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Abstract

Many genetic determinants of drug resistance in the malaria parasite Plasmodium falciparum
encode transporters. Ascertaining the role of these proteins in drug action and drug resistance
has historically been impeded due to the difficulties in achieving their expression in
heterologous systems, such as Xenopus laevis oocytes. Indeed, technical challenges must be
overcome when expressing functional P. falciparum proteins in X. laevis oocytes, including the
disparity in codon usage between the two species. This disparity can be overcome by codon
harmonisation, the recoding of AT-rich P. falciparum coding sequences to emulate the codon
usage of X. laevis. Moreover, if the P. falciparum transporter typically resides in intracellular
membranes, the identification and removal of trafficking motifs may be necessary to facilitate
its expression at the oocyted surface, as required for directly measuring the transport of

substrates by the protein.

The functional expression of the P. falciparum chloroquine resistance transporter (PfCRT) in

X. laevis oocytes shed light onitsroleint he par asi t e 6ckloroguing resismmnce. i of

o
>

The success of this endeavour relied on the codon harmonisation of the pfcrt coding sequence
and the removal of putative trafficking motifs. Here, the contribution of these two sequence
modifications to the functional expression of PfCRT in X. laevis oocytes was investigated by
determining which pfcrt coding sequences resulted in optimal expression in X. laevis oocytes,
using western blot analyses and chloroquine influx assays. This work revealed that codon
harmonisation of the pfcrt coding sequence and the removal of two motifs were essential to
achieving the functional expression of PfCRT in X. laevis oocytes. These findings were used
to establish a robust expression system for the P. falciparum multidrug resistance protein 1
(PfTMDR1) in oocytes.

Mutations in PICRT and PfMDR1 are associated with the development of multidrug resistance
and collateral sensitivity 8 the phenomenon whereby acquiring resistance to one drug results
in concomitant sensitivity to a second drug & in the malaria parasite. However, the
mechanisms by which PfCRT and PfMDR1 modulate t he par asiteb6s suscept:i
drugs are poorly understood. Here, the drug transport properties of novel PfCRT variants were
characterised using the X. laevis oocyte system to understand the role(s) of the transporter in
altering t h e par asi t e s choogioee guinind) igdinidiney mefloguine, and
amantadine. From these analyses, two molecular mechanisms for PfCRT-induced collateral
sensitivity were elucidated: (1) the potent inhibition of a specific PfCRT variant by quinine, and
(2) the delivery of drugs to their site of action via PfCRT. These analyses also provided insights
into the role of residues at positions 72, 75, 76, 163, 329, 352, and 356 in altering the substrate
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specificity and transport capacity of PFCRT. The roles of conserved residues within Loop 7 and
transmembrane domains 5 and 10, including G186, T193, C289, C301, C309, C312, T380,
and G387, i n Pf CRuUnhéisn wereé investigated. €his woarkdhighlighted that

these residues play vital roles in maintaining the structural and functional integrity of PfCRT.

The interactions of several PfIMDR1 variants with chloroquine, quinine, and lumefantrine were
investigate d , foll owing confirmation that the protein
surface. The findings from these transport assays indicate that PIMDR1 modulates the
parasite6 susceptibility to drugs by redistributing them within the parasite, and thus altering
their access to their antiplasmodial targets, analogous to the mechanism of PfCRT-induced
collateral sensitivity here described. Exploiting these mechanisms of collateral drug sensitivity

may lead to strategies that prevent or retard the spread of drug-resistant malaria.
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Chapter 1

1.1 Malaria

Malaria is an infectious disease caused by Apicomplexan parasites of the genus Plasmodium.
Six species of Plasmodium parasite are known to infect humans, yet human malaria cases are
predominantly caused by the P. falciparum and P. vivax species. The most serious form of the
disease is caused by P. falciparum and can be fatal without prompt treatment. In 2020, there
were ~241 million cases of malaria globally; 95% of these cases occurred in Africa, the majority
of these were caused by P. falciparum [1]. Moreover, children under five years are the most
vulnerable group affected by malaria, accounting for 77% (482,790 deaths) of all malaria
deaths worldwide in 2020 [1].

1.1.1 Efforts to combat malaria

At present, efforts to combat malaria predominantly rely on the use of interventions to reduce
contact with the Anopheles mosquito vector and antimalarial therapies to control the
Plasmodium parasites. These interventions include using indoor insecticide spraying and bed
nets to reduce the frequency of mosquito bites, and using antimalarial drugs against the
parasite, as prophylactic and curative treatment. Such strategies have resulted in a decline in
the incidence of malaria over the past decade [1, 2]. However, several factors, including
changing social and behavioural dynamics that impact the incidence of mosquito bites, the
emergence of insecticide resistance in mosquitoes, and the emergence of drug-resistant
parasites, have impacted efforts to control malaria over several decades [1, 3-22]. Historically,
this scenario has been complicated by the lack of an effective vaccine. This is likely to change
given the recent deployment of the RTS,S vaccine, although, at present, the efficacy of the
vaccine is only greatly enhanced by the use of chemoprotection [23, 24]. However, other
promising vaccine candidates are on the horizon [25, 26]. Nonetheless, the continuing
evolution and spread of parasites that are partially or entirely resistant to current
chemotherapeutic treatments threatens the control and elimination of malaria. Thus,
understanding the underlying mechanisms of drug resistance may provide new opportunities
for developing treatments and/or strategies that impede the spread of multidrug-resistant

parasites.

I nterventions at di f f er e n tifecdeae eentralddthe efforkstomal ar i 8
control the transmission of the parasite and the spread of malaria. The different stages of the
parasiteb6s | i fAnophelesrosquiio and bumanh reprebeat potential avenues
for malaria treatment and control; hence, under

designing new treatments and intervention strategies.
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1.1.2 The life cycle of P. falciparum

A malaria infection begins when sporozoite-stage P. falciparum parasites are injected by
Anopheles mosquitoes into the skin of a human host (Figure 1.1) [27]. From the injection site,
several of these parasites migrate to lymphatic systems and drain to regional lymph nodes,
while other parasites move into the bloodstream and progress towards the liver [28, 29]. Here,
within hepatocytes, the sporozoites replicate via a process of asexual amplification known as
schizogony. After a time, the schizonts rupture to release merozoites into the bloodstream [30].
The merozoites then invade erythrocytes. It is this stage that is responsible for causing the
symptoms associated with malaria; hence, most of the currently-deployed antimalarial drugs
target the intraerythrocytic stages of the

Parasites that invade erythrocytes develop a host-derived membrane envelope, that forms the
parasitophorous vacuole within the infected erythrocyte. The parasite then progresses through
a cycle of development that begins at the ring stage [31]. Following the induction of the new
permeability pathways (NPPs) in the host erythrocyte [32], the parasite takes up nutrients and
proteins (such as haemoglobin) from the host erythrocyte. It also undergoes several

morphological changes, including the enlargement of the ER and the multiplication of

ri bosomes for i ncreased protein synthesis.

trophozoite stage. Following this stage, the parasite undergoes several mitotic divisions that
give rise to schizonts [31]. After several hours, the schizonts rupture, becoming merozoites

that are released into the bloodstream [33].

Some merozoites will go back and invade erythrocytes, beginning this cycle once again.
Others may differentiate to gametocytes, which may then circulate in peripheral blood [34, 35].
Here, the gametocytes may be ingested by a female Anopheles mosquito [36]. If this occurs,
the gametocytes then differentiate into gametes and proceed through sexual reproduction in
the mosquito's gut. The result is the production of thousands of haploid sporozoites that can

migrate to the salivary glands of the mosquito, awaiting transmission to a human host [37].

1.1.3 Drug treatments for malaria
1.1.3.1 Past antimalarials and the development of CQ resistance

In 1634, the first effective antimalarial treatment 8 an extract prepared from the bark of the
South American Cinchona tree 8 was discovered. However,itwa s n 0 t unt il t

of the active components of Cinchona bark, cinchonine and quinine, were isolated.
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Figure 1.1: The life cycle of P. falciparum.

The Anopheles mosquito injects P. falciparum sporozoites into the human host. Some of these
sporozoites migrate to the liver and replicate within hepatocytes via asexual amplification (schizogony).
The infected hepatocytes rupture, releasing merozoites into the bloodstream. The merozoites then
invade erythrocytes. The parasite then progresses through a cycle of development that begins as the
ring stage. Following the uptake of proteins and nutrients from the host erythrocyte, it develops into a
larger trophozoite. It then undergoes asexual amplification, resulting in the production of a schizont.
After several hours, the schizont-infected erythrocyte ruptures and merozoites are released into the
bloodstream. Some merozoites will invade new erythrocytes, continuing the cycle. Others differentiate
into male and female gametocytes and circulate in peripheral blood, where they may be ingested by a
female Anopheles mosquito.

This image was adapted from O6Mal aria Transmissi

https://app.biorender.com/biorender-templates.
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Following this, quinine was the mainstay of antimalarial treatment for over 100 years. Indeed,
quinine is still recommended by the World Health Organisation in particular circumstances
including severe malaria and as a first-line treatment for pregnant women in their first trimester
[1, 38, 39]. However, difficulties in synthesising quinine as well as greater need for antimalarial
drugs during wartime, led to the search for synthetic antimalarials featuring the quinoline
moiety [40, 41]. Emerging from these efforts was the drug, chloroquine (CQ) a drug that was
more potent and safer than quinine, and could be readily synthesised, making it both a highly
potent and cost-effective antimalarial drug [40, 42]. However, mass drug administration of CQ,
amongst other factors, lead to the emergence of CQ resistant P. falciparum parasites in the
1950s to 1960s in both Southeast Asia and South America. These parasites became
widespread, reducing the effectiveness of CQ as a treatment for P. falciparum malaria. Indeed,
in Africa between 2002i 2014, CQ was discontinued as an antimalarial treatment in the

remaining countries where the drug was still in use [43].

1.1.3.2  Current antimalarial drug treatments

At present, the frontline treatments for malaria are artemisinin-based combination therapies
(ACTs). These treatments typically consist of derivatives of the fast-acting drug artemisinin
paired with a long-acting partner drug such as mefloquine, piperaquine, lumefantrine, or
amodiaquine. These long-acting partner drugs harbour the quinoline moiety that is featured in
quinine and CQ. The choice of combination therapy used for treating malaria patients is
influenced by their geographical location, ensuring that the treatments used are comprised of
drugs that are still efficacious against parasites from that region. However, resistance to
artemisinins and most of the long-acting partner drugs has emerged in most malaria-endemic
regions [1, 8-19]. Hence, there is a need to: (1) develop new antimalarial drugs; (2) understand
the mechanisms of drug resistance; (3) develop strategies that extend the longevity of existing

drugs, for example, new strategies that impede or retard the development of drug resistance.

1.2 The digestive vacuole of the malaria parasite: a key site of drug
accumulation, action, and activation

Many antimalarial drugs are weak bases that accumulate within the parasite's lysosomal-like
compartment known as the digestive vacuole (DV). This compartment is acidic (pH ~5i 5.5)
[44-47] and houses several host-acquired proteases that involved in the hydrolysis of
haemoglobin and subsequent conversion to haemozoin [48-50]. The parasite uses the amino
acids produced from haemoglobin degradation for protein synthesis and other functions. The
primary function of the DV is the hydrolysis of haemoglobin and its subsequent conversion to
haemozoin; however, given that peptides from non-DV resident proteins have been identified

41



Chapter 1

within the DV of the parasite [51], it is likely that the DV functions in protein degradation in a

manner synonymous with the lysosome of other eukaryotic cells.

Several antimalarial drugs (including the quinoline drugs) are weak bases, which accumulate
in the DV viar apwialeg doi2a 2. This process occurs as a greater

proportion of the neutralspec i es of the drugs exist in the

~7.3[47, 53], than at the acidic pH of the DV, promoting the diffusion of the neutral drug across
t he DV membr ane, and into the DV. Her e, i n
readily protonated and thereafter cannot diffuse across the DV membrane, and accumulate

within this compartment [52].

A number of drugs act within the DV. For example, CQ exerts its antiplasmodial effect by
interfering with the detoxification of by-products from haemoglobin catabolism [54-59]. The
normal catabolism of haemoglobin via several proteases releases free haem (or
ferriprotoporphyrin IX) [565, 60-63]. This by-product is toxic to the parasite and cannot be
degraded by the parasite [54]. Thus, under normal conditions, the parasite polymerises haem
into a crystalline form, known as haemozoin. CQ is thought to interfere with haemozoin
formation by binding free haem or capping haem polymers, preventing further polymerisation
[57, 59, 64]. The result is the accumulation of toxic unpolymerised haem. Indeed, the extent of
free haem accumulation in the parasiteds

survival [58]. The exact mechanism by which the inhibition of haemozoin formation kills the
parasite is unclear. However, a recent hypothesis suggests that haem-CQ complexes may

play a more prominent role in killing the parasite than free haem [54].

Many quinoline drugs that are key components of current or previous antimalarial therapies
possess similar anti-haemozoin effects. For example, it has been demonstrated that several
of these drugs, including quinine, quinidine, amodiaquine, mefloquine, halofantrine, and
lumefantrine, bind haem in vitro [57, 59, 64, 65]. Furthermore, quinine, mefloquine, and
lumefantrine increase the level of free haem and decrease the level of haemozoin in the
parasite [58]. However, it remains to be determined whether this is the primary mechanism by
which they exert their antiplasmodial activity or if their interactions with other proteins [66, 67]
are responsible for their kiling effects. Indeed, initial studies that investigated the
morphological changes in parasites exposed to antimalarial drugs demonstrated that changes
found in parasites exposed to CQ, including the accumulation and aggregation of
haemoglobin-laded endocytic vesicles, and excess accumulation of undimerised haem, are

not often found in parasites exposed to quinine or mefloquine [68-72]. Moreover, both
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parasite DV
pH 5.0-5.5

drugH*

H-I-

drug <= drug drug

parasite cytosol
pH ~7.3

erythrocyte

cytosol

Figure1.2: Accumul ati on of drugs in the DV via 6weak base

Several antimalarial drugs, including the quinoline drugs, are weak bases. The neutral species of each

drug diffuses across the erythrocyte membrane and acr
cytosol of the parasite, the neutral species of the drug diffuses across the membrane of the DV.

However, once inside the acidic lumen of the DV, the drug is readily protonated and becomes unable to

diffuse back across the DV membrane into the cytosol. The result is the accumulation of the protonated

drug within the DV.
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guinine and mefloquine were shown to prevent and partially reverse the abnormalities induced

by CQ; a phenomenon thought to occur via both drugs altering vesicular docking in the
endolysosomal system [55, 70, 73-75]. In contrast to the quinoline drugs, it is likely that other
drugsthataccumul ate within the parasiteds DV do not e
via inhibition of haemozoin formation. For example, pyrimethamine has no effect on haem
polymerisation [58) and exerts its main antiplasmodi al ef
dihydrofolate reductase, an enzyme essential for purine and pyrimidine biosynthesis [76].

The interaction of artemisinin and artemisinin derivatives with haem is more complex. The
artemisinin derivative artesunate appears to have a small impact on haem polymerisation and
the level of free haem [58, 59]. Moreover, artemisinin and artemisinin derivatives, including
artesunate and artemether, are typically metabolised to dihydroartemisinin once absorbed,
which then accumulates within the parasitebs D\
parasiteb6és DV results in the | iberation of haem,
derivatives [77-79]. The activated drug targets several proteins within the parasite, causing
extensive protein damage and thus killing the parasite. Indeed, artemisinin resistance has
been linked to mutations in proteins that are involved in the endocytosis of haemoglobin in the
parasite, including the adaptor protein Kelch13, the trafficking adaptor-complex subunit AP-
2¢ and the wubi gqui [B3-82]. They dutatiohsaasseciatedBARH artemisinin
resistance reduce the endocytosis of haemoglobin and decrease the activation of artemisinin
[83]. More recent evidence suggests that adducts of haem and artemisinin derivatives,
including haem-dihydroartemisinin adducts, are harmful to the parasite [84-89]. These haem-
dihydroartemisinin adducts interfere with haemozoin formation during the trophozoite stage of
t he par asi t e &ankil parbsées at jow éx@genaus doncentrations [84], indicating
that the inhibition of haemozoin formation may represent a second antiplasmodial mechanism

for dihydroartemisinin [84, 85].

Given the central role of the DV in drug accumulation, activation, and action, it is unsurprising
that the DV is also the home to several key mediators of drug susceptibility [90, 91]. These
mediators include enzymes, such as plasmepsinslland lllt hat pl ay a role in t
acquisition of piperaquine resistance [92, 93], and transporters, including the P. falciparum
6chl oroquine resistan®eantdr atntsepod melr i drPUCRITE s i s
(PfMDR1) [95]. Both PICRT and PfMDR1 have been implicated in modulating the parasite's
susceptibility to several quinoline drugs, including chloroquine, lumefantrine, quinine, and
mefloquine [94, 96-107], as well as structurally unrelated compounds [91, 100, 101, 108-113].
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1.3 P. falciparum transporters: mediators of drug resistance and
putative drug targets

Arecent mapping of the P. falciparumér esi anhdmédr uggabl e gens@med r ev
of the identified determinants of resistance were transporters [90, 91], demonstrating that
transporters play an important role in the acquisition of drug resistance in the malaria parasite.
This genome analysis confirmed previously identified resistance determinants in the parasite,
including PfCRT and PfMDRL1. In addition, new resistance determinants were identified,
including several transporters of unknown function. Moreover, many transporters that were
identified as determinants of drug resistance are also essential for the survival of the parasite
[90, 114, 115] and hence, may represent promising drug targets. Studying their function(s)
could provide new insights into parasite biology and thus into essential processes, opening
new therapeutic avenues. It has been proposed that transporters including PfCRT [113, 116-
120], PfMDR1 [121], t he par asi t exdperterdPfAATA 122k and the niulticaug
resistance-associated protein 1 (PfMRP1) [123] are directly involved in transporting drugs
between subcellular compartments of the parasite. Indeed, this would have implications for the
ability of antimalarial drugs to gain access to their targets. Therefore, understanding the
function of these transporters and gaining insight into the structural elements important for their
function would be beneficial in developing a strategy for effectively inhibiting or exploiting their
function(s) in drug delivery. However, such studies are typically hindered by the lack of a
protein structure and/or a robust heterologous expression system for undertaking direct

measurements of transport activity.

1.4 Heterologous expression systems for the characterisation of P.
falciparum transporters

The characterisation of P. falciparum transporters has been attempted using several
heterologous expression systems (Table 1.1) with varying success. These systems include
Escherichia coli, yeast (Pichia pastoris or Saccharomyces cerevisiae), mammalian cells (e.qg.
human embryonic kidney (HEK) cells or Chinese hamster ovary (CHO) cells), the slime mould
Dictyostelium discoideum, and oocytes from the South African clawed frog Xenopus laevis.
Each system has advantages and disadvantages for characterising P. falciparum transporters.
For example, E. coli (and other bacterial expression systems) do not possess the post-
translational modification machinery found in eukaryotic cells [124] and thus cannot perform
modifications such as protein N-glycosylation, myristoylation, palmitoylation, and disulphide
bond formation to the same extent as eukaryotes. Indeed, it was shown that proteins predicted

to harbour these modifications expressed poorly in E. coli [125, 126].
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Table 1.1: Examples of P. falciparum transporters that have been successfully expressed in
various heterologous expression systems.

Heterologous
system

P. falciparum transporters
successfully expressed

Sequence modifications for expression

Yeast

PfMDR12
(P. pastoris) [127]
(S. cerevisiae) [128]

PfCRT®
(S. cerevisiae) [129-131]
(P. pastoris) [132, 133]

Native coding sequence was unsuccessful in P.
pastoris, but yeast codon-harmonised coding
sequence was successful. Native coding
sequence was successful in S. cerevisiae.

Native coding sequence was unsuccessful in
both yeast systems. Yeast codon-harmonised
coding sequence was successful. An N-terminal
leader sequence was added to direct PICRT to
the plasma membrane.

Mammalian cells
CHO cells
HEK?293 cells

PfMDR12 (CHO cells) [134]

PfCRT® (HEK293 cells) [135,
136]

Native coding sequence used successfully.

Yeast codon-harmonised coding sequence or
codon harmonisation of the coding sequence for
H. sapiens resulted in expression.

X. laevis oocytes

PfMDR12 [121]
Hexose transporter 1 [137]

Equilibrative nucleoside
transporter 1 [138-140]

Aquaglyceroporin [141]

Inorganic phosphate
transporter [142]

PfCRT®[116, 143]

Native coding sequence used successfully.
Native coding sequence used successfully.

Native coding sequence used successfully.

Native coding sequence used successfully.

Native coding sequence used successfully.

Native coding sequence of PfCRT was
unsuccessful. Codon harmonisation for X. laevis
and the removal of putative endolysosomal
trafficking motifs via alanine substitution was
successful.

D. discoideum

PfCRT® [144]

Use of the native coding sequence resulted in
mistrafficking. Replacement of the N-terminus
with that of the D. discoideum CRT homologue
was successful.

aThe differences in these systems for PIMDR1 expression are discussed in Section 1.11.4.
bThe differences in these systems for PfCRT expression are discussed in Section 1.6.1.
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In contrast, the other systems mentioned here can carry out similar post-translational
modifications to the parasite. However, both yeast and D. discoideum produce slightly different
N- and O-glycosylation patterns compared with mammalian cells [124, 126, 145-149].
Nonetheless, this may be less of an issue for expressing P. falciparum transporters, given that
protein glycosylation does not appear to be commonly performed in the parasite [150-153].
Moreover, yeast and D. discoideum are less laborious to culture and grow faster than
mammalian cells. However, a major disadvantage of several heterologous expression systems
(such as those based in bacteria, yeast, slime mould, and mammalian cells) is that they carry
out many cellular processes. This means that the results obtained from studying the activity of
a heterologous protein in these systems can be confounded by other processes, including
other transporters that may interact with the test substrate under investigation. Indeed, this can
complicate direct measurements of transport, especially if the substrate of interest can be
readily metabolised in the heterologous cell system. This is not an issue when using X. laevis

oocytes, which are primarily quiescent [154-157].

Another challenge of expressing P. falciparum proteins in a heterologous system is the AT-
rich nature of the P. falciparum genome, resulting in a bias towards the use of AT-rich codons.
Indeed, both D. discoideum and the yeast P. pastoris exhibit AT-rich genomes but do not
display identical codon preferences to P. falciparum (according to the Codon Usage Database

at https://www.kazusa.or.jp/codon/). For example, all proline-encoding codons (codons CCT,

CCC, CCA, CCQG) are considered relatively rare in P. falciparum. In contrast, the CCA codon
is not rare in D. discoideum, and both the CCA and CCT codons are not rare in P. pastoris,
whereas the CCC and CCG codons are rare in both organisms [158]). The bias towards AT-
rich codons is not emulated by X. laevis oocytes, mammalian cells, or E. coli. Other examples

are discussed in Section 1.5.2.

A common cause of poor expression of functional protein in a heterologous system is the
disparity between the codon usage of the native organism and the host organism. The
underlying cause of the issue arises from the association between the abundance of specific
tRNA-linked amino acids with the frequency of the codon usage for each organism and the
influence that the abundance of tRNA-linked amino acids has on protein folding. As proteins
usually fold co-translationally within the protective environment of the ribosomal tunnel,
variations in the rate of translation influence the developing secondary structure of the nascent
protein [159-164]. Consequently, the use of codons decoded by rare tRNAs is thought to
reduce translation efficienc[d5].Tlhe adiorsg atl @
may be beneficial to protein folding 8 allowing time for the protein to adopt the desired three-

dimensional conformation. However, coding sequences that possess too many codons that
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are infrequently used in the host organism can result in low protein expression due to limiting
supplies of tRNA-linked amino acids [116, 129, 130, 159]. In addition, sequences harbouring
clusters of rare codons can negatively impact the expression of heterologous proteins [166].
Clusters of rare codons commonly occur within conserved domains, often between discrete
protein structural motifs [165, 167, 168]. For example, a study of the potassium channel Kir3.1
revealed the presence of rare codons within a stretch of the protein that interacts with
activators of the channel, as wel |l a s[168].iAs
such, rare codon clusters have been observed in homologous sequences across diverse
eukaryotic, bacterial, and archaeal species. Given these observations, it is unsurprising that
synonymous codon substitutions that change rare codons to frequently-used codons within
regions of slow translation can have a deleterious effect on protein folding and function [159,
169, 170]. Conversely, in the scenario where a rare codon is introduced into a region predicted
tocontainhigh-f r equency codons, the consequent 6s

adopting the incorrect conformation.

