signal. Fluorescence was measured using a Fluoroscan
Ascent FL microplate fluorometer, excitation at 485 nm and emission at 538 nm. Data from n=3, each
performed in technical triplicates with S.E.* =P <0.05, * * =P <0.01, * * * =P <0.001, * * * * =P <0.0001,

unpaired student t-test compared to control.
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5. Discussion

There are two broad strategies for screening antimalarial compounds: whole-cell phenotypic
assays or target-specific assays. Whole-cell phenotypic assays first evaluate the effect of
compounds on parasite survival. This is followed by the identification of the target (Armstrong
et al., 2023), or at a minimum, investigation of the MoA of the compound using, for example,
transcriptomics, metabolomics (Niemand et al., 2021, Birkholtz et al., 2008, van der Watt et al.,
2018, Allman et al., 2016) whole-genome analysis, and/or in silico approaches. These are all
extensive and time-consuming strategies with limited throughput. Alternatively, if a discrete
target is known, a target-specific assay can be established to identify compounds that
specifically interact with the target, with the effect on parasite survival only investigated later
(Armstrong et al., 2023). For example, a Plasmodium Kinase Enzymology Platform has been
established (Arendse et al., 2021, Cheuka et al., 2021), as well as an Arf GTPase assays for
the discovery of antiplasmodial compounds that target specific biological functions (Swart et
al., 2020).

lon homeostasis is an essential biological function within the P. falciparum parasite. Prior to
erythrocyte invasion, a non-infected erythrocyte maintains a low Na*/high K* environment,
however, an infected erythrocyte deviates from this and maintains a high Na*/low K*
environment as a consequence of NPP production in trophozoites (Mauritz et al., 2011, Kirk,
2015). A crucial factor in maintaining membrane potential is the presence of ion channels such
as the V-type ATPase, PfATP4 and K* channels. Previous studies have shown that the
inhibition of the V-type ATPase and PfATP4 leads to parasite death (Hayashi et al., 2000,
Krishna et al., 2001), with additional inhibitory compounds identified using assays that measure
the characteristic biological effect these compounds have (Lehane et al., 2014). Furthermore,
similarly disrupting the K* concentration in the parasite through inhibition with compounds or
ionophores leads to parasite death (D'Alessandro et al., 2015). However, these studies did not
correlate the death response to intracellular K* levels. Therefore, in this study we developed
an assay platform capable of measuring changes in membrane potential and intracellular K*

levels using fluorescent dyes.

As the fluorescence obtained by using infected erythrocytes would not be a true indication of
changes in membrane potential or intracellular K* levels of parasites, the parasites were
isolated from the erythrocyte. DIBAC4(3) and APG-1 were both able to detect changes in Ay
and intracellular K* levels by using the V-type ATPase specific inhibitor Concannamycin A,
which has a direct effect on Ay and intracellular K* levels (van Schalkwyk et al., 2010).
DiBAC4(3) and APG-1 are shown to be sensitive to Ay and intracellular K* levels, respectively,
and the changes in fluorescence obtained in other experiments are not due to a general death
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response. DIBAC4(3) and APG-1 additionally respond to parasites treated Paxilline, a BK
specific channel inhibitor (Zhou et al., 2020), as expected. This also supports previous work
done on P. falciparum K* channels that indicated the possibility of parasites having BK
channels with corresponding homologous regions (Waller et al., 2008b). Previous studies have
shown that the disruption of K* homeostasis via ionophores is detrimental to P. falciparum
asexual parasites although the direct effect on K* levels was not tested (D'Alessandro et al.,
2015). In this study we confirmed that the death response previous studies reported was in fact
due to disruption of K* homeostasis. In another study, the direct effect various K* channel
inhibitors had on P. falciparum proliferation did not explore the effect these inhibitors had on
K* levels (Waller et al., 2008a). Here we tested three of the inhibitors and confirmed that two
inhibitors, namely Quinine and Tubocurarine chloride, had a significant effect on intracellular
K* levels. In contrast, Apamine had no effect on intracellular K* levels, as expected since an
ICs0 value could not be obtained for this inhibitor. It is unclear whether this is due to the

molecular weight of this compound or its low transport capability.