Other differences in the genetic structure of P. falciparum proteins, including long disordered
loops and polyasparagine repeats [171, 172], can impact on the expression of P. falciparum
proteins in a heterologous expression system. For example, polyasparagine repeats are
typically associated with protein aggregation [173], and uncontrolled protein aggregation often
results in cell stress and/or cell death [174]. Indeed, P. falciparum possesses chaperones that
facilitate the folding of proteins with polyasparagine repeats, preventing their aggregation [171,
175]. However, similar mechanisms are not present in several organisms used for the

heterologous expression of P. falciparum proteins [171, 176].

1.5 Xenopus laevis oocytes: a heterologous expression system for
characterising P. falciparum transporters

To date, the use of unfertilised X. laevis oocytes to characterise P. falciparum transporters has
resulted in the greatest success, with the detailed characterisation of six transporters
successfully undertaken in this system [90]. As previously mentioned, unfertilised X. laevis
oocytes are largely quiescent and express low levels of endogenous transporters. The vast
capacity of the oocyte to produce correctly folded and functional transporters en masse helps
to overcome the levels of protein misfolding, aggregate formation, and protein degradation that
can occur in other expression systems. For example, compared to a mammalian cell, a single
X. laevis oocyte possesses 10°-fold more ribosomes and 10%fold more plasma membrane
[177]. Thus, the heterologous expression of membrane transporters at comparatively greater

levels than endogenous transporters can be readily achieved in X. laevis oocytes [178].
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Consequently, this facilitates the direct determination of substrate transport via the
heterologous transporter in the absence of confounding factors found in other systems, such

as endogenous transport.

In addition, the size of the oocytes (diameter 1.17 1.3 mm; aqueous volume ~400 nL) makes
them visible to the naked eye, easy to manipulate, and extends the period over which the rate
of transport remains linear [90]. The large size of the oocyte also facilitates the microinjection
of solutes & co-substrates, inhibitors, activators, or substrates d into the oocyte's cytosol,
thus permitting robust characterisations of the transport properties of the protein of interest
[90]. Furthermore, for transporters that require co-expression with an accessory protein, co-
expression is relatively simple in the system: complementary RNA (cRNA) encoding the
transporter of interest can be mixed with cRNA encoding the accessory protein, and the cRNA
mixture microinjected into the X. laevis oocyte. This is relatively straightforward compared with
the efforts of obtaining transformants in other systems, as greater control can be achieved over

the relative ratio of the proteins being co-expressed.

As is the case for most heterologous expression systems, differences in the membrane
composition and cellular environment of X. laevis oocytes compared with those of the native
cell may alter the activity of the foreign transporter under study. For example, the lipid
compositionoftheh et er o | o g masma merbsahetsd the native membrane may differ
in lipid composition or the thickness of the lipid bilayer, which may impact the transporteré
activity. These factors are likely important when studying transporters that would typically be
found in intracellular membranes of the native cell. For example, it was shown that the activity
of the yeast Golgi-resident transporter VRG4 is impacted by the thickness of the membrane
bilayer in which it resides. The activity of VRG4 was severely reduced when reconstituted into
membranes of long chain lipids [179] and greatest when reconstituted into vesicular
membranes consisting of short chain lipids that mimic the thinner Golgi bilayer [179]. As the
exact lipid composition of the DV membrane of P. falciparum has not been extensively
investigated, subtle differences between it and the plasma membrane of X. laevis oocytes may
affect the measurements of transport activity of DV-resident transporters obtained using the
X. laevis oocyte system. Nevertheless, there are similarities between the X. laevis oocyte
plasma membrane and P. falciparum DV membrane, including the presence of cholesterol and
neutral lipids [180-182], and a similar bilayer thickness of ~ 5 nm [183, 184].

A key difference for P. falciparum DV-resident transporters, when expressed in the X. laevis
oocyte system, is that the luminal face of the protein faces a neutral extracellular storage

solution (pH 7.8) rather than an acidic solution mimicking the conditions of the DV (pH 5.01
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5.5) until the initiation of the transport experiment. These different pH conditions may impact
protein structure, for example, by altering the ability of extracellular cysteines to maintain
disulphide bonds [185], which could impact the ability of the protein to transport its substrates.
In addition, unidentified co-substrates of the transporter that are present in the DV lumen of
the parasite, but not present in the extracellular storage solution of the X. laevis oocytes may
hinder the transport of other substrates [186]. Hence, in the case of transporters that would
typically be expressed at intracellular membranes, simply achieving their expression at the
oocyteds sur f ace nileeyunchoeal dharastarikatian ofithe trahspoitey.r

A clear challenge of the X. laevis oocyte system when expressing P. falciparum proteins is the
significantly disparate codon usage of X. laevis compared with P. falciparum. Moreover, the
expression of the P. falciparum transporter at the plasma membrane of the oocyte is critical
for performing direct measurements of transport activity. This may be technically challenging
to achieve if the transporter of interest typically localises to internal membranes within the
parasite 8 for example, lysosomal or endoplasmic reticulum (ER) membranes. Historically,
overcoming each of these obstacles has been achieved by modifications to the coding
sequence of the transporter. For example, the removal of putative motifs involved in the
trafficking of proteins to internal membranes is typically sufficient to redirect the majority of the
protein to the plasma membrane [187-197]. In addition, the modification of the coding
sequence to emulate the X. laevis codon usage via a process known as codon harmonisation

can be undertaken to improve protein expression in X. laevis oocytes.

1.5.1 The expression of transporters in X. laevis oocytes may be impeded by
the presence of motifs that direct proteins to internal membranes

1.5.1.1 Synthesis and trafficking of membrane proteins

Within eukaryotic cells, including X. laevis oocytes, the majority of membrane transport
proteins are synthesised in the ER. Here, their transmembrane domains (TMDs) fold within a
phospholipid environment akin to their final destination [198, 199]. This process is highly
regulated 0 a number of quality control systems exist to ensure that the final protein is
correctly folded, contains the desired post-translational modifications, and is targeted to the
correct destination within the cell [200-202]. The importance of these quality control systems
has been extensively investigated. For example, alterations in folding and/or post-translational
modifications can result in: (1) the altered trafficking of proteins within the cell [203-207], (2)
altered protein stability and turnover [204-210], and (3) in the case of transporters and
enzymes, altered substrate-binding affinity of the protein or ability to properly translocate its
substrates [163, 169, 211-213]. After the protein is correctly folded, it is trafficked to its final
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destination via interactions with the cell &ds tra
medi ated by specific |inear pe pthatatecrecogrisgdilync e s,
various components of the trafficking machinery to mediate the sorting of proteins from the ER

and Golgi compartments [214-225].

The export of transmembrane proteins, including transporters, from the ER is partly mediated
by the presence of trafficking motifs that interact with coat protein complex Il (COPII), which
sorts protein cargo into transport vesicles from the ER [216, 217, 221, 222, 226, 227]. For
example, the diacidic motif DXE (where D is an aspartate residue, E is a glutamate residue,
and x is any amino acid residue) was first described as a crucial signal for the export of
vesicular stomatitis virus glycoprotein [218]. Indeed, further investigation into the function of
this motif in yeast suggested that it is crucial for mediating the interaction of various proteins
with the Sec23p/Sec24p complex, which is essential for the formation of transport vesicles at
the ER [216]. Moreover, an EXE diacidic motif mediates the exit of the Niemann-Pick type C1
protein and potassium channels, including Kir2.1 [219, 220]. Similar observations were made
for a diphenylalanine motif that likewise interacts with COPII [221] and a dileucine motif that
was found to be necessary for ER export [222]. However, it should be noted that despite the
diversity of sorting motifs, there is specificity involved in mediating the sorting of
transmembrane proteins; indeed, transplanting ER-exit motifs from one protein to another
does not always confer ER-exit [218, 220]. Moreover, cooperativity between multiple motifs
within a single transmembrane protein is important for the efficient exit of some proteins from
the ER [228]. Furthermore, several proteins that are trafficked from the ER do not possess
stereotypical ER exit motifs, indicating that other factors may govern their exit from the ER.
For example, the export of some transporters appears to be dependent on their oligomerisation
state [227, 229, 230].

Trafficking of membrane proteins from the ER to specific organelles is a complex process,
relying on discrete signals. In contrast, most proteins that are destined for the plasma
membrane do not require specific trafficking motifs. However, there are some exceptions. For
example, the localisation of the fusion-associated small transmembrane protein pl4 to the
plasma membrane depends on the presence of tribasic signals near its membrane domain
[231]. Similarly, the proper targeting of the Na*-K*-2ClI" cotransporter to the basolateral plasma
membrane of polarised epithelial cells and the targeting of the dopamine D; receptor to the
plasma membrane rely on a dileucine motif [232, 233]. Nonetheless, these case studies are
not representative of the typical trafficking motifs within cells. For example, polybasic signals,

consisting of multiple arginine or lysine residues, are associated with the retention of several
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transmembrane proteins in the ER [234-237]. Moreover, more commonly, dileucine trafficking

motifs direct proteins to endosomes and lysosomes [214, 215, 223-225].

1.5.1.2 Trafficking of proteins to lysosomes via endolysosomal trafficking motifs

Sorting of proteins to lysosomes is known to occur via two main pathways: a direct route where
proteins are trafficked from either the ER or the Golgi to the lysosome, and an indirect pathway,
where proteins are trafficked to the plasma membrane and are then internalised via
endocytosis and trafficked to the lysosome [214, 215, 225, 238-250]. These pathways are
largely governed by interactions with the adaptor protein (AP) complexes that recognise
specific trafficking motifs and thus, bind cargo proteins for sorting into vesicles that traffic the

protein to its final destination [238].

To date, five AP complexes have been identified in eukaryotes, each of which has specific
roles in sorting proteins to particular subcellular locations [238]. For example, AP-1 is localised
to the trans-Golgi network, where it mediates bidirectional transport between the trans-Golgi
network and endosomes, as well as the biogenesis of secretory granules [238, 251]. AP-2 is
located at the plasma membrane [238, 252, 253]. It typically recognises proteins expressed at
the plasma membrane and causes their internalisation and redirection into endosomal sorting
pathways to other organelles, including the lysosomes [238, 252, 253]. In contrast, AP-3
mediates a more direct route of protein trafficking from the trans-Golgi network to lysosomes
[245, 254]. Similar AP complex-dependent trafficking routes are thought to exist in P.
falciparum [255]. Homologous AP complexes have been identified in the parasite; however,
the exact functions of these complexes in intracellular protein trafficking in P. falciparum remain
unresolved [256]. Indeed, only the function of AP-2 has been recently investigated in P.
falciparum [83, 257 due t o its role in modul ataitemginint he pal
(Section 1.2). However, studies of resident DV proteins [258-264], including plasmepsin Il and
PfCRT, provide evidence for the existence of indirect and direct trafficking routes to the
lysosomal-like DV (depicted in Figure 1.3). Although the exact mechanisms that govern entry
into these two trafficking pathways are unresolved, they are likely similar to those of other

eukaryotes.

Several case studies investigating the trafficking of particular proteins to endosomal and
lysosomal compartments have shed light on the structure of the motifs that typically mediate
the sorting of proteins to the lysosome. The consensus sequences of several identified

endolysosomal motifs are shown in Table 1.2 [214, 215, 223-225]. These motifs typically can
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parasite DV

parasite cytosol

erythrocyte

cytosol

Figure 1.3: Possible routes for protein trafficking to the membrane of the DV.

In eukaryotic cells, the trafficking of proteins from the ER or Golgi to the lysosomal membrane can
proceed via a direct or indirect route. The pink circle denotes a protein that traffics directly from the ER
to the lysosome & this pathway typically involves either the AP-1 or AP-3 complexes in other eukaryotic
cells. The purple circle represents a protein that traffics via an indirect route to the DV. Here the protein
is initially trafficked to the plasma membrane. Recognition of the protein via the AP-2 complex or other
adaptor proteins results in endocytosis of the protein from the plasma membrane. From here, the protein
will likely traffic to endosomes and then to the membrane of the DV.
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be divided into two categories: (1) tyrosine-based sorting signals that follow the consensus
sequence NPXY or Yxxu, where 0 denotes a hydrophobic amino acid residue [265], usually
I, V, F, or M, and x denotes any amino acid residue, and (2) dileucine-based sorting motifs,
which generally conform to either the LL or LG structure. Moreover, there is a special case of
the dileucine-based sorting motif that includes an acidic residue (D or E) located two or three
residues upstream of the dileucine. In addition, a variation of the acidic dileucine-based sorting
motif has been observed where a phosphoserine residue is located four residues upstream of
LL or LG .

Recent structural insights have been obtained into the interactions of the AP complexes with
these motifs. For example, AP-1, AP-2, and AP-3 are known to bind both Yxx0 and [D/E]JxxxL0

sorting signals [266-273]. Indeed, the structure of these three AP complexes revealed that

each complex consists of a core domain comprised of ¢ and O [R66B7Ani The ¢

subunit of each complex is important for the recognition of Yxxu [266-271]. In contrast, the
[D/E]xxxLTO motif is bound at the juncture ofthe i s ubuni t aad(-1RGNREL
272], U -2J[26P, 269, 270,273]o r  U-3)6ubmit [267, 269]. These structural differences
likely facilitate the specific recognition of a given cargo protein by the appropriate AP complex.
I ndeed, other factors, including the ident
influence the interactions of specific cargo with each AP complex to ensure that cargo proteins
are correctly trafficked [274]. Moreover, the identity of the hydrophobic residues can, in some
contexts, be a critical factor in determining the interactions between the trafficking machinery
and the cargo protein. For example, the potassium channel Kir2.3 possesses an unusual
diisoleucine motif that mediates the endocytosis of the protein via interaction with AP-2 [275].
Although AP-2 recognises the canonical dileucine motif of other cargo proteins, replacing the
diisoleucine with a dileucine motif abrogated endocytosis of Kir2.3 [275]. This finding
demonstrated clear differences in the molecular interactions of the AP-2 cargo binding site with
these two motifs [276]. Furthermore, other adaptor proteins, including the GGA (Golgi-
localising, gamma-adaptin ear domain homology, ARF binding protein) and sorting nexins,
interact with specific dileucine and tyrosine-based motifs [277]. Likewise, phosphofurin acidic
cluster sorting protein 1 (PACS-1) interacts with the acidic clusters of some proteins [278-280]

and mediates the formation of a complex with AP-1 or AP-3 to facilitate protein trafficking [281].
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Table 1.2: The properties of canonical endolysosomal trafficking motifs.

Type of motif Consensus Function Interact with Examples
sequence?
NPxY Internalisation AP-2 LDL receptor [282], integrins [247, 283], amyloid precursor
Sorting nexin 17 | protein [284-286], P-selectin [284, 287-289]
Sorting nexin 27
Yx x 0 Internalisation, lysosomal targeting, | AP-1 TWIK2 channels [187], GIRK channels [188], potassium
basolateral membrane sorting (in AP-2 channels including Kir2.1 [189], ROMK [290]
polarised cells) AP-3
La Internalisation, lysosomal targeting, | AP-1 GIRK channels [188, 190], glucose transporters GLUT4 [246]
Dileucine LL basolateral membrane sorting (in AP-2 and GLUTX1[192], equilibrative nucleoside transporter 3
polarised cells) AP-3 [195], potassium channel 6.2 [196], chloride channel CIC3
[250], Na*-K+-2ClI- cotransporter [232]
Diisoleucine Il Internalisation AP-2 Na*/H* exchanger NHES5 [291], potassium channels Kir2.3
[275] and TWIK1 [292], yeast amino acid transporter [244]
DxxLL Lysosomal targeting GGA proteins LDL receptor-related protein 9 [293]
Acidic dileucine | [ D/ E] x x| Internalisation, lysosomal targeting, | AP-1 glucose transporter GLUT8 [191, 193], Nef [294], LDL
DxxLL basolateral membrane sorting (in AP-2 receptor-related protein 9 [277], yeast alkaline phosphatase
polarised cells) AP-3 [249],
Acidic ¢l Acidic (D, E) Endosomes to trans-Golgi network | PACS-1 Nef [278], mannose-6-phosphate receptors [279], proprotein
cidic cluster rich regions sorting convertases PC6B [280], furin [279]

aWhere x denotes any amino acid residue,a nd 0

denotes

a hydr op litypiballyd, | ¥,M,ion\y).

acid residue
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1.5.1.3 Protein trafficking is also mediated by post-translational modifications

Post-translational modifications, including phosphorylation and ubiquitination, regulate the
trafficking of membrane proteins. For example, ubiquitination of some transporters causes
their internalisation and leads to temporary storage in endosomes and subsequent recycling
to the plasma membrane or protein degradation [295-304]. Likewise, the phosphorylation of
several transporters causes them to be endocytosed from the plasma membrane, resulting in
the trafficking of the proteins to lysosomes and, subsequently, their degradation [305-312].
Conversely, phosphorylation of the human equilibrative nucleoside transporter by Protein
Kinase C increased the levels of the transporter at the plasma membrane [313]. A similar
phenomenon has been observed for the cystic fibrosis transmembrane regulator:
phosphorylation of the protein facilitates its interaction with 14-3-3 proteins, preventing
excessive endocytosis and degradation and augmenting its synthesis [314].

1.5.1.4 The removal of trafficking motifs facilitates the expression of transporters at the
plasma membrane in X. laevis oocytes

Previous studies noted that the heterologous expression of several transporters at the surface
of X. laevis oocytes was limited by the presence of active endolysosomal trafficking motifs
[187-197]. In most studies, the removal of these motifs by alanine substitution of the key
residues of the motif & for example, the tyrosine of the tyrosine-based motif or one of the
leucines of the dileucine motif 8 was sufficient to increase the expression of the heterologous
transporter at ({187%194.4 siyilar effect was absefved avleen key residues
of the PY motif that mediated the ubiquitination of the CIC-5 chloride channel were substituted
with alanine [315]. Such studies, therefore, support the idea that the removal of putative

trafficking motifs may enhance the expressionoftrans por t er s at the oocyteds

1.5.2 Codon harmonisation of the transporter coding sequence can overcome
poor protein expression in heterologous expression systems

As noted in Section 1.4, the disparity between the codon usage of two organisms can result
in poor expression of foreign proteins in a heterologous expression host. This is particularly
important to consider when expressing P. falciparum proteins, given that the parasite exhibits
a bias towards AT-rich codons that is not emulated by several commonly used expression
systems, including X. laevis oocytes, mammalian cells, and E. coli. This is highlighted in Table
1.3, where the codon frequency usage between these organisms has been compared for the
codons encoding serine, arginine and leucine. For example, P. falciparum exhibits bias

towards the leucine-encoding TTA codon, which is not replicated to the same extent in any
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Table 1.3: Codon usage frequencies for leucine, serine, and arginine for P. falciparum compared with those used by organisms commonly used as
heterologous expression systems.

Codon usage frequency (per 1000 codons)?

Organism
9 PLeucine bSerine PArginine

TTA_TIG_CTT CTC CTA CTG|TCT TCC TCA TCG AGT AGC|CGT CGC CGA CGG AGA AGG
P. falciparum |47.3(10.4|8.7 | 1.8 | 6.0 | 1.4 |14.7| 51 | 166 3.0 {203 ]| 39 | 3.0 | 0.4 | 2.4 | 03 | 159 | 4.3
X.laevis _ |10.1[15.2|17.0|13.0| 9.2 |27.8|188|155|134| 3.8 [144|161]| 6.3 | 6.7 | 6.4 | 6.4 | 147 [ 11.4
D. discoideum |55.0[115| 9.8 | 3.8 | 47 | 0.3 |158| 44 |504| 2.4 |225| 24 | 76 | 04 | 05 | 04 | 198 | 1.3
P.pastoris | 15.6 |31.5|159| 7.6 |10.7 | 149|244 |165|152| 7.4 |125| 7.6 | 6.9 | 2.2 | 42 | 19 | 201 | 6.6
S. cerevisiae |26.2 272|123 | 5.4 [13.4|10.5|235|142|187| 8.6 |142| 98 | 6.4 | 26 | 3.0 | 1.7 | 213 | 9.2
H.sapiens | 7.7 |129[132[196| 7.2 | 396]152|177[122]| 44 | 121 [195] 45 | 104 6.2 | 114 [ 122 ]| 12.0

Grey shading and bold text denote codons considered to be rare.

aCodon usage frequencies were obtained from the Codon Usage Database (https://www.kazusa.or.jp/codon/); this database was used for the codon harmonisation of the pfcrt
coding sequence undertaken by Martin et al. [116]. The codon usage frequency is presented as the frequency of a given codon in 1000 codons.

bLeucine, serine, and arginine were chosen as examples as they are encoded by the greatest number of codons.
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of the other heterologous systems, aside from D. discoideum. Furthermore, there is a striking
difference in codon usage for P. falciparum and H. sapiens when leucine is considered. Similar
observations can be made for serine; however, these differences are less evident when GC-
rich codons, such as arginine, are investigated; several arginine-encoding codons are rare

across all species investigated.

Unsurprisingly, the use of native P. falciparum coding sequences has impeded the expression
and functional characterisation of some P. falciparum proteins in E. coli [159, 160, 316-318],
X. laevis oocytes [116, 319], mammalian cells [319], and P. pastoris [129, 318]. A likely
explanation for the poor protein expression in these systems is that the use of the native coding
sequence had deleterious effects on the folding and function of the protein. This misfolding
could prevent the protein from being functional or predestine it for protein degradation. Indeed,
recent studies have indicated that synonymous codon substitutions can direct co-translational
folding towards different conformations [169, 320, 321]. Furthermore, the use of native
sequences for heterologous expression of proteins can occasionally result in the incorporation
of incorrect amino acid residues [160, 322]. Hence, in addition to altering protein expression,
synonymous codon substitutions have been reported to significantly alter substrate
specificities of transporters or enzymatic activities [163, 169, 211-213]. For example, it has
been demonstrated that synonymous codon substitutions in human P-glycoprotein alter the
folding of the protein and change the interaction of the transporter with inhibitors and
substrates [211, 212], as wel | as the protei ng2all]dikewibe
three independent studies have demonstrated the deleterious effects on the enzymatic activity
of bacterial chloramphenicol acetyltransferase when synonymous substitutions were
introduced [163, 169, 213].

A strategy to overcome this hurdle is the use of codon harmonisation 8 the alignment of the
usage frequencies of a foreign protein with those of the chosen expression host. For example,
the expression of a nitrate transporter from the rice species Oryza sativa in X. laevis oocytes
was greatly improved by codon harmonisation [323]. In the case of P. falciparum proteins, the
success of this strategy has been demonstrated in studies expressing P. falciparum proteins
in E. coli [159, 160, 316, 318, 324-326]. In each case, codon harmonisation of P. falciparum
coding sequences to match the codon usage of E. coli resulted in a higher yield of functional
protein [159, 160, 316, 318, 324-326]. For example, one study showed that the single
substitution of a rare codon (with a codon of matching codon usage frequency in E. coli) was
sufficient to increase the soluble yield of the protein by 10-fold compared with the level
obtained when the native P. falciparum sequence was used [159]. An increase in the yield of

protein by 60-fold was likewise observed when the authors performed codon harmonisation of
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the entire coding sequence, compared with the level of protein recovered when the native P.
falciparum coding sequence was used [159]. Moreover, the authors observed that the
harmonised protein was less prone to irreversible aggregation in solution and had a lower level
of misincorporated amino acids than the protein produced using the native P. falciparum
coding sequence [160]. This finding is particularly important, given that alternate strategies
such as codon optimisation (i.e. using the most frequent codon at each position of the

sequence) occasionally result in the formation of insoluble aggregates [172].

Other examples of poor protein expression following the use of the native P. falciparum coding
sequence have been observed. For example, the use of the native pfmdrl coding sequence
to express the protein in yeast was unsuccessful [127], as was the use of the native coding
sequences of the multidrug resistance-associated proteins 1 and 2 (PfMRP1 and PfMRP2) to
express the proteins in the X. laevis oocyte system [319]. Likewise, the use of the native pfcrt
coding sequence to express PfCRT in yeast [129, 130] and X. laevis oocytes [116] was
unsuccessful. However, a caveat of the latter studies is that PfCRT solely localises to the DV
membrane of the parasite. Hence, poor expression of the protein in heterologous expression

systems could be partly due to mistrafficking within the endolysosomal system (Section 1.6.1).

1.6 The P. falciparum 6 chl oroqui ne resi s tttence t
primary determinant of CQ resistance in the malaria parasite

PfCRT was initially identified as the key determinant of CQ resistance in a genetic cross

between the CQ-sensitive parasite line HB3 (carrying 6 w it ly ¢ppécrd) and the CQ-resistant

Dd2 line (harbouring the CQ resistance-associated pfcrt®® variant) [103]. This study
demonstrated that mutations in PICRT are associated with the acquisition of CQ resistance.
Subsequent studies aimed to characterise the function of PfCRT in the parasite [94, 99, 327]

as well as in a range of heterologous expression systems with varying success (Section 1.6.1)

[116, 130-133, 135, 143, 144, 328]. However, the direct interaction of PfCRT with CQ could

only be demonstrated following the successful heterologous expression of the protein in X.

laevis oocytes by Martin et al. [116]. In this study, the authors demonstrated that the PfCRTP?

variant could transport CQ, whereas the wild-type variant of PfCRT could not. This finding
could be easily reconciled with the(Sectianéd.3)of act.i
Hence, CQ resistance-associated polymorphisms in PfCRT confer the ability to transport CQ

out of the DV and into the paramantof€Qa itssitebfos ol |
action. Conversely, the inability of wild-type PfCRT to transport CQ out of the DV allows CQ to
accumulate within this compartment. Here, the drug can interfere with haemozoin formation
within the parasit eldlng tix\parasite (Rigsire &.4).eThis prapdsédy
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function of PfCRT was later verified in situ by Lehane et al. [118-120] using the proton (H*)
efflux assay, a fluorescence-based parasite assay that measures the rate of substrate-induced

H* leak from the DV via PfCRT. It has since emerged that mutations in PfCRT also alter the

parasitebds susceptibil i-diversetcanpoandn(bigubeels) [94,f96, st r uc't
100, 101, 108-110, 113, 329-334]. However, the exact role of PfCRT mutations in modulating
the parasiteds susceptibility to many of these d

1.6.1 Heterologous expression of PfCRT in various systems

The heterologous expression of PfCRT has been attempted in several systems, including X.
laevis [116, 143], P. pastoris [129, 131-133], S. cerevisiae [130], D. discoideum [144, 328],
and the human embryonic kidney cell line (HEK293) [135, 335]. The different advantages and
disadvantages of each system have contributed to the success of these attempts to
functionally express the protein. Different approaches were used to achieve protein production

in each system and in each case, as summarised here.

1.6.1.1 Expression of PfCRT in yeast

PfCRT has been expressed in two yeast systems, P. pastoris and S. cerevisiae. Preliminary
efforts by Tan et al. [129] revealed that the use of the native pfcrt coding sequence did not
result in the expression of PfCRT in P. pastoris. Subsequent work by the authors relied on the
use of a pfcrt coding sequence that was codon-harmonised to match P. pastoris. The latter
resulted in the production of greater amounts of PfCRT protein. A similar observation was
made by Zhang et al. [130] when they attempted to express the protein in S. cerevisiae d the
use of the native pfcrt coding sequence was unsuccessful. Indeed, in this study, the expression
of PfCRT was only achieved using a codon-harmonised coding sequence that matched the
codon usage of S. cerevisiae. Curiously, in both S. cerevisiae [130] and P. pastoris [131], when
the codon-harmonised pfcrt coding sequence was used, a significant proportion of PICRT
protein was naturally found at the plasma membrane. This finding suggests that in yeast, either
PfCRT traffics to the vacuole via an indirect trafficking route involving endocytosis from the
plasma membrane (Figure 1.3) or that a significant amount of the protein is mislocalised. The
latter may occur if the mechanisms that traffic PfCRT to vacuolar or lysosome-type
compartments do not function in these systems. Subsequent work by the authors used an N-
terminal fusion of a leader sequence from a yeast ATPase to ensure complete expression of
PfCRT at the yeast plasma membrane [131-133].

60



General Introduction

parasite cytosol
pHT7.3

CQ-sensitive CQ-resistant

natural q natural
substrate 5 substrate CQH,*
CQH,**
2 J_

haemozoin haemozoin

el formation formation

Figure 1.4: The role of PfCRT in CQ resistance.

CQ accumul ates in the parasit e-mediatdd\processes (ndtisfolkn), si on an
where it interferes with haemozoin formation. In wild-type parasites, PfCRT cannot mediate significant
|l evels of CQ efflux from the parasiteds DV. Thus, CcQ

in the death of the parasite. However, in parasites harbouring a PFCRTC®R variant, CQ is effluxed from
the DV via PfCRTCQR, thereby allowing the parasite to evade the antiplasmodial effects of CQ.
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Figure 1.5: The structures of a subset of drugs that interact with PfCRT.

The structures of the quinoline drugs CQ, quinine, quinidine, mefloquine, halofantrine, and lumefantrine
are depicted, as is the structure of the antiviral drug amantadine. Quinine and quinidine are
diastereomers of each other. The quinoline ring (depicted in red on CQ) consists of the benzene and
pyridine rings that are fused together. The other drugs exhibit some structural similarity, albeit with
variation in the size of each drug and the identity of the branch groups. In contrast, amantadine bears
an adamantane backbone (depicted in red) instead of a quinoline ring and is therefore structurally
dissimilar from the other compounds.

62



General Introduction

Further work by the authors using the expression systems based in P. pastoris or S. cerevisiae
has provided additional evidence that PfCRT interacts with CQ [132, 133], consistent with the
results of Martin et al. [116]. However, a correlation between the ability of a given PfCRTC®R
variant to transport CQ in the yeast expression system and the in vitro CQ resistance of the
corresponding P. falciparum parasite could not be observed. The latter may be due to
differences in the two systems that could modify the behaviour of the protein, including post-
translational modifications and other cellular processes (noting that unfertilised X. laevis
oocytes are largely quiescent).

1.6.1.2 Expression of PICRT in D. discoideum

D. discoideum has an AT-rich genome and exhibits similar codon bias to P. falciparum.
Preliminary efforts to express PfCRT in D. discoideum using the native pfcrt coding sequence
resulted in the mislocalisation of the protein throughout the cell rather than at the membrane
of acidic vesicles. To solve this problem, Naudé et al. [328] removed the N-terminus of the
protein (residues 1i57) and replaced it with the N-terminus of the D. discoideum CRT
homologue DACRTp1. This fusion construct localised to the acidic vesicles of D. discoideum,
suggesting that the N-terminus of PfCRT could contain trafficking signals that are not
recognised in D. discoideum or recognised by alternative trafficking machinery, resulting in
mistrafficking. To this end, it is notable that the D. discoideum AP-1 complex exhibits different
behaviour to mammalian AP-1; recognition of cargo proteins by the € subunit is not required
for membrane recruitment of AP-1 in D. discoideum, in contrast to findings from mammalian
cells [243]. Nevertheless, using this system, the authors later showed that CQ and quinine
interact with PfCRTP92 [144].

1.6.1.3  Expression of PfCRT in human embryonic kidney cells

Reeves et al. [135] expressed PfCRT in the mammalian HEK293 cell line. This study made
use of the yeast codon-optimised coding sequence generated by Roepe and colleagues [130].
The authors were able to show that PfCRT was expressed at lysosomal membranes.
Moreover, the authors attempted to evaluate lysosomal sorting signals present in PfCRT by
deletion of the termini and by mutation of cytoplasmic loop lysine residues that may act as
putative ubiquitination sites. From this work, they concluded that the termini of the protein were
not essential for the trafficking of PfCRT to lysosomes. However, since this study, there has
been increasing evidence of the complexities of protein trafficking, including that motif
recognition can be regulated by transient post-translational modifications of both the cargo
protein and trafficking complexes [267, 336-340], the location of specific trafficking complexes
[341] and the presence of specific vesicle coat proteins and adaptors [339, 342-344]. Hence,
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a possible explanation for the results of their study is that the removal of the termini resulted
in the loss of other trafficking signals, which would otherwise cause retention of PfCRT in
different compartments. A second study that expressed PfCRT in HEK293 cells, using a pfcrt
coding sequence optimised for human cells, likewise showed that PfCRT was localised to
lysosomal membranes [136]. However, using this system, the authors could not measure the
CQ transport via 75E,76T,220S,271E-PfCRT??, a PfCRT variant shown to transport CQ using
the X. laevis oocyte system [335].

1.6.1.4 Expression of PfCRT in X. laevis oocytes

Nessler et al. [143] first attempted the expression of wild-type PfCRT in X. laevis oocytes. The
authors found that expression could not be achieved using the native P. falciparum coding
sequence and instead used a yeast codon-optimised coding sequence. In their study, PICRT
protein was observed at the plasma membrane, but significant staining was observed within
the yolk. The latter suggests that the protein may have been, in part, intracellularly retained.
However, Nessler et al. [143] did not investigate the ability of PFCRT to interact with antimalarial
drugs and solely investigated the effects of expressing PfCRT on endogenous transport
systems. Subsequently, a study by Martin et al. [116] likewise demonstrated that PfCRT could
not be expressed in X. laevis oocytes using the native pfcrt coding sequence. However, Martin
et al. [116] expressed wild-type PfCRT and PfCRTP“ in X. laevis oocytes using a pfcrt coding
sequence that had been codon-harmonised for expression in X. laevis oocytes. In addition,
Martin et al. [116] removed several putative endolysosomal trafficking motifs from the N- and
C- termini of the protein by substitution of the key residues with alanine. These endolysosomal
trafficking motifs were a tyrosine-based motif YzoxXLz3, four dileucine-like motifs L2gV27, Va7Fas,
Lsols1, and laz1la22, as well as two acidic clusters, Di17xXXXXE2; and EagexXEa12XEa14. Using the
codon-h ar moni s & d eerdootingfsequence, Martin et al. [116] demonstrated that
PfCRT was solely localised to the plasma membrane of the oocyte. Moreover, the authors
were able to measure the ability of the PFCRTC?R variant, PfCRT%, to transport CQ [116].
Thus, the functional expression of PfCRT at the surface of X. laevis oocytes by Martin et al.
[116] used a pfcrt coding sequence with two modifications: (1) codon harmonisation of the
coding sequence using the X. laevis codon usage, and (2) the removal of putative
endolysosomal trafficking motifs via alanine substitution. Understanding the relative
contributions of these two factors to the functional expression of PfCRT in X. laevis oocytes
may therefore provide a greater understanding of the sequence determinants that are critical

for the success of P. falciparum transporter expression in the X. laevis oocyte system.
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1.6.2 PfCRT®Rvariants cluster into two distinct lineages

Detailed characterisations of PfCRTO6s Xflaewisct i on h
oocytes [113, 117, 186, 329, 345-347], following the expression of PfCRT in oocytes by Martin
et al. [116]. For example, measurements of the CQ transport activity of more than 100 PfCRT
variants provided further insight into the role of particular CQ resistance-associated mutations
in the acquisition of CQ transport by PfCRT [347]. This study included many distinct PfCRT
variants that are responsible for the development of CQ resistance in different malaria-endemic

regions [347].

Among the key findings of the study was the discovery of the minimal requirements for CQ

transport mediated by PfCRT: the acquisition of the K76T mutation in conjunction with the

N75E or N326D mutation [347]. Thus, the majority of PFCRTC®R variants can be separated into

those of the &EK/OT) | oneade ©ONDOHON326D)NDetailgkkindtid 7 6
analyses provided insights into the differences between the transport properties of PfCRT
variants belonging to each hgenreladng PICRpY @mhdei ns o1
PfCRTXY, exhibited a lower affinity for CQ and a higher capacity for CQ transport than proteins

of t he ¢ TsDdhaslPICRE ghd PFCRTE110 The mutations found in these PfCRT

variants are listed in Table 1.4. Moreover, the study revealed a positive correlation between

the in vitro CQ resistance index of these laboratory-adapted field isolates with (1) the level of
PfCRT-mediated CQ transport activity of the corresponding variant, (2) the affinity of the
corresponding variant for CQ, and (3) the maximum rate of CQ translocation by the variant

[347]. From these analyses, it was evident t hat t
variants should give risetogreater CQ r esi st ance than the 6TDO6 | i nea

to the different positions of the mutations within the structure of PfCRT.

Table 1.4: PfCRT variants found in common laboratory-adapted field strains.

Amino acid at key positions within PfCRT
PfCRT variant?| Strain Origin CQ Susceptibility

72 74 75 | 76 | 220 | 326 | 356 | 371

bpPfCRT3D? 3D7 |SE Asia, Africa Sensitive C M N K A N I R

PfCRTKL K1 SE Asia Resistant C | E T S S I |

PfCRTPd2 Dd2 Indochina Resistant C | E T S S T |

PfCRTECu1110 |Ecuy1110 Ecuador Resistant C M N T A D L R

PfCRT"C8 7G8 |South America Resistant S M N T S D L R

aln each case, PfCRT variants are named after the corresponding parasite strain.
bPfCRT3® is the wild-type variant of PfCRT.
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1.7 The structure of PICRT

PfCRT is encoded by 13 exons that result in the production of a protein of 424 amino acid
residues. Bioinformatic analyses revealed that PfCRT is a member of the Drug-Metabolite
Transporter (DMT) Superfamily [348, 349]. This protein superfamily is a large, ubiquitous
superfamily that is comprised of several subfamilies with different substrate specificities and
physiological roles. The subfamilies also consist of proteins with a different number of
transmembrane domains (TMDs); the relationship between the different TMD compositions of

the family has been extensively explored.

1.7.1 The Drug-Metabolite Transporter (DMT) Superfamily

The evolution of the DMT Superfamily has been extensively studied (Figure 1.6). The
superfamily is thought to have evolved from an ancestral 2-TMD protein that underwent
internal gene duplication, resulting in a 4-TMD protein [350]. These 4-TMD proteins possess
the same topology as that of proteins belonging to the Small Multidrug Resistance (SMR)
Family, which includes the E. coli multidrug resistance protein E (EmrE) [351] and the
Halobacterium salinarum small multidrug resistance protein (Hsmr) [352]. They can adopt
either orientation in the membrane and can thus form antiparallel dimers as required for their
function [353-363].

After the first internal gene duplication event, a duplication of the region encoding the first TMD
is thought to have occurred to produce a new TMD 2 [350, 364], resulting in a 5-TMD protein,
typical of those found in the Bacterial/Archaeal Transporter Family. A second gene duplication
and fusion event resulted in the formation of the 10-TMD proteins found in several subfamilies
of the DMT Superfamily, including the Drug/Metabolite Effluxer Family, Nucleotide-Sugar
Transporter Family, Paraquat Exporter Family, Triose-phosphate Transporter Family, and the
CRT Family [350, 365]. Indeed, recent crystal structures of 10-TMD family proteins within the
DMT Superfamily reveal structural similarities to the EmrE dimer [179, 364, 366-370]. Further
evidence indicates that more intragenic duplications have occurred. For example, 30-TMD
proteins of the DMT Superfamily have been found in plants [350], indicating that oligomeric
forms of the 10-TMD family members may exist. With the exception of PfCRT, functional
attempts to characterise CRT Family members have been limited to the homologues from O.
sativa [371], Arabidopsis thaliana [372], Toxoplasma gondii [373] and Plasmodium vivax [131,
374, 375]. While overexpression of the latter protein, PvCRT, has been linked with CQ
resistance in P. vivax [376-378] 0 likely as a result of its ability to transport CQ [131, 374, 375]

o0 few polymorphisms in the protein have been detected in the field [379-382], and their role
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in altering PvCRT function remains largely undetermined. However, due to its role in

antimalarial drug resistance, PfCRT remains the most widely studied protein of the family.

1.7.2 Mutations in PfCRT are predominantly found in TMD regions that have a
role in drug binding and translocation

Like all members of the CRT Family, PfCRT has ten TMDs (Figure 1.7). A striking feature of
the protein is a long hydrophilic domain between TMDs 7 and 8 (Loop 7). The loop is well-
conserved throughout the CRT Family [348]; however, Loop 7 is significantly shorter in the
other 10-TMD proteins from the DMT Superfamily compared with its length in PFCRT. Although
the function of Loop 7 in PfCRT is currently unknown, epitope-tagging of Loop 7 of the related
CMP-sialic acid transporter reduced its transport efficiency through an unresolved mechanism,
suggesting that the loop has a functional role in regulating transport [383, 384].

The roles of the TMDs in the structure and function of other DMT Superfamily proteins are well
studied. In other DMT proteins, substitutions at residues within TMDs 1, 3, 4, 6, 8, and 9
interfere with the binding and translocation of substrates [367, 385-391]. Moreover, the majority
of the mutations in PfCRT that have either been detected in parasites in field settings or in vitro
following drug exposure occur in TMDs 1, 3, 4, 6, 8, and 9 [94, 96, 99, 108, 329, 333, 334,
392-397] (Figure 1.7A). Some polymorphisms within these TMDs have been associated with
exposure to multiple drugs @ for example, K76T is associated with CQ and amodiaquine
exposure [11, 330, 398-403], but reversion to K76 is associated with exposure to lumefantrine
(discussed further in Section 1.8) [330, 401, 402, 404-406]. Indeed, the eight mutations that
differentiate the PfCRTP% variant from wild-type PfCRT are mostly found in TMDs 1, 3, 4, 6,
8,and 9 (Table 1.4, Figure 1.7B)d t hese mutations are |ikel
ability to transport CQ, or enable the transporter to maintain its ability to transport peptide
(while gaining the ability to transport CQ). On the other hand, only four mutations have been
detected in TMDs 5 and 10, of which the mutations at positions 380 and 377 were detected in
a single study of in vitro piperaquine resistance [394]. These two TMDs are thought to provide
structural support rather than interact directly with substrates [348, 407]; hence, the low
prevalence of mutations in these TMDs is unsurprising. Likewise, few mutations have been
detected in the N- and C- termini or within the loops of the transporter; however, Loop 9
represents an exception to this observation. Most mutations in Loop 9 were chiefly found in
parasites cultured under drug pressure in vitro [108, 394]. An exception is a mutation at R371,
prevalent in several CQ resistance-associated variants of PfCRT (PfCRTC®R variants),
including PICRTP%,
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Figure 1.6: The evolution of the DMT Superfamily.

Proteins of the DMT Superfamily are thought to have evolved from a 2-TMD protein (not depicted). Duplication of the gene encoding the 2-TMD progenitor
followed by gene fusion is believed to have led to the formation of the gene encoding 4-TMD proteins (depicted in teal) [350]. These 4-TMD proteins (typical of
those in the Small Multidrug Resistance (SMR) Family) can adopt both orientations (i.e. either cytosolic termini or extracellular termini) in the membrane.
Duplication of the region of the gene encoding the first TMD is thought to have occurred, resulting in the creation of the sequence encoding the ancestral TMD
2 (depicted in purple) [350, 364, 365]. When translated, this gene produces 5-TMD proteins, typical of those found in the Bacterial/Archaeal Transporter (BAT)
Family. A subsequent gene duplication and fusion event occurred. When translated, the resulting gene gives rise to a 10-TMD protein comprised of two inverted
repeats of 5 TMDs [350, 364, 365]. These proteins are typical of the CRT Family, Nucleotide-Sugar Transporter Family, Paraquat Effluxer Family, and Triose-
Phosphate Translocator Family. The TMDs of the 4-TMD and 5-TMD proteins are labelled with respect to the analogous TMDs of the 10-TMD protein.
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A Figure 1.7: The topology of PfCRT and location of
resistance-associated mutations.

(A) PfCRT is comprised of 424 amino acid residues that
form 10 TMDs. Loop 7, a long loop on the DV side of the
membrane, is conserved in the CRT Family [116] but is
not present in other members of the DMT Superfamily.
Pink circles depict the location of several mutations that
have arisen either in clinical isolates or in vitro following
drug pressure [94, 96, 99, 108, 329, 333, 334, 392-397].
The mutations predominantly cluster within TMDs 1, 2, 3,
4, 6, 8, and 9. Few mutations in TMDs 5 and 10 have
been reported, consistent with these TMDs having a role
in the structural support of the substrate-binding cavity.

(B) A CQ resistance-conferring variant, PFCRTP42, differs
from wild-type PfCRT (also known as PfCRTS3DP7 or
PfCRTHB3) by eight mutations: M74l, N75E, K76T,
A220S, Q271E, N326S, I1356T, and R371l. The location
of these mutations is depicted by pink circles.
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1.7.3 PfCRT may form dimers

A bioinformatic analysis conducted by Martin and Kirk [348] found that PfCRT may exist as a
dimer. Indeed, several members of the DMT Superfamily have been shown to form dimers or
higher-order oligomers [179, 367, 370, 386, 408-412]. However, the specific regions of the
proteins that are involved in dimerisation have not been fully elucidated. Nevertheless,
extensive studies of the role of dimer formation on the structure and function of the SMR Family
proteins EmrE and Hsmr have been conducted. Both proteins are comprised of 4 TMDs and
consist of the TMDs that are structurally equivalentto TMDs 1, 3, 4, and 5 of PfCRT. Moreover,
both EmrE and Hsmr function as obligate dimers [353-358]. Consistent with these studies,
cryogenic electron microscopy (cryo-EM) and X-ray -crystallographic structures have
elucidated that the EmrE homodimer exists as two protomers predominantly organised in an
antiparallel arrangement [359-363], although recent studies indicate the possible existence of
parallel dimers [413]. Observations from cryo-EM structures of EmrE revealed that the protein
mi ght form a 6di mamericstiuctudei[360 36X, Gonsistent with biechemical
evidence of the existence of higher oligomeric states [414]. Moreover, studies of Hsmr likewise
indicated that it exists as tetramers [355, 415]. Furthermore, the dimerisation and
tetramerisation of the SMR proteins appeared dependent on the interactions of TMD 4
(structurally equivalent to TMDs 5 and 10 of PfCRT) [355, 362, 363, 415-417]. Notably, an
SMR dimer is roughly the structural equivalent of a PFCRT monomer, and an SMR tetramer is

the structural equivalent of a PFCRT homodimer.

Preliminary western blot analyses from the Martin Laboratory indicated the presence of PfCRT
dimers in protein preparations from P. falciparum parasites and from PfCRT-expressing
oocytes, which were sensitive to reducing conditions (Rowena Martin and Rosa Marchetti,
personal communications, July 2011). The sensitivity of the dimer to reducing agents could
implicate a role for disulphide bond formation in mediating the dimerisation of PfCRT.
Furthermore, PfCRT dimer bands have been detected in protein preparations from P.
falciparum parasites in three additional studies [136, 180, 319], although the effect of reducing

conditions on dimerisation has not been investigated.

1.7.3.1  Conserved helix-packing motifs may mediate the formation of PfCRT dimers

The bioinformatic analysis performed by Martin and Kirk revealed the presence of helix-
packing motifs within TMDs 5 and 10 that are conserved throughout the DMT Superfamily
[348]. These motifs traditionally consist of two glycine (G) residues spaced apart by six
residues of various identities (x), resulting in the consensus sequence GxxxxxxG [418]. It has
been demonstrated that the glycine residues of the motifs can be substituted by alanine (A),
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threonine (T), serine (S), or cysteine (C) [418]. Furthermore, both glycine and threonine are
amongst the highly abundant residues found in tightly-packed membrane proteins [418].
Consistent with this finding, the helix-packing motifs of TMDs 5 and 10 of PfCRT are
respectively GigexxXxXT1g3 and TagoxXxxXXGasz. The preservation of the glycine residues at
positions 186 and 387 is curious, given that glycine-coding codons are typically GC-rich. As
such,t hey are rare in the par as-ficheodoss thateencode for,
other amino acids, including phenylalanine, tyrosine, methionine, isoleucine, asparagine, and
lysine [419]. Indeed, this could suggest that the identity of the residues at these positions is
crucial, and that the substitution of another small amino acid would not suffice.

Studies of the conserved GxxxxxxG motif in the prokaryotic SMR proteins EmrE and Hsmr
implicate this motif as crucial for the structure and function of the protein 8 disruption of critical
residues, including the glycine residues, impacts oligomerisation and the function of the protein
[355, 415, 416]. Moreover, in the case of EmrE, the identities o f t he 6x6

predominantly hydrophobic, allowing for hydrophobic interactions between TMD 4 of the two
protomers as required for dimer formation. Likewise, PICRT possesses several hydrophobic
residues in the equivalent regions of the protein, suggesting that the structure of this region is
conserved. Therefore, these motifs could play a role in the homodimerisation of PICRT or in
the oO6internal di merisationdé of the protei

PfCRT protein). Recently published crystal structures of related eukaryotic 10-TMD proteins
Zea mays CMP-sialic acid transporter [368], Galdieria sulphuraria triose phosphate transporter
[370], and the S. cerevisiae yeast GDP-mannose transporter (VRG4) [179, 367] suggest that
the dimer interface lies between TMDs 5 and 10 of the two protomer subunits. However, this

region of PfCRT does not harbour cysteine residues capable of forming disulphide bonds.

1.7.3.2 Loop 7 may be involved in regulating the dimerisation or function of PfCRT

The function of Loop 7 of PfCRT is unknown; however, it is likely that this domain is important
for the transporter's function and/or structure (Section 1.7.2). Indeed, the bioinformatic
analysis by Martin and Kirk [348] revealed the presence of four conserved cysteine residues
(C289, C301, C309, and C312) within Loop 7, which represent putative candidates for the

formation of disulphide bonds. Little is known about these residues. Indeed, two of these

compa

resi

d

residues, C€C309 and C312CDRC& matritf otf omarchan stelr v ea

suggesting the possibility that they function

been implicated in binding to metal ions, including zinc, copper, and cadmium [420-422].