By taking a closer look at three ion maintenance targets, namely PfATP4, V-Type-ATPase and
K* channels, we set out to identify discrete profiles to differentiate between the target inhibition
by using the combination of DiIBAC4(3) and APG-1 results. Out of the three targets, distinct
profiles could only be obtained for V-type ATPase and K* channel inhibition. V-type ATPase
inhibition led to an increase in DIBAC4(3) fluorescence and a decrease APG-1 fluorescence,
whereas K* channel inhibition led to a decrease in both fluorescent dyes. PIATP4 inhibition led
to a slight increase in DIBAC4(3) fluorescence, and no change was detected in APG-1
fluorescence. Therefore, both dyes need to be used to distinguish between V-type ATPase
inhibition and K* channel inhibition. Two compounds with predicted general ion channel
inhibition were used as test compounds to determine whether DIBAC4(3) and APG-1 can
identify the possible target using the two discrete profiles. Although both compounds had a
decrease in fluorescence, only MMV1634391 had a significant decrease in both DIBAC4(3) and

APG-1 fluorescence, indicating that this compound could possibly be a K* channel inhibitor.

In addition to determining a compounds mode of action in the parasite, this assay can also
provide critical information for the human host. The human cardiac K* channel encoded by
human ether-a-go-go related gene (hERG) is involved in the cardiac repolarisation following
cardiac action potential (Garrido et al., 2020). Compounds that block cardiac K* channels result
in long QT intervals that can induce lethal ventricular tachyarrhythmias (Garrido et al., 2020).
The inhibition of hERG can be measured using electrophysiological examinations of stably
expressed recombinant channels or isolated cardiac myocytes (Priest et al., 2008). However,

these technologies are low-throughput and labour intensive and are thus typically performed
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later in the drug discovery process. We propose that compounds that show changes in
P. falciparum intracellular K* levels using our assay should be earmarked for early hERG

investigations.

APG-1 has successfully been utilized in other cell types but has never been applied in
Plasmodium (Rana et al., 2019, Rimmele and Chatton, 2014). Here, we show that APG-1 can
successfully be used to detect changes in intracellular K* levels in P. falciparum. In future
studies, these assay platforms can be used collectively to determine the mode of action of
compounds with unknown targets. Additionally, DiBAC4(3) and APG-1 can be calibrated to
quantitatively determine Ay and intracellular K* levels in the parasite. Thus, these assays hold

promise to investigate gametocyte Ay and K* levels.
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6. Conclusion

Malaria remains one of the most important parasitic diseases, plaguing the African continent.
It is therefore essential to identify novel drug targets for the development of chemotherapeutics
that target unexplored biological processes. P. falciparum relies on K* import to maintain a
- 95 mV membrane potential. Hence, perturbation of this process compromises parasite
proliferation. Here, we established fluorescent assays to investigate membrane potential and

steady-state intracellular K* levels.

This project aimed to establish fluorescent assays to detect changes in membrane potential
and intracellular K* levels in P. falciparum asexual parasites. Here we established a fluorescent
assay utilizing APG-1 to measure intracellular K* levels and showed that K* channel inhibition
correlates to a decrease in intracellular K* levels. Additionally, DiBAC4(3) was used as proxy
for membrane potential and could indicate membrane depolarisation when inhibiting the V-
Type-ATPase. K* channel inhibition leads to membrane hyperpolarisation as expected when
treated with a K* channel inhibitor identified through in silico studies. Furthermore, these
fluorescent assay results show distinct profiles between V-Type-ATPase and K* channel
inhibition. This supports the use of these dyes as preliminary mode of action indicators to
distinguish between V-Type-ATPase and K* channel inhibition. Future studies may explore the
calibration of APG-1 to determine exact K* levels in gametocytes.
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