Moreover, CxxC-t ype moti fs in other proteins function

to respond to changes in the environment. For example, cysteine residues can interact with
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glutathione, which may result in the temporary disruption of interactions that could be
deleterious during oxidative stress [395]. Curiously, the recent cryo-EM structure of PfCRT
suggests the possibility that these four cysteine residues may exist in two disulphide bond
pairs [366]. Despite this, analyses using mass spectrometry have identified that C301 is post-
translationally modified in parasites. Palmitoylation 8 the attachment of a palmitic acid
molecule by covalent binding to an amino acid 8 was detected at C301 of PfCRT and was
thought to be a stable rather than dynamic modification [423]. The role of this modification has
not yet been determined but may alter the stability and/or trafficking of PfCRT, particularly if
there are conditions that result in the depalmitoylation of this residue and promote its ability to
form disulphide bonds.

Although little is known about the function of the conserved cysteine residues in Loop 7 of
PfCRT, the disruption of the analogous residues in the T. gondii homologue, TgCRT, results
in the enlargement of the T. gondii vacuole [424]. This phenotype is also observed when
TgCRT expression is downregulated [373], as well as in P. falciparum when PfCRT expression
is downregulated [425]. Thus, the association of the enlarged vacuole phenotype with the
disruption of the Loop 7 cysteine residues of TJCRT suggests that their disruption impairs the
function of the protein. Moreover, the enlarged vacuole phenotype has also been observed in
P. falciparumpar asi tes possessing a novel L272F mutat:i

function [186, 329], providing further evidence that Loop 7 modulates the function of PfCRT.

1.74 Postt rans!l ati onal modi fications of Pf CRT
trafficking and function

As previously mentioned, palmitoylation of PFCRT at C301 has been reported [423]. In addition,
phosphoproteomic analyses have revealed that S33, S411, T416, and S420 are
phosphorylated [136, 259, 335, 426-432]. However, phosphorylation of PICRT appears to
serve different purposes, depending on the residue involved. For example, although the
purpose of phosphorylation of S411 is unknown, PfCRT monomers and dimers are
differentially phosphorylated at S411 [136], with the dimers found to be predominantly
unphosphorylated. Hence, phosphorylation at S411 could regulate the function of PfCRT
and/or its dimerisation. Indeed, regulation of PICRT function by phosphorylation has been
observed; phosphorylation of S33 i ncranslacatiens t he |
of CQ and quinine wit ho uaffinity foryeitherfdruge[846]. Moreover,h e pr o
phosphorylation of S411 and S33 is commonly reported [136, 259, 335, 426-432], suggesting

this modification could be beneficial for the parasite under certain conditions.
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Phosphorylation of T416 is thought to be important for the trafficking of PfCRT to the DV in P.
falciparum parasites, as determined by Kuhn et al. [259]. Although T416 phosphorylation was
only detected in a single study, the authors determined that the alanine substitution of T416
resulted in the expression of PfCRT at the plasma membrane of the parasite instead of at the
DV membrane. Moreover, as the introduction of a phosphomimetic aspartic acid (D) residue
at this position was sufficient to drive the localisation of some of the PfCRT protein to the DV
membrane, an explanation for this observation was that the phosphorylation of T416 is a
crucial determinant for the trafficking of PfCRT to the DV [259].

1.8 PfCRT: a central modulator of multidrug resistance and
collateral sensitivity in P. falciparum

As discussed in Section 1.6, mutations in PICRT are associated with altered parasite
susceptibility to a range of structurally-diverse molecules. These compounds include several
antimalarials (such as quinine, quinidine, amodiaquine, piperaquine, lumefantrine,
halofantrine, mefloquine, and methylene blue) as well as verapamil, the antibiotic blasticidin,
and the antiviral drugs amantadine and saquinavir [91, 96, 100, 101, 108-110, 113, 329-334,
433]. As previously mentioned, several quinoline drugs inhibit haemozoin formation like CQ,
including quinine, quinidine, amodiaquine, lumefantrine, and mefloquine [57-59, 64]. Hence, it
could be expected that PFCRTC®R variants would be associated with resistance to all of these
quinoline drugs. Consistent with this, several studies have revealed that CQ-resistant parasites
are often cross-resistant to amodiaquine [94, 99, 101, 102, 434, 435]. However, the extent of
resistance to the drug is heavily influenced by the PfMDR1 variant present as highlighted by

the findings of Sa et al., who investigated the response of parasites to amodiaquine using

progeny from the 6 GB4Here, Sa 6t&ab demponstrates ithtitehe 6 7 G 8

PfCRT allele provided higher levels of amodiaquine resistance when present with the 6 7 G 8

allele of PfIMDR1 (PfMDRINFPY)  but t hat i n the presence

(PfMDR1YFSND) | little difference was observed between the 6 GB4 6 RBMWGR® 7 G806

variants [102]. These findings likely reflect the complex interplay of these two transporters in
governing the distribution of amodiaquine within the parasite and thus the accumulation of
amodiaquine at the site of its targets. A similar phenomenon has likewise been observed for
quinine, where certain PfCRTC®R variants confer reduced susceptibility to the drug [94, 96, 99,
108, 333, 334]. Nevertheless, cross-resistance to quinine is not always conferred by PFCRTC?R
variants, likely due to the effects of other factors that have been implicated in quinine
resistance, including PfMDR1 [97, 98, 101, 123, 435-443].
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Curiously, PfCRT®®R variants are not associated with decreased susceptibility to mefloquine,
lumefantrine, or halofantrine [94, 96, 99-101, 108, 330, 332, 405, 444]. Instead, several
PfCRTC?R variants have been associated with increased susceptibility to these drugs
compared with the wild-type PfCRT variant. Moreover, artemether-lumefantrine has been
shown to select for wild-type PICRT over PfCRTC®R variants selecting for K76 instead of K76T
[330, 445]. A similar phenomenon has been observed in vitro for amantadine [96, 108-110]
and blasticidin [329]. This phenomenon & where the acquisition of mutations that confer
resistance to one drug results in concomitant hypersensitivity to another drug 8 is known as
collateral sensitivity or inverse susceptibility. Collateral sensitivity is broadly exhibited by other
infectious organisms [446-454] and drug-resistant cancer cells [455, 456]. Indeed, the
exploitation of collateral sensitivity provides an avenue for the development of strategies to
prevent or impede the spread of drug resistance. Thus, a mechanistic understanding of the
development of collateral sensitivity in the malaria parasite may facilitate the design of new
strategies to combat the emergence of drug resistance and extend the longevity of existing

antimalarial drugs.

1.8.1 Invitro collateral sensitivity: the acquisition of the K76l mutation in PfCRT
results in CQ resistance and hypersensitivity to quinine

A striking example of collateral sensitivity was reported in parasite lines that were generated
by stepwise selection of the CQ-sensitive parasite 106/1 with CQ [333, 334]. The 106/1
parasite harbours a PfCRT variant identical to PfCRTX! but with the reversion of the key
resistance-conferring lysine-to-threonine mutation K76T (76K-PfCRTK!). Exposure of 106/1
parasites to CQ resulted in the gain of a mutation at position 76 & encoding either the
threonine (K76T) or asparagine (K76N) or isoleucine (K76l) (Figure 1.8A). Although the 106/1-
derived parasite lines harbouring these mutations (106/17°7, 106/17®N, and 106/1®') exhibited
CQ resistance, the susceptibility of these parasites to the related quinoline drugs quinine and
quinidine were very different. For example, only 106/17°" and 106/17®" exhibited cross-
resistance to quinidine, whereas only 106/176" and 106/17%N displayed cross-resistance to
quinine. However, unexpectedly, 106/17®" exhibited hypersensitivity to quinine. In the second
series of experiments, Cooper and colleagues investigated the unusual hypersensitivity of
106/17® parasites to quinine by exposing these parasites to the drug [108, 334] (Figure 1.8A).
The resultant parasite lines possessed either an additional C72R, Q352K, or Q352R mutation
in PfCRT. The acquisition of any of these mutations reinstated the sensitivity of the

corresponding parasites to CQ while increasing their tolerance to quinine [108, 334].
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A 106/17¢K
Sensitive to CQ, quinine,
g :-‘) and quinidine
| 100 nM CQ
106/176T 106/176! 106/17¢N
Resistantto CQ, quinine, Resistant to CQ and quinidine, Resistantto CQ and
and quinidine hypersensitiveto quinine quinine, sensitive to quinidine

| 100 nM quinine

1 1 1

106/172R.76l 106/1761.352K 106/1761.352R
) | I ) T
Sensitiveto CQ, quinine, Sensitiveto CQ, quinine, Sensitive to CQ, quinine,
and quinidine and quinidine and quinidine
B
106/176! 106/176!.369F

80 uM amantadine

o
>

Resistantto CQ, Low-levelresistancetoCQ,
sensitive to amantadine resistantto amantadine

Figure 1.8: The generation of 106/1-derived lines that harbour novel PfCRT variants and exhibit
unusual drug susceptibility profiles.

(A) CQ-resistant 106/1-derived lines were selected from 106/17%X parasites, which are CQ-sensitive and
harbour 76K-PfCRTKL. The resulting parasite lines 106/176T, 106/17¢', and 106/176N respectively harbour
aT,|I orN at position 76 of PICRTKL. The 106/17% parasite line displayed unusual hypersensitivity to
quinine. Pressuring the 106/17¢' parasite line with quinine selected for novel C72R, Q352K, or Q352R
mutations in PfCRTXL, The resultant parasites were no longer hypersensitive to quinine but reverted to
CQ-sensitive status

(B) CQ-resistant parasites exhibit hypersensitivity to amantadine. Pressuring the 106/17%' parasite with
amantadine resulted in the acquisition of a novel V369F mutation in PfCRTKL. The resultant parasite
was ~5-fold more susceptible to CQ (albeit still slightly CQ-resistant) but was ~90-fold more resistant to
amantadine compared with the 106/17%' line [108].

In all cases, the parasite lines are named with reference to the mutations in PICRTK!; for example,
106/176369F possesses 761,369F-PfCRTXL,
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1.8.2 In vitro collateral sensitivity: novel PfCRT mutations that confer

resistance to amantadinereduce t he parasited6s resistan

In a separate study, the selection of 106/17® parasites with amantadine, a structurally unrelated
drug to the quinolines, resulted in a novel V369F mutation (Figure 1.8B) [108]. The acquisition
of this mutation decreased the parasiteos

tol er a

to amantadine, but di d n o ivitytolguinme. Furtherenorp, agimilas i t e 6 s

phenomenon was described by Johnson et al. [96], whereby CQ-resistant K1 parasites were
returned to CQ-sensitive status after acquiring novel PfCRT mutations following selection with
either amantadine or halofantrine. Both parasite lines acquired the S163R mutation, but the
amantadine-resistant parasite line K1IAM harboured an additional 1356V mutation, while the
halofantrine-resistant parasite line K1IHF harboured additional T152A and P275L mutations.
Of these mutations, only S163R had previously been identified in parasites, where it was
discovered in samples from a patient who was successfully treated with CQ [397]. Moreover,
S163R abrogates PfCRTP%-mediated CQ transport when the variant is expressed in X. laevis
oocytes [116], demonstrating that it dramatically alters the interaction of the transporter with
CQ. Curiously, K1HF parasites exhibited cross-resistance to amantadine and mefloquine but
were sensitive to quinine. In contrast, the parasite line selected with amantadine, K1AM, did
not display cross-resistance to the other drugs tested, including halofantrine, mefloquine, and
quinine. The underlying cause of these differences in cross-resistance patterns is likely the

additional mutations in PfCRT acquired by the respective parasites.

1.8.3 PfCRT mutations that confer collateral sensitivity phenotypes in vitro are
likely located within the substrate-binding cavity or translocation pore of
the transporter

The novel PICRT mutations identified by Cooper and colleagues [108, 333, 334] are located
within TMDs 1, 4, and 9 and Loop 9 of PfCRT [366]. Indeed, the mutations in TMDs 1, 4, and
9 are likely within the substrate-binding cavity of the transporter (Section 1.7.2), as observed
in the cryo-EM structure of PICRT [366]. Furthermore, although the role of Loop 9 in PfCRT
function is unresolved, the CQ resistance-associated mutation R371l is similarly located within
Loop 9 [366] and may play a role in modulating the conformational change between states of
the transporter or in modulating access to the substrate-binding cavity. Likewise, the S163R
mutation identified by Johnson et al. [96] is located within TMD 4, while the T152A and P275L
mutations map to Loops 3 and 7, on the side of the protein that faces the DV lumen [366].
These mutations may modulate access to the substrate-binding cavity or alter the ability of the
transporter to adopt different conformations. The direct characterisation of the effects of these

mutations on the drug transport properties of PfCRT is required to understand how they confer
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the unique drug susceptibility profiles exhibited by the respective 106/1-derived and K1-

derived parasite lines.

1.9 The natural function of PfCRT

PfCRT fulfils an essential role in parasite biology; attempts to disrupt the expression of the

pfcrt gene resulted in non-viable parasites [114, 115]. Likewise, an attempt to silence the P.

bergheih omol ogue via targeting @TR)wasansuBcassful,iwithr ans | at

the surviving parasites undertaking dramatic rearrangement of the untranslated regions
around the pfcrt coding sequence to ensure expression of the gene [457]. Nevertheless, the
physiological function of PICRT has remained elusive for several decades. Indeed, several
putative substrates of PfCRT have been proposed, including: (1) amino acids [348, 366], (2)
peptides [348], (3) glutathione (like the A. thaliana and O. sativa homologues [371, 372]), (4)
iron [458], (5) chloride ions [130, 459], and (6) inorganic and organic cations [460]. Moreover,
Nessler et al. [143], who attempted the heterologous expression of PfCRT in X. laevis oocytes
(Section 1.6.1), concluded that PfCRT might activate H* pumps and non-specific cation
channels. More recently, using the X. laevis oocyte system, Shafik et al. [186] revealed that
PfCRT transported peptides of 4i 11 amino acid residues in length and confirmed these
findings using the H*-efflux assay to measure the PFCRT-mediated transport of these peptides
in the parasite. In this study, Shafik et al. [186] also demonstrated that PfCRT could not interact
with other putative substrates, including amino acids, metal ions, glutathione, lipids, and

carbohydrates.

A key finding of the study by Shafik et al. [186] was that wild-type PfCRT has a greater capacity
for peptide transport than several PfCRTCCR variants. Indeed, this explains why PfCRTCRR
variants (particularly those of the O0ETO6 |
in several studies of field isolates, following the withdrawal of CQ, it was observed that
selection against the K76T mutation occurred, resulting in parasites harbouring wild-type
PfCRT or CQ-sensitising mutations (i.e. reversion to K76) [461-465]. Likewise, similar
observations have been made in vitro during co-culture of parasites harbouring wild-type
PfCRT with parasites carrying mutant PICRT variants [434, 466]. Moreover, the potent
inhibition of PFCRTCR variants by quinine dimers suggested that targeting PFCRT may be an

effective route for killing the parasite [467]. The el uci dation of the

provides further insights into the biology of the transporter, as well as new avenues for
targeting both PFCRTC?R and PfCRT®®S variants.
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1.10 Splice and structural variants of PfCRT

Recently, the presence of unusual PfCRT variants in clinical isolates was reported [468, 469].
In the first of these studies, Gadalla et al. [468] reported a novel splice variant of pfcrt found in
two clinical isolates from patients receiving artemether-lumefantrine in East Sudan. The
alternatively-spliced pfcrt transcript lacked exons 31 4, was co-expressed with full-length pfcrt,
and was found in parasites that appeared to possess an additional intronless copy of pfcrt in
their genome. Based on this alternatively-spliced transcript, the predicted PfCRT protein would
be ~322 amino acids long, lack TMDs 2i 5 and have a severely truncated TMD 6 (Section
4.5). Unfortunately, the authors could not determine if this transcript was translated to protein
in parasites due to the scarcity of parasite material. However, a PfCRT protein of similar size
was also reported in laboratory-adapted isolates, suggesting that this PfCRT splice variant
may be produced in the absence of drug pressure [470]; nonetheless, the identity of the protein
has not been determined. Thus, it is unknown whether this alternatively-spliced transcript
results in the production of the predicted PICRT splice variant protein in the parasite and
whether the protein is a functional transporter.

A second study provided an analysis of structural variation in the genomes of 2855 clinical
isolates from 21 malaria-endemic countries and revealed duplications and deletions in several
genes, including pfcrt [469]. In addition, the authors found that 32 isolates from West Africa
harboured gene duplications that included the pfcrt gene. Moreover, in some instances, the
duplication of the pfcrt gene resulted in parasites that harboured one pfcrt®®R copy and one
pfcrt®? copy. Indeed, this phenomenon could allow parasites to benefit from the PfCRTC®R
variant while mitigating the fitness costs of expressing this variant. As suggested by the authors
[469], t his could allow the parasiéeei tioented&el opmao:
associated drug resistance, particularly if the expression of the two variants is carefully
regulated by the parasite. Thi s form of -r éevbi e bdssbaatt dOlLGgYT
resistance suggests the need for drugs that can target both PFCRT %R and PfCRT®®S variants;
for example, by targeting critical regions of the protein that are crucial for its overall structure
and function. Insights into the role of PfCRT in the development of collateral sensitivity and
multidrug resistance may facilitate the design of combination therapies that can mitigate the

potential risks of parasites that co-express both PFCRTC?R and PfCRT®®S variants.
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1.11 PfMDR1 is a key mediator of antimalarial drug resistance and
collateral sensitivity

Originally identified for its role in CQ resistance [105], PIMDRL1 is a key mediator of the
parasiteb6s susceptibility t o[98 100,101e106 El1l,d12nge of
445, 471-474]. Polymorphisms in the pfmdrl gene, including gene amplification and mutations,
have been associated with altered susceptibility to several antimalarials; however, the
mechanisms underlying these phenomena have remained unresolved for almost three
decades. Moreover, PfMDRL1 carries out an essential but unresolved function in parasite
biology [114, 115]. This function could mimic the role of the mammalian homologues, which
transport a range of substrates, including lipids, peptides, and steroids [475-480]. Alternatively,
PfMDR1 could behave more similarly to its plant homologues, which distribute a very defined
range of substrates [481-485]. Indeed, plant MDR1 transporters do not transport typical
mammalian MDR1 substrates such as vinblastine, daunomycin, and rhodamine 123 [483],
suggesting little overlap between their substrate specificity and that of their mammalian

homologues.

PfMDRL1 is a member of the ATP-binding Cassette (ABC) Superfamily and a homologue of H.

sapiens P-glycoprotein (HsP-gp; a product of the ABCB1 gene); thus, the protein was

previously designated P-glycoprotein homologue 1 (Pgh-1) [105, 486]. HsP-gp localises to the

plasma membrane and lysosomal membranes [487], where it exports its substrates from the

cytosol. Like HsP-gp, PIMDR1 exhibits dual localisation: it resides on the membrane of the
parasitebs DV (consi sofHsrdp wtid hl y hesdmnexa) i srad i @om
plasma membrane [486]. Similarly, transport mediated by PfMDRL1 is predicted to be ATP-

dependent; consistent with this prediction, a previous study confirmed that PIMDR1 binds ATP

and GTP [95].

1.11.1 The structure of PFMDR1

The structures of several MDR1 proteins have been elucidated [488-491]. These structures
have confirmed that proteins of the ABCB1 Family consist of 12 TMDs and 2 nucleotide-
binding domains (NBDs). The NBDs are the site of ATP hydrolysis. Typically, each NBD
contains conserved sequence motifs, including the Walker A and B consensus sequences, the
Q-loop, and the ATP signature sequence [492-495]. The predicted topology of PfMDR1
conforms to this structure, with the protein likewise arranged in two repeats that each consist
of 6 TMDs and an NBD [488-491] (Figure 1.9). Moreover, it has been demonstrated that the
orientation of PfIMDRL1 in P. falciparumi s such t hat the NBDs &6ble in t
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Figure 1.9: A cartoon of the topology of PFIMDRL1.

Like other members of the ABCB1 subfamily, such as HsP-gp, PIMDR1 is thought to possess 12 TMDs and 2 nucleotide-binding domains (NBDs). The positions
of six globally-prevalent polymorphisms are depicted by pink circles. The N86Y mutation is present within the first loop of the protein. Three mutations, Y184F,
S1034C, and N1042D, are present within the substrate-binding cavity, while the remaining two, D1246Y and F1226Y, are located within the second NBD. In P.
falciparum parasites, the protein is oriented such that the NBDs and terminiar e | ocated in the parasiteds cytosol
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This orientation is consistent with that of other MDR1 (or ABCBL1) proteins, where the NBDs
and the N- and C- termini are cytosolic [496-498].

1.11.2 Polymorphisms in PIMDR1

Different permutations of five globally-prevalent polymorphisms 8 N86Y, Y184F, S1034C,
N1042D, and D1246Y & comprise the majority of PfMDR1 variants found in laboratory-
adapted field isolates [105, 499]. Consistent with other studies, the variants listed in Table 1.5
are named according to these five polymorphisms. For example, the wild-type PIMDR1 variant,
which harbours N86, Y184, S1034, N1042, and D12486, is referred to as PfIMDR1NYSNP Other
polymorphisms have also been reported in PIMDR1, both from in vitro drug selection studies
and studies of clinical isolates [111, 112, 500, 501], of which the most prevalent is F1226Y
[500, 502-504]. Three polymorphisms, Y184F, S1034C, and N1042D, are thought to reside
within TMDs, whereas N86Y is located within Loop 1 of the protein and D1246Y is located
within the second NBD [505]. Although the direct transport of most antimalarial drugs via
PfMDR1 has not been demonstrated, it has been shown that these polymorphisms alter the
parasitebs susceptibility to several guinoline
lumefantrine, and mefloquine [100-102, 106, 107, 435, 442, 443, 445, 471-473, 506].
Moreover, similar to PfCRT, polymorphisms in PIMDR1 associated with resistance to CQ and
amodiaquine lead to the development of collateral sensitivity to lumefantrine and mefloquine,
and vice versa [400-403, 435, 507-511].

Table 1.5: PfMDR1 variants found in some common laboratory-adapted field strains.

Amino acid at key positions within
52::25% S Sl Suscgpgibility PIVDRY
86 184 | 1034 | 1042 | 1246
bPfMDR1LNYSND 3D7 Africa and SE Asia Sensitive N Y S N D
PfMDRINFSDD | HB3 Ecull1l0 | Honduras, Ecuador Sensitive N F S D D
PfMDR1YYSND K1, Dd2¢ SE Asia, Africa Resistant Y Y S N D
PfMDR1NFCDY 7G8 South America Resistant N F © D Y

aThe variants are named according to the amino acid residue at positions 86, 184, 1034, 1042, and 1246.
bwild-type PfMDR1 variant.
°Dd2 typically possesses multiple copies of pfmdrl [506, 507, 512-514].

1.11.2.1 Polymorphisms in PfIMDR1 are associated with reduced susceptibility to CQ

Although PfMDR1 is not the primary cause of CQ resistance [103], particular mutations in
PfMDR1 are associated with reduced susceptibility to the drug. For example, the N86Y

mutation (present in the PIMDR1YYSNP variant) is typically associated with decreased sensitivity
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to CQ [105, 401, 442, 443, 508, 510]. Moreover, in vitro studies using isogenic parasite lines
that differ solely in the variant of PIMDRL1 that they express have revealed that parasites
harbouring PIMDR1YYS\P gre less susceptible to CQ [435, 515]. Furthermore, CQ selects for
parasites carrying PFIMDR1YYSNP from co-cultures of parasites harbouring either PEMDR1YYSNP
or PEIMDR1NYSNP [515],

Although the roles of the individual mutations present in the PIMDR1NFCPY variant (found in
7G8 parasites) have not been investigated, PIMDR1NFCPY has been associated with decreased
CQ susceptibility. This observation was particularly evident in a study performed by Sa et al.
[102] that investigated the roles of PICRT and PfMDRL in resistance to CQ and amodiaquine
using the progeny of a genetic cross between the CQ-resistant parasites 7G8 and GB4.
Indeed, a finding of this study was that when parasites carrying identical PfCRT variants were
investigated, parasites carrying PIMDR1NFCPY exhibited ~1.7-fold higher resistance to CQ than
parasites carrying t hfMDRLGE4102]. EdnsikeR Withthis findimgnt , P
the replacement of PfIMDR1NFCPY in 7G8 parasites with wild-type PfMDR1 increased the
parasitebs sens.i{oldvrl. Morcower, tkeQ pblymorphikmsdn PIMDR1,
which are associated with decreased parasite susceptibility to CQ, have likewise been linked
to reduced susceptibility to amodiaquine [102, 327, 399-401, 435, 509-511]. This observation,
and the similarity between the mode of action of CQ and amodiaquine (Section 1.2), suggests
that PIMDRL likely plays similar roles in the development of resistance to both drugs.

Copy number variation of the pfmdrlge ne al so modul ates the parasite
For example, in a study by Barnes et al. [107],s el ect i oshefvet 66 I€iQgdnvikos i st anc
resulted in the deamplification of the pfmdrl gene in Dd2 parasites with a concomitant 10-fold
increase in the parasiteds resi st anpfradritcapieCQ. | n
present in FCB parasites (CQ-resistant parasites that harbour PfCRTX!) resulted in a slight,

but not significant, decrease in the susceptibility of the resultant parasites to CQ [97]. The

results of the latter study were likely influenced by reduced PfCRT expression following the

disruption of one pfmdrl copy [516] but could also reflect the contributions of other genetic

factors in determining parasite sensitivity to CQ.

1.11.2.2 Wild-type PfMDRL1 is associated with decreased susceptibility to lumefantrine and
mefloquine

Polymorphi s ms associated with decreases in the paras
associated with increased sensitivity to lumefantrine. For example, selection for N86 was

observed following the treatment of patients with artemether-lumefantrine [402, 403, 445, 511].

Similarly, exposure of co-cultured parasites harbouring either PFMDR1YYSNP or PIMDR1NYSND
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to lumefantrine selected for PIMDR1NYSND [515]. Moreover, consistent with the collateral
sensitivity phenotype of the parasite to lumefantrine, multicopy pfmdrl has been associated

with decreased susceptibility to lumefantrine [97, 500, 517, 518].

In addition to these observations, the Y184F mutation (PfMDR1N™SNP variant) has been
implicated in decreased susceptibility to lumefantrine [435, 507]; however, this variant is also
associated with a fitness cost [515]. Likewise, the F1226Y mutation has also been linked to
lumefantrine resistance [500]; despitet hi s, changes énsitvity to kimgiaatrina s i t e 6 s
could not be detected when this mutation was introduced and studied in vitro [435]. In contrast,

the N1042D mutation has been associated with increased susceptibility to lumefantrine [518].

Polymorphisms in PIMDR1 associated with reductions i n the parasiteds su
lumefantrine, including N86, are also typically associated with reduced susceptibility to
mefloquine [435, 442, 443]. In addition, the N1042D mutation increased parasite susceptibility
to mefloquine in both clinical [519, 520] and in vitro settings [98]. Likewise, the amplification of
the pfmdrl gene is associated with resistance to mefloquine [106, 107]. However, the
mechanism underpinning PIMDR1-mediated resistance to mefloquine is unclear. Previous
suggestions include that: (1) PIMDR1 may be the target of mefloquine [106, 521], or (2) the
main t ar get of mefl ogui ne i s out si de 1imhdatedpar asi t

sequestration of mefloquine in the DV limits its access to its target [521, 522].

1.11.2.3 PfMDRL1 polymorphisms alter parasite susceptibility to quinine

CQ-resistant parasites often exhibit cross-resistance to quinine; however, the relative
contributions of PfCRT, PIMDR1, and other genetic factors to this phenotype remain unclear.
For example, PEMDR1YYS\P has been associated with decreased susceptibility to quinine in
vitro [435, 442, 507], similar to previous observations for CQ. Likewise, introducing a PIMDR1
variant harbouring S1034C, N1042D, and D1246Y (PfMDR1NYCPY) into 3D7 parasites reduced
the parasiteds s ul@gidleThis effect was abserved whemanly the Di2A16Y
mutation was introduced into 3D7 parasites. Conversely, expression of wild-type PIMDR1 in
7G8 parasites increased the parasi taeoledortheuscept i
S1034C, N1042D, and D1246Y mutations in modulating the parasite's susceptibility to quinine
[471]. Moreover, the N1042D mutation is thought to confer decreased susceptibility to quinine
but increased susceptibility to lumefantrine and mefloquine [98]. Indeed, this is consistent with
the overall collateral sensitivity phenotype where polymorphisms in PIMDR1 associated with
resistance to CQ and quinine simultaneously confer hypersensitivity to lumefantrine and

mefloquine.
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The role of multicopy pfmdrl in the acquisition of quinine resistance is less clear. For example,
FCB parasites harbouring a single copy of pfmdrl exhibit increased susceptibility to quinine
compared with FCB parasites carrying two pfmdrl copies [97]. Likewise, Cowman et al. [106]
observed a similar association between multicopy pfmdrl and reduced susceptibility to quinine
in both K1 and W2 parasites (which harbour the same PfMDR1YYSNP variant as FCB, and an
6ETO6 Pf CRKILcaresPfCRTtand W2 carries PFCRTP%, Table 1.4). The observation
by Cowman et al. [106] is consistent with the cross-resistance to lumefantrine, quinine, and
mefloquine conferred by multicopy pfmdrl [97, 106]. This finding is particularly interesting
given that multicopy pfmdrl appears to increase the sensitivity of the parasite to CQ and thus,
suggests a scenario where the contribution of multicopy pfmdrl contributes to collateral
sensitivityt o CQ whil e increasing the parasiteods
inconsistent with the role of mutations in PIMDRL1 that are associated with reduced quinine
and chloroquine susceptibility and with a concomitant increase in lumefantrine and mefloquine

susceptibility.

In contrast to the findings of Cowman et al. [106], Peel et al. [523] observed that fewer copies
of pfmdrl were associated with decreased susceptibility to quinine in parasites carrying the
PfMDR1YYSNP variant (the same variant as FCB, K1 and W2 parasites). Notably, in their study,
a parasite harbouring ~8 copies encoding a novel PfMDR17YSNP variant exhibited the same
level of quinine resistance compared with parasites carrying PIMDR1YYSNP, Collectively, these
observations suggest a context-dependent contribution of pfmdrl copy number to the level of
quinine resistance achieved in these parasites and highlight the role of other genetic factors in

modulating parasite resistance to the drug.

1113l nvestigations intonsRdk MDR106s funct.i

Aside from studies investigating the relationship between mutations in PIMDR1 and drug

susceptibility, an in situ assay using the fluorescent compound Fluo-4 has been used to probe

resi s

on

aspects of Pf MDR16s {506n50% 518, 613]i Imdeet, frleo-4@@peass$oi t e

be a substrate of most PfIMDRL1 variants, excluding the PfIMDR1NFSPP variant found in HB3
parasites [512], and is imported by these PfMDR1 variants into the DV [506, 507, 512, 513]
.Using this system, Reiling et al. [506] showed that CQ, quinine, and mefloquine inhibit the
transport of Fluo-4 by wild-type PfIMDR1 and by PfIMDR1YYSNP, However, the transport of Fluo-
4 by PIMDR1YYSNP was less affected by quinine and mefloquine compared with wild-type
PfMDR1. These findings suggest that either: (1) these antimalarial drugs inhibit PIMDR1, and
polymorphisms relieve this inhibition, or (2) the drugs are substrates of the transporter. More

recently, the assay was used to demonstrate Fluo-4 transport via the PEIMDR1NFSND variant,
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suggesting that the N1042D mutation likely abrogates Fluo-4 transport via PIMDR1NFSPP [507].
Indeed, in this study, the transport of Fluo-4 via this PIMDRIN™SND variant was enhanced
relative to the other variants, including wild-type PfMDR1 and PfMDR1YYSNP, Moreover, a
parasite line harbouring PfMDRINFSND exhibited decreased susceptibility to lumefantrine
compared with a parasite line harbouring PIMDR1NYSNP [507], suggesting that the change in
transport properties of PIMDR1NTSNP may underlie the decreased susceptibility of the parasite
to lumefantrine. However, it remains to be determined whether PIMDR1N™SNP exhibits a greater
capacity for lumefantrine transport.

1.11.4 Heterologous expression systems for investigating PFIMDR1

To date, PIMDR1 has been expressed in several heterologous systems, including the yeasts
P. pastoris and S. cerevisiae, CHO cells, and X. laevis oocytes, with varying degrees of
success (Table 1.1). Moreover, two studies in S. cerevisiae that relied on the functional
complementation of the yeast MDR1 homologue Ste6 with PIMDR1 were retracted as the
results were invalidated due to contamination with the ste6 sequence [524, 525]. A third study
in S. cerevisiae used the native pfmdrl coding sequence to achieve the functional

complementation of Ste6 [128], but could not provide further insights into the interactions of

PfMDR1 with drugs. Al t hough direct measur ement s of

antimalarial drugs in all of these systems could not be performed, insights into the proteind s

function have still been obtained.

Initial attempts to express PfMDRL1 in P. pastoris revealed that the protein could not be
expressed using the native P. falciparum coding sequence [127]. Thus, the authors codon-
harmonised the pfmdrl coding sequence to match the codon usage of P. pastoris, resulting in
the successful expression of the protein at the plasma membrane. Although this system has
not been used to directly measure the transport of antimalarial drugs by PfIMDR1 variants [127,
522], the ATPase activity of the protein and binding of some antimalarial drugs to the protein
has been investigated [526]. Using this system, CQ, quinine, and mefloquine have been shown
to stimulate the ATPase activity of the PIMDR1 variants found in 3D7, Dd2, and 7G8 parasites
d respectively PIMDRINYSND PfMDR1YYSNP and PfMDR1NFCPY, Moreover, in each case, the
PfMDR1NFCPY variant was stimulated the least and was also shown to exhibit a lower level of
basal ATPase activity than PIMDR1NYSNP and PfMDR1YYSNP [127]. Further investigations into
the function of PfIMDR1NFCDY ysing this system suggest that more than one polymorphism is
required to achieve the reduction in ATPase activity of the PFIMDR1NFCPY variant compared with
PfMDR1NYSNP [522].

85

Pf ML



Chapter 1

The expression of PIMDRL1 in CHO cells by van Es et al. [134] was achieved using the native
pfmdrl coding sequence. In this system, the protein was localised to the lysosomal membrane
rather than to the plasma membrane. Moreover, the authors were able to show that the
expression of the protein altered the accumulation of CQ but could not verify an interaction
with quinine or the HsP-gp substrates colchicine or adriamycin [134]. Curiously, the authors
also expressed the protein in X. laevis oocytes; however, aside from determining that the
protein was produced, no further attempts to interrogate drug interactions with PIMDR1
expressed in X. laevis oocytes were made [134]. Thus, from this study, it is difficult to determine
whether the microinjection of the native pfmdrl coding sequence into X. laevis oocytes resulted
in functional PIMDR1 protein and whether the protein was trafficked to the plasma membrane.

In a separate study performed by Sanchez et al. [121], the native pfmdrl coding sequence
was used to express PfMDRL1 in X. laevis oocytes and resulted in PIMDR1 expression at the
oocyteds plasma membrane. Consi stent etwali[120h]
demonstrated a direct interaction of wild-type PIMDR1 with CQ, quinine, quinidine, and
vinblastine, but found that most PfMDR1 variants could not interact with these substrates. This
finding is at odds with the work performed in the P. pastoris system, given that CQ and quinine
were able to stimulate the ATPase activity of two PfMDR1 mutant variants, albeit to lower
extents than wild-type PIMDR1. However, the transport signal obtained by Sanchez et al. [121]
was very low for all substrates tested (2-fold at most). Although many factors could explain the
low transport signal, one explanation could be that some of the protein produced was non-
functional. Moreover, as a consequence of the dual localisation of PfMDRL1 in the parasite,
some PfMDR1 protein could have been redirected to internal compartments within the oocyte,

which could not have been determined from the methodology used in the study.

1.12 Aims of this study

The first aim of this study was to investigate and evaluate the contributions of two sequence
modifications 8 codon harmonisation and the removal of putative endolysosomal trafficking

motifs d to achieving the successful expression of PfCRT at the surface of X. laevis oocytes.

The second aim of this study was to investigate the structure and function of PFCRT by using
site-directed mutagenesis of particular residues in conserved motifs of the protein, including
the helix-packing motifs within Loop 7 and TMDs 5 and 10. As part of this work, the role of
Loop 7, and of four highly-conserved cysteine residues within Loop 7, in maintaining the

structure and function of PICRT were investigated. Given the possibility that several of these
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regions may be involved in the dimerisation of PfCRT, the ability of the protein to form and

function as a dimer in X. laevis oocytes was also examined.

The third aim of this study was to investigate the molecular basis of the cases of in vitro
collateral sensitivity observed in the 106/1-derived parasite lines generated by Cooper and
colleagues [108, 333, 334] and in the K1-derived parasite lines generated by Johnson and
colleagues [96], all of which possessed novel PfCRT variants. This aim was achieved by
undertaking a detailed characterisation of the transport properties of the novel PfCRT variants
in X. laevis oocytes. These studies included investigating the transport of CQ, quinine,
quinidine and amantadine via these PfCRT variants. In addition, the effect of other mutations
in PfCRT on the transport of various drugs (including CQ, quinine, quinidine, and amantadine)
was investigated. These mutations were found in other in vitro drug pressure studies [96, 393]

or are at positions thought to be physically close to critical residues of PfCRT such as K76.

The fourth aim of this study was to develop a robust heterologous expression system for
PfMDR1 using X. laevis oocytes. The development of this system was undertaken by applying
the findings from the first aim to maximise the chance of successful expression of PfIMDR1 at
the surface of X. laevis oocytes. Here, the information about the crucial sequence determinants
for achieving the expression of PfCRT in X. laevis oocytes was used to identify similar features
in PIMDR1. The expression system for PIMDRL1 in X. laevis oocytes could then be used to

characterise the interactions of the protein with several quinoline drugs.
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2.1 The X. laevis oocyte expression system

The X. laevis oocyte expression system is a well-established heterologous expression system
for the study of membrane proteins (Section 1.5). However, X. laevis oocytes have also been
widely used to study other cellular processes including (but not limited to) signal transduction
[177, 527, 528], translational regulation [529], RNA regulation [154], the unfolded protein
response [530], post-translational protein modifications [531], protein trafficking [307, 532],
protein secretion [533, 534], protein degradation, and oocyte and cellular development [535-
537]. Given the wide usage of X. laevis oocytes as a system for heterologous protein
expression, the stability of RNA sequences has been investigated in the system and used to

inform the development of vectors for protein expression.

2.2 The pGEM-He-Juel (pGHJ) expression vector

The contribution of 56 <capping and 306 polyaden
transcripts that have been microinjected into X. laevis oocytes has been investigated, and both

modifications have been shown to enhance transcript stability and subsequent protein

expression [538-542]. Accordingly, the pGHJ expression vector used to generate
complementary RNA (cRNA) for protein expression in X. laevis oocytes incorporates these

elements (Figure 2.1). AT7 promoter is used to drive the transcription of the coding sequence

by a T7 polymerase that co-transcriptionally incorporatesa 56 cape aatal blge 56 en
each cRNA molecule. The coding sequence is inserted into the vector between the 5 6
untranslated region of X. laevis b-globin [543]andthe 36 untr ans| Xtlaedsbr egi on
globin which includes a synthetic polyA tail. The resulting cRNA transcript therefore contains

both a 56 cap and a 306 pol yA t ajectedinththetX. laevishance i
oocyte. The vector is a high-copy vector that contains elements to facilitate selection and

amplification of the plasmid in E. coli such as an ampicillin resistance gene. This vector was

gifted to the Martin Laboratory by Professor Stefan Broer.

2.3 Preparation of PfCRT coding sequences for expression in X.
laevis oocytes

2.3.1 Generation of PfCRT coding sequences

To generate different variants of PfCRT, site-directed mutagenesis was performed using the
primer pairs and templates listed in Table 2.1. The majority of the PfCRT variants were created
by introducing the mutations into a codon-harmonised version of the pfcrt coding sequence

that had been previously inserted into the pGHJ expression vector downstream of a synthetic
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=

promoter  B-Globin
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marker coding
sequence
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(pGHJ)

B-Globin
3'UTR

Figure 2.1: The pGem-He-Juel vector used to prepare cRNA for protein expression in oocytes.

The pGem-He-Juel (pGHJ) vector possesses several features that facilitate the production of cRNA that
can be used to express proteins in X. laevis oocytes. These include a T7 promoter to drive transcription
of synthetic c¢cRNA and t KKdaevis®-glabm genetd prdthdt&Rstabilftyrobtime
final cRNA transcript when microinjected into the oocyte. The vector is a high-copy plasmid that contains
an ampicillin resistance gene to facilitate selection in E. coli. The PfCRT, PfIMDR1, and PfNT1 coding
sequences were cloned into pGHJ using the BamHI and EcoRI restriction enzyme sites.
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Table 2.1: Primer sequences used to introduce mutations into the PFCRT coding sequence via site-directed mutagenesis.

Template Mutation Sense prim&r 56 Antisense préi mer Resulting construct
@nt 136 edpn BECREPE Reinstation of nt 136 GTGCCCATGTATTTAAGCTAA CATgGGCACATTTGCC 6mortedl et e Pf (
@nt 136 edpnioettiETCRTAA ¢ Reinstation of nt 136 GTGCCCATGTATTTAAGCTAA CATgGGCACATTTGCC Omortedl et ed TH1
PfCRTP® S411A CTGAtgcGGCAGGCG GCCTGCcgcATCAGC 411A-PfCRTP®
416A-PfCRTP® S411A CTGAtgcGGCAGGCG GCCTGCcgcATCAGC 411A,416A-PfCRTO®
PfCRTP92 °C289A CGCGQCcTTATTCCTAGGCAG GAATAAQgcCGCGAAACCGTTT 289A-PfCRTP
PfCRTP92 °C312A GATGACQgccGACGGTGCGTGG CCGTCggcGTCATCACACAGCTTC 312A-PfCRTP®
PfCRTP92 ¢C301A GAACgcaGGGCTAGG GCCCtgcGTTCTCTAC 301A-PfCRTP®
PfCRTP92 ¢C309A CTGgccGATGACTGTGAC CATCggcCAGCTTCG 309A-PfCRTP®
PfCRTP92 ¢C289S CGCGagcTTATTCCTAGGCAG GAATAAQCtCGCGAAACCGTTT 289S-PfCRTP®
PfCRTP92 ¢C301S GAACtccGGGCTAGG GCCCggaGTTCTCTAC 301S-PfCRTP®
PfCRTP92 ¢C309S CTGagtGATGACTGTGAC CATCactCAGCTTCGC 309S-PfCRTP®
PfCRTP92 ¢C312S GATGACagcGACGGTGCGTGG CCACGCACCGTCQCtGTCATC 312S-PfCRTP®
PfCRTP °G186F CTATACAACTATCTAttcGCGGTTATCATTG CAATGATAACCGCgaaTAGATAGTTGTATAG 186F-PfCRTP%
PfCRTP °T193F CATTGTCGTTitcATTGCGCTAG CTAGCGCAATgaaAACGACAATG 193F-PfCRTP®
PfCRTP °T380F CGTAHCTTATTCGG TAAgaaTACGAAGT 380F-PfCRTP®
PfCRTP® °G387F CGGTTACCTATTTttcTCGATTATATACCGTG GGTATATAATCGAgaaAAATAGGTAACCG 387F-PfCRTP%
PfCRTP® °G186A CTATACAACTATCTAQccGCGGTTATCATTG CAATGATAACCGCggCTAGATAGTTGTATAG 186A-PfCRTP®
PfCRTP92 °T193S CGTTtcgATTGCG CAATcgaAACGACAATG 193S-PfCRTP?
PfCRTP® °T380S CGTatcGTTATTCGGTTAC TAACQatACGAAGT 380S-PfCRTP®
PfCRTP® °G387A CGGTTACCTATTTgccTCGATTATATACCGTG GGTATATAATCGAQYcAAATAGGTAACCG 387A-PfCRTP®
PfCRTP® °G286F GGACAAACATTAAAAACHCTTCGCGTGTTTATTCC GGAATAAACACGCGAAGaagTTTTTAATGTTTGTCC | 286F-PfCRTP®
PfCRTP® °G293F CCTAttcAGAAACACCGTAG GTTTCTgaaTAGGAATAAAC 293F-PfCRTP%
PfCRTK! T76K GTTGTGTCATTGAAaagATTTTTGCGAAGAG CTCTTCGCAAAAATCHTTCAATGACACAAAC 76K-PfCRT*
PfCRTK! T76N GTTTGTGTCATTGAAaatATTTTTGCGAGAAC GTTCTCTTCGCAAAAATALTTC 76N-PfCRTX!
PfCRT*! T76l GTTTGTGTCATTGAAattATTTTTGCGAAGAGAAC CTCTTCGCAAAAATaatTTCAATGACACAAAC 761-PfCRT*!
76I-PfCRT*! C72R CTACCTGTCTGTTagaGTCATTGAAATT AATTTCAATGACICtAACAGACAGGTAG 72R,761-PfCRT*
761-PfCRTX! Q352K GATTGTTTCTTGTATCaaaGGGCCCGCC GGCGGGCCCtttGATACAAGAAACAATC 761,352K-PfCRTX!
761-PfCRT*! Q352R GTTTCTTGTATCcgaGGGCCCGC GTGGCGGGCCCtcgGATACAAG 761,352R-PfCRT*!
761-PfCRT*! V369F CGAttcGTGATTGAAC TCACgaaATCGCCCGCCAG 761,369F-PfCRTK!
PfCRT! S163R GCTGagaATTCCCATAAC GGGAATICtCAGCTGTAGAAC 163R-PfCRT*
163R-PfCRTK! T356V GCCgtgGCGATCGCGTATTACTTCAAATTCC GTAATACGCGATCGCcacGGCGGGCCCC 163R,356V-PfCRTK!

aMutated codons are shown in lowercase. °qpn t & &Bté@mnplate lacking nucleotide 136 of the PfCRT coding sequence that was previously generated by Dr Marchetti. ¢ These primers were also used in modified PCR
reactions (Section 2.3.1). to obtain the double, triple, and quadruple mutants reported in Chapter 4.
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Kozak sequence [116]. The codon-harmonised version of the pfcrt coding sequence encodes
a version of PfCRT that is free of endolysosomal trafficking motifs (Section 1.6.1.4). These
modifications are thought to enable the expression of PfCRT at the plasma membrane of X.

laevis oocytes.

Briefly, a panel of high-fidelity polymerases was screened to determine which polymerases
were suitable for amplifying the PfCRT template using the desired primer combinations. The
panel consisted of Phusion (ThermoFisher Scientific) Advantage® 2, Advantage® -HF 2, LA
Taqg®, and Advantage®-HD (all four purchased from TaKaRa Bio). The reaction composition
for each of the enzymes tested is shown in Table 2.2. A subset of constructs including the
double, triple, or quadruple mutants in Chapter 4 were generated using multiple primers to
create constructs harbouring permutations of the desired mutations. The composition of the
reactions was the same as that described in Table 2.2 with minor modifications; both sense
and antisense primers to introduce the first mutation were included, but only the sense primer

was included for all other mutations.

Table 2.2: Reaction composition for PCR using the panel of high-fidelity polymerases.

Advantage® 2 | Advantage®-HF 2 | Advantage®-HD | LATag® | Phusi o

Component Required volume (uL)

Templ ate (20 2.5 2.5 2.5 2.5 2.5
Primers (50n g/ ¢ L e 3.75 3.75 3.75 3.75 25
Buffer 2.5 25 5 25 5
dNTPs?2 0.5 25 0.5 0.5 0.5
Nuclease-free water 15.5 13.5 13 15.5 14.25
Polymerase 0.25 0.25 0.25 0.25 0.25

aThe dNTPs used were either provided as part of a proprietary mix (Advantage® 2 and Advantage®-HF 2) or
consisted of a 10 mM stock of dNTPs within which each dNTP was present at 2.5 mM.

Polymerase chain reaction (PCR) was performed using the following conditions: 95°C for 1
min (initial denaturation) followed by 30 cycles of 95°C for 30 s, 55°C for 1 min, 68°C for 8 min.
A final extension step at 68°C for 10 min was used to ensure all final products were completed.
The annealing temperature was increased to temperatures between 561 65°C for primers with
significant secondary structure and reduced to 45°C for cases where the melting temperature
(Tm) of the primers was lower than 50°C. An alternate cycling protocol was used for the Phusion
polymerase as per the manufacturersé instructions: 98°C for 5 min (initial denaturation)
followed by 30 cycles of 98°C for 30 s, 55°C for 1 min, 72°C for 3 min and a final extension
step at 68°C for 10 min.
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Gel electrophoresis was carried out using a 1% (w/v) agarose gel to verify that a PCR product
of the correct size (~4,000 bp) had been produced. The running buffer used was 1x Tris-
Acetate-EDTA (TAE) buffer consisting of 40 mM Tris base, 20 mM acetic acid, 1 mM disodium
ethylenediaminetetraacetic acid (EDTA, pH 8.3). After a polymerase was chosen, additional
PCR reactions were performed to generate sufficient quantities of the PCR product if required.
The PCR product was purified using the Wizard® SV PCR purification kit (Promega) or the
PureLinkE PCR Purification kit (Invitrogen) according to the manufacturersdinstructions. In
both cases, a modified elution step using a 5 min incubation at 40°C was performed. To
remove the methylated template plasmid, a Dpnl digest of the product was performed
overnight in a 60 L reaction composed of 1x Buffer Tango (Life Technologies), 30 units of
Dpnl, and the PCR product. The digest was then purified and a second Dpnl digest performed
for a minimum of 4 h. After purification, the concentration of the purified PCR product was
measured using the NanoDrop™ 1000 ( Ther moFi sher Scientific) a
instructions and compared with the concentration of the initial PCR product before treatment
with Dpnl. Further Dpnl digests were performed if a decrease in concentration was not

detected.

Transformation of tSelectgolG&ficiencyacels(Bidline) wag perforthed
using a heat-shock method. These competent E. coli cells harbour recAl and endA1 mutations
that facilitate the stability of the desired plasmid within the cell: the recAl mutation inactivates
the recombinases thus preventing homologous recombination, and the endAl mutation
inactivates an intracellular endonuclease that would otherwise degrade the plasmid. Briefly, 1
puL of PCR product (concentration between 5i 30 ng/uL) was mixed with 20 uL of competent
cells on ice. This mixture was incubated on ice for 10 min, followed by a heat-shock for 2 min
at 37°C, and then incubated on ice for a further 10 min. After this incubation, 300 pL of Luria-
Bertani (LB) broth (10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium chloride) was added to
the mixture. The cells were incubated at 37°C with shaking for 1 h, after which 100 pL of the
reaction was plated onto LB agar plates (10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium
chloride, 15 g/L agar) containing 100 pg/mL ampicillin. The plates were incubated at 37°C

overnight.

Isolated colonies obtained after the incubation were streaked onto fresh plates the following
day. Cultures of these colonies were prepared by inoculating 10 mL LB broth supplemented
with 100 pg/mL ampicillin with isolated colonies and incubating overnight at 37°C, with shaking.
The following day, centrifugation at 10,000 x g was used to pellet cells. Following the removal

of the LB broth, the SV Wizard® Miniprep kit was used to isolate plasmid DNA according to
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the manufacturerséinstructions. A modified elution step consisting of two 5 min incubations at
40°C was performed using a volume of 50 yL ultrapure water in each case, followed by
centrifugation at 16,000 x g. This step was modified from the manufacturerséinstructions to
ensure maximum yields were achieved. Agarose gel electrophoresis was performed to confirm
that the size of the extracted plasmids matched that of the PfCRT plasmid. The concentrations
of the plasmids were measured using the NanoDrop™ 1000 as per t he manuf
instructions. Sequencing was then undertaken by the Australian Cancer Research Foundation
Biomedical Resource Facility (ACRF BRF, Australian National University) or at the Australian
Genome Research Facility (University of Queensland) to determine whether the desired
mutations had been introduced. A second sequencing reaction was then undertaken to confirm
that the pfcrt coding sequence of each clone that contained the desired mutation was free of
PCR errors. The sequence of the pGHJ vector primers used to sequence the pfcrt coding

sequences are provided in Table 2.3.

2.3.2 Generation of epitope-tagged coding sequences of PICRT and PfNT1

A co-immunoprecipitation experiment was designed to investigate whether PfCRT forms
dimers when expressed in X. laevis oocytes. As part of the experimental design, two variants
of PICRT that harbour a different epitope tag were required. The epitope tags chosen for the
experiment were the haemagglutinin (HA) and myc tags due to the availability of anti-HA resin

as well as anti-HA and anti-myc antibodies.

A previous study demonstrated that HA-tagging at either the N-terminus or C-terminus of
PfCRTP® did not hinder the expression of a functional protein at the plasma membrane of the
oocyte [116]. However, only the C-terminal HA-tagged PfCRTP9 variant retained similar levels
of CQ transport activity as the non-tagged protein [116]. Hence, C-terminal myc-tagged
variants of PFCRT were generated. Primers were designed to encode the myc (EQKLISEEDL)
protein tag following the end of the pfcrt coding sequence, as shown in Table 2.4. Preliminary
western blot analyses revealed that the detection of PFCRTP%-myc using the anti-myc antibody
resulted in a weak signal. Thus, a primer encoding three myc tags was used to add additional
myc tags to the coding sequence of PfCRTP“-myc using the method described below. In
addition, a spacer sequence encoding three amino acids (alanine-valine-alanine) was inserted
between the myc tags to ensure that the epitopes would be accessible to antibodies when
translated into protein. This process resulted in the creation of two pfcrt®® coding sequences

harbouring either three or four myc tags.

95



Chapter 2

Table 2.3: Sequencing primers used to confirm that the desired coding sequences have been obtained.

Template Sequencing pri mer Sense or antisense Position in sequence
pGHJ vector primer TAATACGACTCACTATAGGG Sense Upstream of coding sequence near the T7 promoter
pGHJ vector primer ACTCCATTCGGGTGTTCTTG Antisense Downstream of the coding sequence but prior to the polyA tail
PfMDR1 CCGTCTCACCTTGTGTATCAC Sense Nucleotides 5761 596 of coding sequence
PfMDR1 CGGCTTTTGGTATGGTAC Sense Nucleotides 8761 893 of coding sequence
PfMDR1 GAAAGACTCTATGATCCTACGG Sense Nucleotides 1279i 1301 of coding sequence
PfMDR1 GATATGCGAACACAATCTTC Sense Nucleotides 1880i 1899 of coding sequence
PfMDR1 CTTCATAATGCTATTCCTAG Sense Nucleotides 2739i 2759 of coding sequence
PfMDR1 CTACGTTTCATAGTCTTTTCTAC Antisense Nucleotides 25751 2597 of coding sequence
PfMDR1 CAGGTTTTTATTGATTCTAATTC Antisense Nucleotides 3341i 3363 of coding sequence
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Table 2.4: Primer sequences used to generate C-terminal epitope-tagged coding sequences of PfCRT, PfNT1, and PfMDR1.

gctaatcagcttctgttcTGCCACAGCaaccagatcttcttcgctaatcag

Template | Epitope SensePCR pri m&® 56 Y Anti sense PCR primer 56 Y Resultingconstruct

PfMDR1INYSND | oxHA CGAGGATCCGCCGCCACCATGGGCAAA CGAGAATTCTTAtgcatagtcaggaacatcataaggatatgccactgctgcatagtcaggaacatcatat | PIMDRINYSNP-2xHA
ggataGGCCACGGCTTTTGCCAGTTTCACATACTTTTTG

PfCRTP® 1xmyc CGAGGATCCGCCGCCACCATGAAATTCGCCTCTAAGAAAAAC | CGAGAATTCTTAaaccagatcttcttcgetaatcagcttcTGTTCTGCAACAGCCTGTGTTGC | PICRTP2-myc
AGCACTGTCTAC

PfCRTP®-myc | 3xmyc® CGAGGATCCGCCGCCACCATGAAATTCGCCTCTAAGAAAAAC | CGAGAATTCTTAAaccagatcttcttcgctaatcagettetgttcAGCCACAGCaaccagatcttcttc | PICRTP2-3xmyc
gctaatcagcettctgttcTGCCACAGCaaccagatcttcttcgctaatcag PfCRTP-4xmyc

PfNT1 1xHA CGAGGATCCGCCGCCACCATGAGTACCGGTAAAGAGTCATCT |CGAGAATTCTTAAACagcgtaatctggaacatcataTGGGTATGCAACAGCTTGTGTTAC |PiNT1-HA
ATCGATGGGTGG

PfNT1 1xmyc CGAGGATCCGCCGCCACCATGAGTACCGGTAAAGAGTCATCT |CGAGAATTCTTAaaccagatcttcttcgctaatcagetictgTTCTGCAACAGCTTGTGTTACA | PINT1-myc
TCGATGGGTGG

PfNT1-myc 2xmyc CGAGGATCCGCCGCCACCATGAGTACCGGTAAAGAGTCATCT |CGAGAATTCTTAAaccagatcttcticgctaatcagcettctgttcAGCCACAGCaaccagatcttcttc | PINT1-2xmyc

aLowercase teal nucleotides denote the sequence encoding the epitope tags 0 noting that all variants with multiple epitope tags contain spacers between each tag.
PPCR using the 3xmyc antisense primer and PfCRTP%-myc template resulted in both the creation of PFCRTP%-3xmyc and PfCRTP%2-4xmyc within the same reaction. This is likely due to the priming of PfCRTP¢2-
3xmyc products by the 3xmyc antisense primer to generated in the early cycles of the reaction. Bold text denotes restriction enzyme sites within the cloning primers and underlined text denotes a synthetic Kozak

sequence.
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Additionally, as a control for immunoprecipitation experiments using epitope-tagged PfCRT
constructs, C-terminal myc-tagged or HA-tagged versions of PfNT1 were generated. In each
case, the sense primer included a BamHI site followed by the synthetic Kozak sequence
(GCCGCCACQCQ) in front of the start codon, and the antisense primer included an EcoRI site
downstream of the stop codon (Table 2.4). To insert the desired epitope tags, PCR was used
to amplify either the pfcrt or pfntl coding sequence from templates consisting of the non-
tagged genes inserted into pGHJ [116, 140, 142]. In all cases, the HF2 polymerase was used
for the generation of epitope-tagged sequences. The cycling conditions were as described in
Section 2.3.1 using an altered extension time of 2 min (PfCRT and PfNT1). Using a 1% (w/v)
agarose gel, gel electrophoresis was performed to determine whether a PCR product of the
desired size had been obtained. Following electrophoresis, a portion of the gel with a lane
containing 1 kb ladder (New England Biolabs) and a lane containing 3 uL PCR product was
stained using an ethidium bromide post-staining solution and visualised using a UV
transilluminator. This portion of the gel was then used to determine the position of the desired
PCR product on the unstained portion of the gel. The band was then excised from the gel and
purified using the SV Wizard® PCR and Gel Purification kit (Promega) according to the
manufacturersdinstructions. A modified elution step consisting of a 5 min incubation at 40°C
was performed. The concentration of the PCR product was measured using the NanoDrop™
1000 (ThermoFi sher Sci ent iinktiuaigns. Bigestipneofthe punifeed
PCR product was performed overnight at 37°C in a reaction consisting of 1x REact® Buffer 3,
5 units of EcoRI, and 5 units of BamHI. The product was subsequently purified using the SV
Wizard® PCR and Gel Purification kit.

Likewise, 5 ug of the pGHJ vector was digested overnight at 37°C using 1x REact® Buffer 3,
5 units of EcoRlI, and 5 units of BamHI. Gel electrophoresis was performed to determine that
the vector had been fully linearised before the vector was purified from the gel as previously
described. To prevent re-ligation of the linearised vector, dephosphorylation of the vector was
achieved by incubation in 1x FastAPE buffer with 10 units of FastAPE Thermosensitive
Alkaline Phosphatase (ThermoFisher Scientific) for 30 min at 37°C. The reaction was
inactivated for 5 min at 75°C before purification of the vector using the SV Wizard® PCR and
Gel Purification kit. To ensure complete dephosphorylation of the linearised vector, the

dephosphorylation and purification steps were repeated.

Ligation of the PCR product into the linearised, dephosphorylated pGHJ vector was carried
out overnight at 4°C in a 40 pL reaction consisting of 1x T4 ligation buffer (New England
Biolabs), 400 units of T4 DNA ligase (New England Biolabs), 70 ng of the prepared pGHJ

vector, and the prepared PCR product at an insert:vector molar ratio of 5:1. A fraction of the
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ligation reaction (5 pL) was transformed into 50 pL of competent cells as previously described
(Section 2.3.1). Colonies obtained after transformation were streaked out onto LB agar plates
supplemented with 100 pg/mL ampicillin. Colony cracking was conducted to screen for positive
clones. This method allows for the visualisation of plasmid DNA from a putative clone via
agarose gel electrophoresis following the preparation of a crude cell lysate and is therefore an
efficient and cost-effective method of screening multiple clones. Colony cracking was
performed by transferring a small amount of each colony into a microcentrifuge tube. The cells
were then resuspended using 30 pL of cracking buffer (50 mM sodium hydroxide, 0.5% (w/v)
sodium dodecyl sulfate (SDS), 5 mM EDTA) and incubated at 65°C for 15 min. Following a 2
min incubation on ice, tubes were centrifuged at 16,000 x g for 10 min to pellet any cellular
debris. The supernatant from each colony was then loaded into an individual well of a 1% (w/v)
agarose gel using a dry-loading technique. The wells of the gel were then sealed with molten
agarose prior to electrophoresis. The size of the plasmids extracted from cracked colonies was
then compared to the size of the control pGHJ vector and the template plasmid to identify
putative clones. Plasmid was extracted from overnight cultures of putative clones and
sequenced at the ACRF BRF (Australian National University) as previously described (Section
2.3.1). Clones that possessed plasmid that had successfully incorporated the coding sequence
for the epitope-tagged protein were then fully sequenced to verify that the coding sequence

was free of undesired mutations.

2.3.3 Generation of exon deletion variants of PfCRT

The method of PCR-driven overlap extension was used to generate constructs encoding
variants of PfCRT that lacked one or more internal exons [544]. This PCR-based method relies
on the creation of gene segments that can then serve as a template to generate the desired
full-length product (Figure 2.2). To generate each construct, primers were designed to amplify
the two regions of the PICRT sequences that were to be retained in the final construct.
However, the antisense primer for segment 1 and the sense primer for segment 2 were
designed so that they each encoded the sequence that represented the new junction between
segment 1 and segment2as wel | as at |l east 20 bp of 't
end (refer to Table 2.5 for the primer sequences). The first round of PCR was performed to
generate a high yield of each fragment. The cycling conditions were as previously described
(Section 2.3.1) but used a shorter extension time of 1 min. Agarose gel electrophoresis was
used to confirm that the gene segments were the correct size. The bands corresponding to the
sizes of the gene segments were then purified using the Wizard® SV Gel and PCR Clean-Up
kit according to the manufacturersd instr

combined, and used as template for the second round of PCR. Agarose gel electrophoresis
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First round PCR
T o

segment1 segmentfor deletion segment2
JlI.lI.IlIJ.ILIJL/@[ JITTITITTTE
Generation of gene segments
with overlapping regions
T segment1 [
Second round PCR
TN

Generation of final
PCR product

segment1 segment2
segment1 segment2

Figure 2.2: Generation of PfCRT exon deletion variants using a PCR-driven overlap extension
method.

PCR-driven overlap extension relies on two rounds of PCR to delete specific regions from the gene
sequence. The first round of PCR relies on the use of two sets of primers to generate the desired gene
segments to be included in the final product. The internal primers encode the sequence that will span

the new junction; hence, each gene segment encodes
region at the end of segment 1, and the purple region at the start of the segment 2). The gene segments

from the first round of PCR act as the templates for the second round of PCR. Together, they allow for

the creation of the final product that contains the desired deletion. Minor products may also be formed;

however, agarose gel electrophoresis and subsequent gel purification of the desired product can be
performed before ligation of the PCR product into the appropriate vector.
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Table 2.5: Primer sequences used to generate exon deletion variants of PfCRT.

Template | Deletion Sense primedgr 56 Y 306 Antisense prd mer 506 Y |Resultingconstruct
PfCRTP® | Exon 7 CTTTCTGAAAGAAQQagqcqgaAACTGTGGGCTAGGTATGGCG CCTAGCCCACAGTTtccgcectcc TTCTTTCAGAAAGGGTAGCGTGTATAC | e xPICRTP®
PfCRT?® | Exon 8 GAAACACCGTAGTAGAGQgagacggaT GGAAAACGTTCGCGTTATTTTC | AACGCGAACGTTTTCCALccgectccCTCTACTACGGTGTTTCTGCCTAG | qpe xFECRTP®?
PfCRTP®? |Exon7i8 |CTTTCTGAAAGAAggaggcggalGGAAAACGTTCGCGTTATTTTC CGAACGTTTTCCAtccacctccTTCTTTCAGAAAGGGTAGCGTGTATAC e x 7PFCRTP?
PfCRT™ |Exon3i4 |GAAAGGGAATAGCAAACCGGTTTGCTTCTCCAACATGACAC GGAGAAGCAAACCGGTTTGCTATTCCCTTTCTTGTTACC e x PFCRTP?
PfCRTC® ;':::23 CGAGGATCCGCCGCCACCATGAAATTCGCCTCTAAGAAAAAC CGAGAATTCTTACTGTGTTGCAGCGCT Al constructs

aUnderlined nucleotides denote the junction formed after the removal of the indicated exon; bold, lowercase nucleotides denote the sequence encoding the triple glycine linker that was inserted to act
as a replacement linker. Purple nucleotides denote the segment 1 side of the junction while teal nucleotides denote the segment 2 side of the junction. Bold and uppercase text denotes restriction
enzyme sites within cloning primers while underlined text denotes a synthetic Kozak sequence.
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was then used to verify that the desired product had been created. The band containing the
desired product was cut out from the gel and purified using the Wizard® SV Gel and PCR
Clean-Up kit according to the manufacturersao
product was then digested overnight at 37°C in a reaction consisting of 1x REact® Buffer 3, 5
units of EcoRlI, and 5 units of BamHI. The product was subsequently purified and ligated into
the prepared pGHJ vector. Screening of clones and sequencing was then carried out as
previously described (Section 2.3.2).

2.4 Preparation of PFIMDR1 sequences for expression in X. laevis
oocytes

2.4.1 Codon harmonisation of the pfmdrl coding sequence

The native coding sequence of wild-type PfMDR1 was harmonised using the approach of
Martin et al. [116]. Briefly, at each position of the sequence, the frequency of the native codon
(i.e. from P. falciparum) was matched to the synonymous codon with the closest codon
frequency in X. laevis with reference to the codon usage databases for the two organisms
(https://Iwww.kazusa.or.jp/codon/). Efforts were made to ensure that rare X. laevis codons were
used in all positions where a rare codon was found in the native pfmdrl coding sequence,
noting that there are rare codons in P. falciparum that cannot be perfectly matched in X. laevis.
An example is the aspartate-coding codon GAC, which in P. falciparum has a frequency of 8.6
per 1,000. In X. laevis, the frequency of GAC is 22.6 per 1,000 and the alternative codon GAU
is 30.3 per 1,000; thus, there is no rare aspartate-coding codon. In contrast, the threonine-
encoding codon ACC has a frequency of 4.8 per 1,000 in P. falciparum, which can easily be
matched by the alternate threonine-encoding codon ACG in X. laevis, which has a frequency
of 4.7 per 1,000. Following codon harmonisation, analyses of the final coding sequence were
performed in collaboration with GenScript to check additional parameters, including (1) the
secondary structure of the sequence and the annealing temperatures of putative structural
loops, (2) repeated sequences within the coding sequence, (3) the length of polyA and polyT
runs and, (4) putative alternative splicing sites. Further modifications were then made to the
sequence to minimise any issues that were identified from these analyses. The final coding
sequence was then synthesised by GenScript and inserted into the pGHJ vector between the

BamHI and EcoRI sites.

2.4.2 Multiple sequence alignment of MDR1 proteins

PfMDRL1 is localised to the membrane of the p a r a sdigestvé gacuole, a lysosomal-type

compartment. Trafficking to this compartment may be dependent on the presence of
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endolysosomal motifs [241, 259]. Such motifs may hinder the characterisation of transporters
in X. laevis oocytes by directing the transporters to internal membranes, thus preventing their
expression at the surface of the oocyte for study [187-197]. Hence, to investigate whether
conserved endolysosomal trafficking motifs are present in the termini of the protein, a multiple
sequence alignment was generated. Using the sequence of PIMDR1 (PF3D7_0523000) as
the query sequence, a Basic Local Alignment Search Tool (BLAST) search was performed to
retrieve proteins belonging to the MDR1 family from the National Center for Biotechnology
Information (NCBI) database. A representative selection of 62 proteins, including those for
which structures have been determined, were aligned using the ClustalW program [545]. The
resulting alignment was edited in MacVectora 12.7.5. The termini were inspected for canonical
sequences of putative endolysosomal trafficking motifs, including dileucine and tyrosine-based
motifs (Section 1.5.1.2). Inspection of the termini revealed a dileucine motif at positions 31i
32 whichmay be involved in trafficking of the prote
pfmdrl coding sequence that lacked this motif was synthesised by GenScript to determine
whether removal of the motif resulted in greater expression of PIMDR1 in X. laevis oocytes.

2.4.3 Generation of coding sequences of PFIMDRL1 variants

To generate the coding sequences of different variants of PfIMDR1, site-directed mutagenesis
was performed as described in Section 2.3.1, using the primer pairs and templates listed in
Table 2.6. Modifications were made to the PCR conditions to accommodate the longer size of
the gene (~3x longer than the pfcrt coding sequence). The PCR conditions therefore consisted
of 95°C for 1 min (initial denaturation), followed by 30 cycles of 95°C for 30 s, 55°C for 1 min,
68°C for 12 min. A final extension step of 68°C for 12 min was used to ensure the completion
of the final PCR products. Digestion of the products to remove methylated template DNA and
transformation of the PCR product into competent cells was carried out as previously described
(Section 2.3.1). Sequencing of the PfIMDR1 plasmids from putative clones was undertaken at
the ACRF BRF (Australian National University) using the sequencing primer that would bind
closest to the desired mutation. Additional sequencing reactions were performed using the
internal PFIMDR1 sequencing primers and pGHJ vector primers listed in Table 2.3. to ensure

that the pfmdrl coding sequence of each clone was otherwise error-free.

2.4.4 Generation of epitope-tagged PfMDRL1 variants

As antibodies to PfIMDR1 are not commercially available, a construct encoding a 2xHA tag at
the C-terminus of the wild-type PfIMDR1 (PfMDR1NYSNP-2xHA) variant was generated. The

resulting protein could then be detected using an anti-HA antibody. Moreover, this variant was.
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Table 2.6: Primer sequences used to introduce mutations into the PFMDR1 coding sequence via site-directed mutagenesis.

Template Mutation Sense prim&r 56 Antisense prd mer Resulting construct

PfMDR1NYSND N86Y CATGtatCTGGGGGA CCAGataCATGTTCTTCAG PfMDR1YYSNP

PfMDR1NYSND Y184F CTGGGGCTTHHATTTGGTCG CAAATaaaAAGCCCCAGGAACG PfMDR1NFSNP

PfMDR1NFSNP N1042D TGTTTATTgatAGTTTCGCGTAC GTACGCGAAACTatcAATAAACA PfMDR1NFSPP

PfMDR1NFSPD S1034C GGTTTCtgtCAATCGGCGCAA CGATTGacaGAAACCCCATAG PfMDR1NFCPD

PfMDR21NFePD D1246Y CCTGAGGtatCTTAGAAA TTTCTAAGataCCTCAGG PfMDR1NFEPY

PfMDR1NYSND E588Q CTAATTCTTGACcagGCAACAAG CTTGTTGCCctgGTCAAGAATTAG 588Q-PfMDR1NYSND
588Q-PfMDR1NYSND | E1337Q GCTTCTGGACcagGCTACAAG CTTGTAGCctgGTCCAGAAGC 588Q,1337Q- PfMDR1NYSND

aMutated codons are shown in lowercase.
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used to validate anti-PfMDR1 antibodies that had been custom synthesised by GenScript
Generation of the PfIMDR1NYSNP_-2xHA construct was carried out as previously described
(Section 2.3.2) with modifications made to the PCR conditions to allow for an extension time
of 5 min. Several attempts were also made to insert an N-terminal 2xHA-tag into PFMDR1NYSNP
(i.e. to generate 2xHA-PfMDR1NYSNP) using this method; however, these attempts were
unsuccessful. Consequently, two wild-type PfMDRL1 variants, harbouring a 3xHA tag at either
the N-terminus or the C-terminus (3xHA-PfMDR1NYSNP or PfMDR1NYSNP-3xHA) were obtained
from GenScript. After the expression of these tagged PfMDR1 variants was investigated in
oocytes (Section 6.8) the coding sequence of 3xHA-PfMDR1NYSNP or of the non-tagged variant
were then used by GenScript to generate the coding sequences of a set of 3xHA-tagged
variants: PfMDR1YYSNP | PfMDR1YFSNP PfMDR1FYSNP PfMDRINYSNP | PfMDR1NFCPY,
PfMDR1NFSPP and 588Q,1337Q-PfMDR1NYSND,

2.4.5 Preparation of HsP-gp, HSGLAST, and PfFNT coding sequences

The coding sequences of HsP-gp, HSGLAST, HsGLAST1b, and HsGLAST1c were purchased
from GenScript (catalogue nos: OHu23307, NM_000927; OHu26157, NM_004172;
OHul12141, NM_001166695.3; OHu10757, NM_001289940.1, respectively) and inserted into
the pGHJ oocyte expression vector between the previously described BamHI and EcoRI sites
by GenScript. The oocyte expression vector containing the pffnt coding sequence had
previously been made [546].

2.5 Preparation of constructs for microinjection into X. laevis
oocytes

2.5.1 Preparation of linear DNA templates for cRNA synthesis

Plasmids were linearised with Sall (ThermoFisher Scientific) in a reaction consisting of 1x
Buffer O, 40 pg plasmid, and 50 units of Sall. The reaction was incubated overnight at 37°C.
Gel electrophoresis was used to confirm complete linearisation of the plasmid prior to the
sy nt h e s icappeddompleidentary RNA (CRNA).

2.5.2 Primary method of cRNA preparation for microinjection into X. laevis
oocytes

2521 cRNA synthesis using the mMESSAGE MACHI

cRNA synthesis was carried out using the mMMESSAGE mMACHINEE T7 transcription kit
(Ambion). For PfCRT and PfNT1, cRNA synthesis was carried out in 40 pL reactions consisting

of 20 pL 2x NTP/CAP buffer, 4 uL of 10x T7 reaction buffer, 3 uL T7 enzyme mix, and ~2 ug
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of linearised plasmid. The reaction was then incubated at 37°C for 3i 3.5 h before digestion of

template plasmid using DNAse I.

Preliminary attempts to generate PIMDR1 cRNA using this method resulted in the production
of a very diffuse cRNA band, suggesting the presence of prematurely terminated transcripts.
The cause of these truncated transcripts may have been the depletion of GTP during the
reaction. Indeed, the NTP/CAP buffer provided in the mMMESSAGE mMACHINEE T7
transcription kit contains a 1:4 ratio of uncapped GTP:GTP cap analogue which is designed to
favour the production of co-transcriptionally capped transcripts. As the size of the PIMDR1
transcript is ~4,257 bp (and thus at least 3x the size of the transporters commonly studied in
the Martin Laboratory), modifications of the in vitro transcription protocol were trialled,
including: (1) altering the temperature of the reaction, (2) pre-denaturation of the template
DNA, and (3) varying the length of the incubation. The optimal results were achieved when
cRNA synthesis was carried out in 40 L reactions consisting of 20 uL 2x NTP/CAP buffer, 4
ML T7 reaction buffer, 3 pL T7 enzyme mix, and ~1 pg of linearised plasmid. The reaction was
incubated for 1 h at 37°C, following which, 1 pL of 30 mM GTP was added to the reaction
before another incubation at 37°C for 1i 1.5 h. This step of adding GTP mid-incubation
(performed only for HsP-gp and PfMDR1-encoding constructs) is important to prevent GTP
depletion in the reaction, decreasing the likelihood of incomplete transcription.

2.5.2.2  Purification of cRNA and verification of cRNA integrity

Following cRNA synthesis, DNAse | digestion was performed by the addition of 1 uyL DNAse |
into the reaction followed by incubation at 37°C for 35 min. Purification of the cRNA was then
performed using the MEGAclearE kit (Ambion) according to the manufacturersdinstructions.
The cRNA was precipitated overnight at -20°C after the addition of 10 uL 5M ammonium
acetate and 275 pL of ethanol to the 100 uL of cRNAr ecover ed usi ng kithe MEG,
Centrifugation was performed at 21,000 x g for 20 min at 4°C to pellet the cRNA. The
supernatant was removed, and the pellet washed in 1 mL of 70% (v/v) ethanol, with a spin
step at 21,000 x g for 15 min at 4°C. The ethanol was removed, and an additional spin step
for 1 min performed to assist with the removal of residual ethanol. The pellet was then
resuspended in elution buffer to obtain the desired concentration of cRNA. The concentration
of the cRNA was measured using the NanoDrop™ 1000 (ThermoFisher Scientific) as per the

manuf act ur er s adjustadtusing elution buffer where necessary.

The integrity of the cRNA was then verified using agarose gel electrophoresis. For cRNA

encoding either a PfCRT variant or a PfNT1 variant, a 1.5% (w/v) agarose gel was used and
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for cRNA encoding a PIMDRL1 variant, a 1% (w/v) agarose gel was used. A 1.5 pL aliquot of
cRNA was mixed with 1x RNA loading dye (6.25% (v/v) glycerol, 0.625% (v/v) SDS, 0.232 mM
xylene cyanol, 0.18 mM bromophenol blue) before loading onto the gel. For PIMDR1-encoding
cRNA, the aliquot of cRNA and loading dye was heated at 65°C for 10 min to denature the
cRNA prior to loading on the gel. After visualisation of the gel, quantification using Image J
version 1.52a software [547] was performed to determine the intensity of the bands and to

confirm that the concentration between different batches of cRNA was consistent.

2.5.3 An alternative method for cRNA synthesis using sequential in vitro
transcription and transcript capping

2531 Invitrot ranscri pti on usi ng-YielhT@ traAsoptionkBcr i be E Hi g

An alternative method was developed to generate high-quality capped PIMDR1 cRNA. As

mentioned, preliminary attempts to generate PfMDR1 cRNA using the mMESSAGE

mMMACHI NEE T 7 t kitaesulted inthe grdduction of truncated transcripts (Section

2.5.2.1), likely due to GTP depletion on account of the low concentration of GTP provided in

the kit which promotes co-transcriptional capping. A solution to this possible GTP depletion is

to sequentially transcribe and then cap the cRNA molecules, thereby removing the need to

include the GTP cap analogue in the in vitro transcription reaction and allowing for a greater
concentration of GTP to be used. Carrying out these steps sequentially requires two kits

one for cRNA transcription and one for capping the cRNA transcripts. Several commercial kits

are available for transcribing cRNA that differ in the yield of cRNA produced and the

formulation of ribonucleosides (either as a combined mix or as separate solutions). Of these

kits,th e Amp | i Sc rYield €7Brankcripgidn kit (Epicentre, catalogue no: AS3107) was

chosen because it produces a yield of 1001 150 pg of cRNA from a 20 pL reaction volume (i.e.

ayield4f ol d greater than that produced in the mMES
kit). In addition, the Amp | i Scr i {ieldE T7Hrangchption kit also allows the user to

customise the amount of each of the four ribonucleosides used in the reaction since they are

supplied separately. Hence, cRNA synthesis was carried out in a 20 pL reaction consisting of

1 pg of linearisedt e mpl at e DNA, 2 OL of 10x Ampli ScribeE T
mM ATP, 1.5 pL of 200 mM CTP, 1.5 L of 100 mM GTP, 1.5 pL of 100 mM UTP, 2 uL of 100

mM DTT, 0.5 pL of RiboGuard RNase Inhibitor,a n d 2 OL of A mp | i $otution. b e E T7

The reaction was incubated at 37°C for 2 h in accordance with the manufacturerséinstructions.

After the reaction was complete, 1 uL of DNase was added to remove the template DNA, and
the reaction was incubated for 20 min at 37°C. The cRNA was purified but prior to precipitation

of the cRNA, its integrity was verified using agarose gel electrophoresis (Section 2.5.2.2).
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Once the quality of the cRNA was confirmed to be sufficiently high, ethanol precipitation was
carried out (Section 2.5.2.2) and the resulting cRNA pellet resuspended in nuclease-free water

at a concentration of at least 700 pg/uL.

2.5.3.2 Capping of cRNA using the Vaccinia Capping System

The Vaccinia Capping System (New England Biolabs, catalogue no: M2080) was used to post-
transcriptionally cap the cRNA synthesised withthe Amp | i Sc r i -NieldET7 trhnsgription
kit. The system is based on the mRNA capping enzyme from the Vaccinia virus and uses a
two-step enzymatic protocol whereby the Vaccinia Capping enzyme first adds the Cap 0

structure (orthe 7-met hyl guanyl ate cap structure) to

is typically required for the translation of the cRNA inthe eukar yot i ¢ sy st-©im)

methyltransferase (provided in the kit) generates the Cap 1 structure (analogous to the cap

anal ogue that is incorporated in the c¢RINA

transcription kit). This cap structure enhances cRNA stability, promotes translation [540, 542]
and has been shown to reduce the likelihood of triggering unwanted cellular responses in other
cell systems [548, 549]. First, 20 ug of cRNA (in a volume of 29 uL) was denatured at 65°C for
5 mins, and then incubated on ice. At this point, 4 pL of 10x Capping Buffer, 2 pL of 10 mM
GTP, 2 pL of a fresh 2 mM stock of S-adenosylmethionine, 1 pL of RNAse-free murine RNAse
inhibitor, and 2 pL of the Vaccinia Capping enzyme mix were added. The reaction was mixed
and microcentrifuged briefly and then incubated for 1 h at 37°C. The cRNA was then purified

and its integrity was assessed via agarose gel electrophoresis (Section 2.5.2.2).

2.6 Harvest, preparation, and microinjection of X. laevis oocytes

Female X. laevis frogs were purchased from Nasco (Fort Atkinson, USA). Ethical approval of
the work performed was obtained from the Australian National University Animal
Experimentation Ethics Committee (Animal Ethics Protocol Number A2013/13 and A2019/26)
in accordance with the Australian Code of Practice for the Care and Use of Animals for

Scientific Purposes.

Frogs were anaesthetised by submersion in a solution of 1 mM NaHCO3; and 1.6 g/L ethyl 3-
aminobenozoate methanesulfonate salt (Sigma-Aldrich). After confirmation that the
anaesthesia was complete, the frog was placed ventral-side up on ice. A 1 cm incision was
made through the abdominal and muscle layers. Sections of ovary were removed with
tweezers and placed in a pre-weighed dish containing calcium-free oocyte ringer solution
(OR27; 82.5 mM NacCl, 2.5 mM KCI, 1 mM MgCl;, 1 mM Na;HPO4, 5 mM HEPES; pH 7.8). The
muscle incision was closed using an absorbable suture, and the skin incision was closed using
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a non-absorbable suture (B. Braun). After the frogs had recovered from the anaesthetic and

were fully conscious, they were submersed in water.

Sections of ovary were cut into uniform pieces of approximately 20 oocytes and placed in a
100 mL Erlenmeyer flask for digestion of the collagenous membrane encasing the oocytes by
collagenase enzymes. The mass of the ovary sections was determined and used to calculate
the amount of collagenase D or B to be used in the digestion reaction. The choice of enzyme
was determined by the age of the frog and the quality of the oocytes. Adequate digestion was
achieved using collagenase D when oocytes were harvested from older frogs that had oocytes
surrounded by a relatively thin layer of collagen. However, oocytes encased in thicker layers
of collagen, typically obtained from younger frogs, could not be easily digested using
collagenase D. In these cases, collagenase B was used. Digestion was carried out by
overnight incubation of the oocytes in 25 mL of OR2" solution containing 5 mg/mL bovine serum
albumin (BSA) and 9 mM Na;HPO,. This overnight incubation was done at 16°C with the flask
placed on an orbital shaker at low speed (enough for gentle circulation to assist with
defolliculation). The following day, once oocytes were no longer associated with collagen,
blood vessels, follicle cells, or other oocytes, the flasks were rinsed ten times with OR2", and
then five times with calcium-c ont ai ni ng oocyte ri ®g2e budfer
supplemented with 1 mM CacCl,). For experiments to characterise variants of PFCRT or PfNT1,
all oocytes (including controls) were incubated in OR2* solution supplemented with either
gentamicin (50 pg/mL) or penicillin/streptomycin (final concentration of 10 units/L penicillin and
10 mg/L streptomycin). For experiments involving the characterisation of PIMDR1 in X. laevis,
all oocytes (including controls) were incubated in half-strength Leibovitz (0.5x L-15) media
containing L-glutamine (Sigma-Aldrich), supplemented with 10 mM HEPES, 10 units/L
penicillin, and 10 mg/L streptomycin. The optimisation of the storage conditions for oocytes

used for the expression of PIMDRL1 is described in Chapter 6.

Healthy oocytes of stage V and VI [550] were selected for microinjection using the Nanoliter
20000 Injector (World Precision Instruments Inc). For PICRT and PfNT1, oocytes were
microinjected with 20 ng (equivalent to 40.4 fmol) of the relevant cRNA in a volume of 15 nL.
Where PfCRT was to be co-expressed with another transporter or transporter splice variant,
oocytes were microinjected with a pre-mixed cRNA solution containing cRNA encoding each
protein at the volume required to microinject the desired amount of cRNA. For experiments co-
expressing PfCRTP® with deletion variants of PfCRT, epitope-tagged PfCRT variants, or
epitope-tagged PfNT1 variants, the amount of cRNA (in fmol) was adjusted to reflect the slight
differences in molar mass between full-length, non-tagged PfCRT cRNA and the co-injected

transporter cRNA. For experiments co-expressing a transporter splice variant with 10 ng (i.e.
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20.2 fmol) of PfCRTP?, the amount of transporter splice variant used was 25 fmol. In these
experiments, elution buffer was added to the pre-mixed cRNA to ensure that all oocytes were
microinjected with the same volume, regardless of cRNA type. To express PfMDR1, oocytes
were microinjected with the desired amount of cRNA (11 60 ng) in a volume of 15 nL. For each
experiment, oocytes that had not been microinjected with cRNA were set aside for use as non-
expressing controls, serving as the negative control in all western blot analyses and transport
assays. In transport assays to measure drug efflux via variants of PfIMDR1 or HsP-gp, PINT1-
expressing oocytes were used as an additional negative control, given that the substrates of
the transporter are well-defined and do not include quinoline drugs [138-140]. The PfNT1-
expressing oocytes were used to verify that the membrane integrity of the oocytes had not
been compromised by the heterologous expression of a transporter, thereby confirming that
the drug efflux observed in HsP-gp-expressing oocytes and PIMDR1-expressing oocytes was

not due to non-specific leakage.

Oocytes injected with PfCRT and/or PfNT1 cRNA (and the accompanying negative control
oocytes) were incubated in OR2* buffer supplemented with gentamicin or penicillin and
streptomycin. Oocytes for use in experiments characterising PIMDR1 (both oocytes injected
with PfIMDR1 cRNA and the control oocytes used for these experiments) were incubated in
0.5x L-15 media supplemented with 10 mM HEPES, penicillin, and streptomycin as described
previously. All oocytes were stored at 167 18°C, and the buffer was changed daily. An overview
of the methodologies employed to achieve protein expression and functional characterisation

of the transporters studied in X. laevis oocytes in this Thesis is provided in Figure 2.3.

2.7 Primary antibodies used in western blotting and fluorescence-
based applications

2.7.1 Anti-PfCRT antibodies used for detection of PfCRT

Western blot analyses and fluorescence-based applications to investigate the expression or
localisation of PICRT in X. laevis oocytes were performed using a polyclonal rabbit anti-PfCRT
antibody that was raised to a synthetic peptide. This peptide encodes the first fourteen N-
terminal amino acids of the PICRT sequence (MKFASKKNNQKNSS). This antibody was also
used for western blotting analyses using protein prepared from P. falciparum parasites and
has been previously validated [347]. A second PICRT antibody raised to a synthetic peptide
encoding amino acids 4001 414 in the C-terminus of the protein (RKKMRNEENEDSEGE) was
used to detect PfCRT protein in protein prepared from P. falciparum parasites. This antibody

could not be used to investigate PfCRT in the oocyte system as its cognate peptide encodes
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putative trafficking motifs -ftrreaetd ,-nammowadmemoyv ed f
coding sequence (Section 1.6.1.4), and hence does not react with the variants generated on

the 6 moft ri &ceddbn-harmonised pfcrt coding sequence. Both antibodies were previously

synthesised by GenScript.

2.7.2 Anti-PfMDR1 antibodies used for detection of PIMDR1

Two anti-PfMDR1 antibodies were used to investigate the expression of PIMDRL1 in both P.
falciparum parasites and oocytes expressing PIMDR1. Both antibodies are rabbit polyclonal
antibodies synthesised by GenScript. The first was raised to a synthetic peptide comprised of
the first fourteen N-terminal residues of PIMDR1 (MGKEQKEKKDGNLS). The second
antibody was raised to a synthetic peptide encoding a region of fourteen residues within
transmembrane domain (TMD) 11 (KAIDYKNKGQKRRI).

2.7.3 Anti-P-gp antibodies used for detection of HsP-gp

Two monoclonal mouse antibodies used for detection of HsP-gp via western blotting were
obtained from Santa Cruz Biotechnology (catalogue no: sc-55110, clone D-11; sc-13131,
clone G-1). Both antibodies were raised against a segment of HsP-gp comprising residues
1040-1280. Both antibodies have been used in multiple publications for western blotting

applications [551-556] and do not cross-react with endogenous X. laevis proteins.

2.7.4 Antibodies used to detect epitope-tagged transporter variants

A mouse monoclonal anti-HA antibody was used for western blotting and fluorescence-based
applications to detect HA-tagged variants of PICRT, PfNT1, and PIMDR1. This antibody was
obtained from Sigma-Aldrich (catalogue no: H9658, clone HA-7) and was raised to a synthetic
peptide encoding the HA tag. This antibody has been used in multiple publications, including
two studies using X. laevis oocytes expressing an HA-tagged transporter and does not exhibit

cross-reactivity to endogenous X. laevis proteins [557, 558].

A mouse anti-myc antibody used for western blotting and fluorescence-based applications to
detect myc-tagged variants of PFCRT and PfNT1 was obtained from Sigma-Aldrich (catalogue
no: M4439, clone 9E10). The antibody was raised to a synthetic peptide of the human p62cMe
protein that encodes the myc tag sequence and has been previously used in multiple
publications, including three studies using X. laevis oocytes expressing myc-tagged proteins.

The antibody does not cross-react with endogenous X. laevis proteins [559-561].
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1. Complementary RNA (cRNA)encoding | 2, Transporteris expressed at
the transporter of interest is injected the plasma membrane
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3. Characterisation of expression levels and activity of the transporter
via a number of assays

A. Western blot analyses to investigate protein expression
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Figure 2.3: An overview of the methodologies used to express and characterise transporters
using the X. laevis oocyte system.

Healthy oocytes harvested from X. laevis frogs are microinjected with complementary RNA (CRNA)
encoding the transporter of interest. After 11 3 days the protein is expressed at the plasma membrane.
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The transporter can then be characterised using a number of assays which are typically performed on
the day of peak expression.

(A) Western blot analyses were used to investigate protein expression levels to determine whether
polymorphisms alter protein production. Two types of preparations were typically used: (1) total
membrane preparations that sample protein within the plasma membrane and internal membranes of
the oocyte, and (2) surface biotinylation which allows for the sampling of only membrane proteins at the
oocyte surface. Transporter-specific antibodies were used to detect the transporter of interest.

(B) Immunofluorescence-based assays were used to confirm the localisation of the transporter at the
plasma membrane of the oocyte or to determine the orientation of the transporter within the plasma
membrane. Both properties are important to understand how to perform the assays for measuring

substrate transport that reflect the direction of subst rate flux in the transporte

within the parasite.

(©)Radi ol abell ed substrate flux assays were use
or to determine whether particular polymorphisms alter the function of the transporter. Uptake assays
were used to measure the influx of radiolabelled substrates into the oocyte by incubation of the oocyte
in a solution containing the radiolabelled substrate. Efflux assays were used to measure the amount of
radiolabelled substrate that leaves the oocyte after the oocyte is injected with radiolabelled substrate
using a shallow-injection technique.
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2.8 Localisation of PICRT and PfMDRL1 in X. laevis oocytes

Immunofluorescence assays were performed on oocytes after 3 days post-cRNA injection (for
PfCRT detection) or after 1i 2 days post-cRNA injection (for HA-tagged PfMDR1 detection)
using a method adapted from Weise et al. [562]. Unless specified otherwise, both the
incubation and wash steps were conducted at room temperature with gentle shaking or
rotation. A volume of 500 pL was used for all incubation steps, and a volume of 1 mL was used
for all wash steps. Six oocytes of each treatment type were fixed for 30 min in a solution of 4%
(v/v) paraformaldehyde in phosphate-buffered saline (PBS; 10 mM phosphate buffer, 2.7 mM
KCI, 137 mM NaCl; pH 7.4). After three 10 min washes in PBS, oocytes were permeabilised
in 100% methanol at -20°C for 20 min, without shaking. Post incubation, three 10 min washes
in PBS were performed. The oocytes were then incubated in a blocking solution (4% (w/v)
BSA, 2% (v/v) normal goat serum, 0.1% (v/v) Triton X-100 in PBS) for 2 h, which was replaced
by a second blocking solution (4% (w/v) BSA, 2% (v/v) normal goat serum in PBS) before an
overnight incubation at 4°C. The samples were then incubated for an additional 4 h at room
temperature. A solution containing either the rabbit anti-PfCRT antibody (1:100) or mouse anti-
HA antibody (1:100; for detection of HA-tagged PfMDR1) in PBS containing 1.5% (w/v) BSA
and 0.01% (v/v) Triton X-100 was used to replace the blocking solution. The samples were
then incubated in this solution for 4 h at room temperature and then overnight at 4°C. Three
10 min washes were performed in PBS supplemented with 1.5% (w/v) BSA. All remaining
steps were then undertaken in the dark, at room temperature. The secondary antibody (1:500)
was added to a solution of 4% (w/v) BSA and 2% (v/v) normal goat serum in PBS and was
incubated with the samples for 4 h. The secondary antibody to detect PFCRT was an Alexa
Fluor 488 donkey anti-rabbit antibody (Molecular Probes, catalogue no: A-21206). For HA-
tagged PfMDR1, an Alexa Fluor 488 donkey anti-mouse antibody (Molecular Probes,

catalogue no: A-21202) was used.

Post incubation, three 10 min washes in PBS were performed. Oocytes were then post-fixed
in 3.7% (v/v) paraformaldehyde in PBS for 30 min before two 15 min washes in PBS. The
oocytes were then dehydrated with a series of incubations in solutions of increasing ethanol
content. The solutions (in order of administration) were 30% (v/v) ethanol in PBS, 50% (v/v)
ethanol in PBS, 70% (v/v) ethanol in ultrapure water, 90% (v/v) ethanol in ultrapure water, and
100% ethanol. In each case, samples were briefly washed in 1 mL of the ethanol-containing
solution prior to a 15 min incubation. Two additional incubations in 100% ethanol were
performed before oocytes were embedded in acrylic resin using the Technovit® 7100 plastic
embedding system (Kulzer, catalogue no: 64709003). Briefly, samples were incubated in 500
UL of embedding solution 1 (50% Technovit® 7100 in ethanol) for 2 h, after which, the samples
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were incubated in 500 L of embedding solution 2 (1% (w/v) Technovit*7 100 6 har dener
Technovit® 7100) . A further two incubations (O 2 h) w
before the solution was removed. Oocytes were then transferred to plastic capsules, and 800

uL of embedding solution 3 (6.66% (w/v) Technovit® 7 1 0 0 6 h a 18 éwiv Techr2odit®

7100 o6har den e r®71D@ wds addet.eCapsutes weie tgently flicked to ensure that

oocytes were surrounded in the resin before the samples were left to set (47 6 days). Slices of

2 um thickness were obtained using a microtome and dried on microscope slides. Coverslips

containing a drop of ProLongE Gold Antifade Mountant (Life Technologies) were placed over

the slices and sealed using clear nail polish.

Images of the slices were obtained using a Leica Sp5 inverted confocal laser microscope
(Leica Microsystems) using the 63x objective immersed in oil. Excitation was achieved using
a 488 nm argon laser, and the emissions were captured using a 500-550 nm filter. Images
were acquired using the Leica Application Suite Advanced Fluorescence software. A minimum
of two independent experiments were performed (using oocytes from different frogs) for each

oocyte type. In each experiment, slices were examined from a minimum of three oocytes.

2.9 Determining the orientation of PICRT and PfMDR1 in X. laevis
oocytes

To determine the orientation of PICRT and PfMDRL1 in the plasma membrane of X. laevis
oocytes, a fluorescence-based method was adapted from the immunofluorescence assay
(Section 2.8). The method relied on the recognition of extracellular epitope tags by an epitope-
specific antibody and was performed on live, whole oocytes that had not been fixed or
permeabilised. Hence, the antibody can only bind to cognate extracellular epitopes under
these conditions. An overview of this method is provided in Figure 2.4. The protocol was
performed on day 3 post-cRNA injection for PfCRT and on day 1 post-cRNA injection for
PfMDR1.

Each of the following incubation steps was performed at 167 18°C in a volume of 500 pL with
gentle shaking. Six oocytes from each treatment type were incubated for 5.5i 6 h in a blocking
solution consisting of 3% (w/v) BSA and 1% (v/v) normal goat serum in OR2*. Next, a 2 h
incubation with the primary antibody was performed in a solution of 1.5% (w/v) BSA in OR2"
containing either mouse anti-myc antibody (1:500) or mouse anti-HA antibody (for PfCRT
1:500, for PIMDR1 1:250). After this incubation, three 10 min washes were performed in OR2".

The solution was then replaced with a secondary antibody solution comprised of the Alexa
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Oocytes are incubated in blocking solution

OO

Epitope-specific antibody binds to extracellular epitopes

0O

Fluorescent secondary antibody binds to epitope-specific antibody

S

Y

&

LR 4

Fluorescence is only detected on oocytes with bound fluorescent
secondary antibody

“ &

Figure 2.4: An immunofluorescence-based assay to determine the orientation of transporters
expressed in X. laevis oocytes.

Oocytes are injected with cRNA encoding an epitope-tagged variant of the transporter of interest.
Healthy intact oocytes are then selected on the day of the experiment (chosen to coincide with the day
of peak expression for the transporter of interest). The oocytes are incubated in a blocking solution to
prevent the non-specific binding of the antibodies to the oocyte surface. The oocytes are not fixed or
permeabilised during this process. Once the epitope-specific antibody is added, it cannot penetrate the
oocyte membrane and therefore binds solely to the epitopes that are located extracellularly (shown on
the left side of the figure). Any epitope-specific antibody that has not bound is removed from the
extracellular medium using several wash steps (shown on the right side of the figure where the lack of
extracellular epitopes means that no epitope-specific antibody can bind). The fluorescent secondary
antibody is added to the medium and can only bind to the epitope-specific antibody present (i.e. which
has bound to transporters with an extracellular epitope at the surface of the oocyte). The oocytes are
imaged using fluorescence microscopy to compare the level of fluorescence in transporter-expressing
and non-expressing control oocytes that have been subjected to the same treatment. A positive
fluorescent signal indicates the presence of extracellular epitopes and hence, can be used to determine
the orientation of the transporter.
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Fluor 488 donkey anti-mouse antibody (Molecular Probes, catalogue no: A-21202; 1:500) and
1.5% (w/v) BSA in OR2* for 2 h. After this incubation, three 10 min washes were performed in
OR2*.

Imaging of the samples was performed using a Leica DM5500 or DM6000 compound
microscope. The DM6000 compound microscope was used in conjunction with a
monochromatic camera. Excitation was achieved using a 488 nm argon laser, and the
emissions were captured using a 5001 550 nm filter. For the work presented in Chapter 6,
additional imaging was performed using a Leica M205 FA fluorescence stereomicroscope.
Excitation was achieved using a 488 nm laser, and the emissions were captured using a 5001
550 nm filter.

2.10 Detection of PfCRT, PfIMDR1, and HsP-gp proteins in X. laevis
oocytes

2.10.1 Preparation of total membrane proteins from X. laevis oocytes

Total membrane protein preparations from X. laevis oocytes expressing PfCRT, PIMDR1, or
HsP-gp variants were prepared using a protocol adapted from Bergeron et al. [563]. An
overview of this method is provided in Figure 2.5. Within each experiment, lysates were
prepared from 20 oocytes of each oocyte type. All centrifugation steps were performed at 4°C
to prevent protein degradation. Briefly, 20 oocytes were lysed in 1 mL of 20 mM Tris-HCI (pH
76)suppl ement ed wi t h-freeroigaseanhilsitérs (EdbHE)AThe lysates were
spun for 10 min at 1,000 x g to pellet debris, including the cytosolic yolk proteins that are known
to interfere with the detergent solubilisation of isolated membranes and accompanying proteins
[563]. The supernatant was removed, and a 55.5 pL aliquot of the supernatant was diluted in
a total volume of 400 pL of 20 mM Tris-HCI (pH 7.6) and centrifuged at 21,000 x g for 20 min

to pellet the total membrane fraction.

Where protein from oocytes expressing a particular PfCRT variant was undetectable using the
55.5 pL aliquot (likely due to low expression), experiments were performed using aliquots at
3x the amount of the standard 55.5 pL aliquot for all variants and diluted in a total volume of
400 pL of 20 mM Tris-HCI (pH 7.6) to ensure that the protein was present at sufficient levels
to be detected. For cases where PICRT protein was almost undetectable using 3x the amount
of the standard aliquot, membrane preparations were obtained using 500 pL of supernatant.
For PfIMDR1-expressing oocytes, the volume of lysate was optimised by testing a range of
lysate volumes (Section 6.8.3) to determine the relationship between band intensity and lysate
volumes. The final volume chosen was 86 pL; this represented the greatest volume within the
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linear range tested, thereby making it possible to semi-quantify PfMDR1 protein using this

method.

After removal of the supernatant, the pellet was washed once using 1 mL of a wash solution
containing 1 M NaCl and 20 mM Tris-HCI (pH 7.6) to remove residual yolk protein. Pellets were
centrifuged at 21,000 x g for 10 min, and the wash solution was removed. In cases where 500
uL of the supernatant was used, an additional wash step was performed. The supernatant was
then aspirated, and the pellet resuspended. For samples obtained from PfCRT-expressing
oocytes, 20 uL of sample buffer (11.5 mM Tris-HCI (pH 7.6), 5.8 mM NaCl, 0.58% (v/v) Triton
X-100, 1x NUPAGEE LDS Buffer, 150 mM dithiothreitol (DTT), 10% ( v / “mgrcaptoethanol)
was used to resuspend the pellet. For samples obtained from PfIMDR1-expressing or HsP-gp-
expressing oocytes, the pellets were resuspended in 20 pL of sample buffer (9 mM Tris-HCI
(pH 7.6), 4.5 mM NaCl, 0.45% (v/v) Triton X-100, 27.5% (v/v; to give 1x) NUPAGEE L DS
Buffer, 1.5% (v/v) SDS, 10 mM DTT, 10% ( v / “nmgrcaptoethanol).

2.10.2 Preparation of plasma membrane proteins from X. laevis oocytes

Cell surface biotinylation was performed to isolate plasma membrane proteins from X. laevis
oocytes. The protocol was devised based on the method by Clémencon et al. [564] to evaluate
the cell surface expression of PfCRT in oocytes expressing different PFCRT? variants. This
technique relies on the incubation of intact oocytes with the cell-impermeable, irreversible
biotin reagent EZ-L i n k E -NHS$4LE-Biotin (ThermoFisher Scientific) with gentle agitation.
The EZ-L i n k E -NH$ILE-Biotin reacts with the primary amine groups found within the
side chains of lysine. The reagent is suitable for the detection of PfCRT protein at the cell
surface, given that 5 lysine residues are present in the extracellular loops of PfCRT. Note that
proteins that lack extracellular lysines will not be labelled by the EZ-L i n k @fo-NHS-LC-
Biotin, regardless of whether they are expressed at the surface of the oocyte. The biotinylated
proteins can then be recovered using streptavidin-coated beads & the streptavidin binds the

biotin moiety, resulting in immunoprecipitation of the biotinylated proteins (Figure 2.6).

Forty oocytes were washed thrice in a sodium-free oocyte buffer (86.5 mM KCI, 5 mM HEPES,
1 mM MgCl,, 1.6 mM CacCl,; adjusted to pH 7.8 using KOH). Sodium was excluded from this
buffer to prevent the transport of biotin into the oocyte via the endogenous sodium-dependent
biotin transporter [565]. The oocytes were then incubated for 1 h in the sodium-free oocyte
buffer supplemented with 1.5 mg/mL EZ-LinkE Sulfo-NHS-LC-Biotin at room temperature

(181 19°C) and gently agitated. After the incubation, oocytes were washed thrice in a

118



Materials and Methods

quenching buffer (100 mM glycine, 36.5 mM KCI, 5 mM HEPES, 1 mM MgCl;, 1.6 mM CaCly;
adjusted to pH 7.8 using KOH) to quench the biotinylation reaction.

Oocytes were transferred into prechilled 1.5 mL microcentrifuge tubes. Oocytes were lysed by
the addition of 1 mL of biotinylation lysis buffer (150 mM NacCl, 20 mM Tris-HCI, 1% (v/v) Triton
X-100; pH 7.8) supplemented with cOmpleteE EDTA-free protease inhibitors. Lysates were
incubated on ice for 1 h with frequent inversion. During this incubation, streptavidin agarose
beads were prepared for each sample by aliquoting 50 uL of the beads into a fresh, prechilled
1.5 mL microcentrifuge tube to which 500 uL of biotinylation lysis buffer was added. The tubes
were then gently mixed and incubated for 1 h on ice. The beads were then recovered by
centrifugation at 9,000 x g for 1 min at 4°C, and the biotinylation lysis buffer was removed.
Lysates were then centrifuged at 15,000 x g for 15 min at 4°C to pellet yolk and debris. The
supernatant was removed and transferred to a fresh microcentrifuge tube. After mixing, 500
pL of each supernatant was transferred to the pre-prepared tube containing the streptavidin
agarose beads. The sample was then incubated for ~12i 16 h at 4°C, with rotation. After this
incubation, the streptavidin agarose beads, and any bound protein were recovered by
centrifugation at 9,000 x g for 1 min at 4°C. The supernatant was removed, and the beads
were washed by the addition of 1 mL of biotinylation lysis buffer. The beads were recovered
again by centrifugation at 9,000 x g for 1 min. An additional two wash steps were performed in
this manner. The beads were then resuspended in 30 pL of an elution buffer (4x NuPageE
LDS Buffer, 10% (v/v) b-mercaptoethanol, 400 mM DTT) and heated to 95°C for 5 min to

release bound proteins.

Notably, during the optimisation of this protocol for the detection of PfCRT, a significant loss
of PfCRT protein following the 95°C elution step was observed. Hence, a shorter time of 5 min
was used for this 95°C step, rather than the 15 min used by Clémencon et al. [564]. This loss
of protein appeared to result from the aggregation of PfCRT, similar to the phenomenon
described for the related protein DMT1 [566]. After this incubation, the agarose beads were
pelleted by centrifugation at 9,000 x g for 1 min at 4°C. The supernatant containing the
solubilised membrane proteins in sample buffer was then loaded onto a 4i 12% BoltE Bis-Tris
Plus gel Life Technologies). Gel electrophoresis, transfer to nitrocellulose membranes, total
protein staining and immunoblotting were carried out as described in Sections 2.10.4 and
2.10.6. Preliminary attempts to detect endogenous proteins from the oocyte surface in
biotinylated preparations were performed; however, the lack of commercial antibodies that
detect suitable targets 8 i.e. proteins expressed at the cell surface with extracellular lysines,

hindered this process, and thus total protein staining was performed instead (Section 2.10.6).
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1. 20 healthy oocytes 2. Oocytes are lysed 3. Yolk and pigment 4. Removal of supernatant
are selected are pelleted (containing membrane fractions)
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Figure 2.5: Obtaining total membrane protein preparations from X. laevis oocytes.

(1) Twenty oocytes are selected on the desired day post-cRNA injection. The culture medium was removed, and the oocytes were washed in a 20 mM Tris-HCI
(pH 7.6) to remove traces of salt. (2) Lysis of the oocytes was performed in 20 mM Tris-HCI (pH 7.6). (3) Centrifugation at 1,000 x g for 10 min was performed
to pellet the yolk fractions. (4) The supernatant, which contains cytosolic proteins as well as proteins from the plasma membrane and internal membranes, was
then collected. (5) Membranes were pelleted from the desired amount of supernatant via centrifugation at 21,000 x g for 20 min. (6) A wash step using 20 mM
Tris-HCI supplemented with 1 M NaCl was performed to remove any remaining yolk. (7) The membrane pellet was then resuspended in the desired sample
buffer and (8) loaded onto an SDS-PAGE polyacrylamide gel for electrophoresis. Once the proteins were separated, they were transferred to a nitrocellulose
membrane for immunoblotting (not shown).
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Figure 2.6: Cell surface biotinylation of membrane proteins in X. laevis oocytes.

(1) Oocytes were selected 3 days post-cRNA injection and incubated with the EZ-L i n k E -MHSILE-Biotin reagent. (2) This reagent interacts with primary
amines and hence binds to proteins on the oocytebs sur fshestepstbieraove ekcasereagenkt r ac el |

the oocytes were lysed. (4) Biotinylated proteins were then immunoprecipitated by incubation with streptavidin-coated agarose beads. (5) Western blot analyses
were then performed to identify the proteins in the immunoprecipitated samples
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2.10.3 Immunoprecipitation to investigate PfCRT dimer formation

Immunoprecipitation experiments were performed using protein preparations from oocytes co-

injected with tagged PfCRT variants to determine whether PICRT exists as a dimer when

expressed in oocytes. Pellets of total membrane proteins were obtained by modifying the total

membrane protein protocol described in Section 2.10.1. Briefly, 40 oocytes were lysed in 1

mL of 20 mM Tris-HCI (pH 7.6), supplementedwi t h ¢ Omp | e-free fifoteBsP ifiAbitors,

followed by centrifugation at 1,000 x g for 10 min at 4°C. The supernatant was transferred to

a fresh tube and centrifuged at 21,000 x g for 20 min at 4°C to pellet the total membrane

fraction. After removal of the supernatant, membrane pellets were resuspended in 200 uL of
immunoprecipitation buffer (0.5% (v/v) Triton X-100, 20 mM Tris-HCI (pH 7.6), 75 mM NaCl).

To determine whether putative PfCRT dimer bands are reflective of physiological dimer

formation or the result of random aggregation of PfCRT protein during the immunoprecipitation
protocol, an additional 6aggregation control & wa
that reported by Abe et al. [386] in their study of the oligomerisation of the related DMT protein

VRG4S . The 6baggregation control 6 was prdrprared by
oocytes expressing PfCRTP¥-HA with that from oocytes expressing PfCRTP%-4xmyc. As

these two variants were not co-expressed by the same oocytes, and thus were not synthesised

together in the same oocytes, PfCRTP%-4xmyc from this sample will only co-
immunoprecipitate with PfCRTP“-HA if the two proteins aggregate during the

i mmunoprecipitation process. The O6ébaggregation ¢
volume of this sample was 400 pL, the volumes of all other samples were adjusted to 400 pL

by adding 200 uL of immunoprecipitation buffer. All samples were incubated on ice for 30 min

to allow the 6aggregation controld to mix prior

inverted during this incubation.

Co-immunoprecipitation was performed using the Pierce® HA Tag IP/Co-IP kit (ThermoFisher
Scientific, catalogue no: 26180) in accordance with the manufacturersdinstructions. Briefly,
400 pL of each sample was loaded onto a new spin column, that was plugged to prevent
premature sample elution from the bottom of the column. To each spin column, 20 pL of anti-
HA-conjugated agarose beads were dispensed. The columns were tightly-capped, and the
samples were incubated at 4°C overnight with end-over-end mixing. The following day, the
plugs were removed from the bottom of each column and pulse centrifugation was performed
to remove unbound proteins. Each column was washed three times using Tris-Buffered Saline
supplemented with 0.05% (v/v) Tween-20. To elute the immunoprecipitated proteins, 25 pL of
2x Non-Reducing Sample Buffer was added to each column. The columns were incubated at

95°C for 5 min before pulse centrifugation. Prior to the loading of samples onto a 4i 12% BoltE
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Bis-Tris Plus gel, DTT was added to a final concentration of 400 mM. Gel electrophoresis,
transfer to nitrocellulose membranes, and immunoblotting was carried out as described in
Sections 2.10.4, 2.10.6, and 2.10.7.

2.10.4 Separation of proteins from PfCRT-expressing oocytes or parasite
preparations

Gel electrophoresis was used to separate proteins from PfCRT-expressing oocytes as
previously described [117, 347]. Briefly, total membrane protein preparations were separated
usinga 1. 0 mm Nuf B2epeBis-Tris SDS-polyacrylamide gel (Life Technologies,
catalogue no: NP0322); whereas immunoprecipitated protein samples and biotinylated protein
preparations were separated using a 1.0 mm 4-12% B o | tBi-Tris Plus gel (Life
Technologies, catalogue no: NW04122); as this allows larger volumes of sample to be loaded.
Electrophoresis was performed for 50 min in a MES running buffer (50 mM Tris base, 50 mM
2-(N-morpholino)ethanesulfonic acid (MES), 3.5 mM SDS, 1 mM EDTA; pH ~7.3). For a subset
of experiments verifying the presence of the PfCRT dimer band in oocytes, a MOPS running
buffer (50 mM Tris base, 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS), 0.1% (v/v)
SDS, 1 mM EDTA; pH ~7.7) was used as it provides greater separation of larger proteins.
Electrophoresis was performed on ice. In all experiments, SeeBlueE Plus 2 Pre-stained
Protein Standard (Invitrogen, catalogue no: LC5925) was loaded onto the gel and used to
determine the sizes of the protein bands. The PFCRT monomer band is typically located above
the ~38 kDa band of the SeeBlueE Plus 2 Pre-stained Protein Standard.

The proteins were transferred to a 0.45 ym nitrocellulose membrane using the Hoefer TE77X
semi-dry transfer system or the Bio-Rad Trans-Blot® Turbo transfer system. The transfer buffer
consisted of 1.3 mM SDS, 50 mM Tris base (pH 9.2), 40mM glycine, 20% (v/v) methanol, and
NuPageE antioxi dant . sedierp teanstei spstem was used) thecphoteins
were transferred for 75 min at 65 mA (Hoefer TE77X) or 45 min at 100 mA (Trans-Blot® Turbo,
Bio-Rad).

2.10.5 Separation of proteins from PIMDR1-expressing oocytes

Preliminary experiments investigating the detection of PIMDR1 from oocyte total membrane
protein preparations u s e d a N u4p 2% eBis-Tris SDS-polyacrylamide gel (Life
Technologies) with MOPS running buffer. Electrophoresis was performed at 180 V for ~50 min
on ice, after which proteins were transferred to a 0.45 pum nitrocellulose membrane using the
Bio-Rad Trans-Blot® Turbo transfer system using a modified transfer buffer (0.1% (w/v) SDS,
50 mM Tris base (pH 9.2), 40 mM glycine, 10% (v/v) methanol). The modifications to the
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transfer buffer were made to enable the complete transfer of PfIMDR1, which is a larger
membrane protein than PfCRT. Subsequent experiments revealed that the use of the
Nu P a g dif2% Bis-Tris SDS-polyacrylamide gel did not provide sufficient sensitivity to
detect differences in PIMDR1 protein levels when membrane pellets were prepared using
different volumes of lysate. Hence, the separation of proteins from PfMDR1-expressing
oocytes was achieved using a 1.0 mm 3i 8% NUuPAGEE Tris-Acetate polyacrylamide gel (Life
Technologies; catalogue no: EA0375) in conjunction with chilled Tris-Acetate SDS running
buffer (50 mM tricine, 50 mM Tris Base, 0.1% (v/v) SDS; pH ~8.24). In all experiments,
SpectraE  Multicolor High Range Protein Ladder (ThermoFisher Scientific, catalogue no:
26625) was loaded onto the gel and used to determine the sizes of the protein bands. The
PfMDR1 protein band is typically located around the ~150 kDa band of the SpectraE Multicolor
High Range Protein Ladder. Electrophoresis was performed at 150 V for 1 h on ice. Proteins
were transferred using the Bio-Rad Trans-Blot® Turbo transfer system using the modified

transfer buffer for 35 min at 100 mA.

2.10.6 Detection of total protein levels in oocyte membrane preparations and
surface biotinylation preparations

Ponceau staining was used to evaluate sample loading and efficiency of transfer [313, 523,
524] after transfer to a nitrocellulose membrane. Briefly, membranes were incubated in
Ponceau stain (0.1% (w/v) in acetic acid; Sigma-Aldrich, catalogue no: P7170) for 5 min and
then destained using ultrapure water. Imaging was performed using the Bio-Rad ChemiDocE
Imaging System using the setting for imaging Ponceau stained membranes. The Ponceau
stain was then erased by the addition of 0.1 M NaOH. In some instances, total protein staining
was performed using either the MemCode™ Reversible Protein Stain kit or the Novex®
Reversible Protein Stain kit (ThermoFisher Scientific, catalogue no: 24580 and IB7710,
respectively) according to the manufacturersadinstructions. The membranes were placed into a
tray and rinsed in ultrapure water for 1 min, and then stained with ~25 mL reversible protein
stain from the relevant kit for 307 40 s using an orbital shaker at low speed to ensure gentle
agitation. The stain was then decanted, and ~25 mL of the destain reagent was added for 2i
5 min. The destain solution was decanted, and then the membranes were rinsed four times in
ultrapure water with quick agitation. A 5 min wash in ultrapure water was then carried out to
ensure the removal of any residual solution prior to imaging. The images were obtained using
the colorimetric setting on the Bio-Rad ChemiDocE Imaging System. After images were
captured, the stain was removed by incubation of the membrane in ~25 mL of the stain eraser
solution for 2i 5 min (the minimum incubation period required to see that no bands were still

present). The membranes were then rinsed in ultrapure water. After all total protein staining
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protocols were complete, the membranes were rinsed in Tris-buffered saline (10 mM Tris base
pH 7.6, 154 mM NaCl) and incubated in blocking solution (10% (w/v) skim milk powder and
0.1% (v/v) Tween-20 in Tris-buffered saline) overnight at 4°C.

2.10.7 Semi-quantification of heterologously expressed proteins

Immunoblotting of the membranes was performed using the antibodies described in Section
2.7. All steps were performed with rotation at room temperature unless otherwise stated. A
subset of experiments in Chapter 4 and Chapter 6 investigated the specificity of the anti-
PfCRT and anti-PfMDR1 antibodies, respectively. These experiments took advantage of the
fact that these antibodies were raised to a synthetic peptide (Sections 2.7.1 and 2.7.2). Here,
the antibody was preincubated with a 20-fold excess of its cognate peptide overnight at 4°C.
This step allows for the binding of the peptide to the antigen-binding site of the antibody prior
to immunoblotting. The excess of peptide present provides competition for proteins on the
membrane containing the cognate epitope. As a result, the specific binding of the primary
antibody to the target protein is outcompeted by the peptide. Hence, comparison of duplicate
samples blotted using the antibody-peptide mixture to samples blotted using only the antibody
allows for the determination of antibody-specific bands. Non-specific bands are unaffected by
the preincubation of the primary antibody with its cognate peptide. In experiments performed
to validate the use of the anti-PfMDR1 antibodies in protein preparations from P. falciparum
parasites, blotting with pre-immune sera (obtained from animals used to raise the antibodies)
was also performed to ensure that the epitope(s) recognised by the polyclonal antibodies were

derived from the PIMDRL1 peptide sequence and not due to natural antigenic variation.

After blocking overnight, the primary antibody was added at the appropriate dilution in 5 mL of
blocking solution (1:4,000 for rabbit anti-PfCRT, 1:1,000 for rabbit anti-PfMDR1, 1:5,000 for
mouse anti-HA or mouse anti-myc) and incubated for 1 h. This was followed by 6 wash steps
(performed for 5 min each) in 5 mL of blocking solution. A 45 min incubation with the
appropriate horseradish peroxidase-conjugated (HRP-conjugated) secondary antibody (Cell
Signalling Technologies, catalogue nos: goat anti-rabbit HRP-conjugated 1gG, 7074; horse
anti-mouse HRP-conjugated IgG, 7076) was performed using a 1:3000 dilution of secondary
antibody in 5 mL of blocking solution. A 5 min wash step was then performed using 5 mL of
Tris-buffered saline supplemented with 0.5% (v/v) Tween-20 and repeated twice. An additional

three washes were performed for 5 min each using 5 mL of Tris-buffered saline. The

membrane was then incubated with 2.5 mL of Super Si gnal E We s t

Luminol/Enhancer Solution and 25 mLof Super Si gnal E Wes't Pico

Solution for 5 min, with rotation. Imaging of the membrane was performed using the Bio-Rad
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ChemiDocE Imaging system. Semi-quantification of band intensity was performed using
Image J software version 1.52a [547], and the band intensity was expressed as a percentage

of the intensity measured for the control band in each case.

2.10.8 Dot blotting to assess antibody specificity and quality

Dot blotting was performed to assess the specificity and quality of the primary and secondary
antibodies used to detect the proteins of interest, typically prior to undertaking localisation
studies and western blot analyses. This technique was used to investigate the reactivity of
antibodies that had not yet been validated in the X. laevis oocyte system, such as the anti HsP-
gp and anti-PfMDR1 antibodies (Sections 2.7.2 and 2.7.3). This technique was also
undertaken to confirm that the HRP-conjugated antibody was still active when new batches of
secondary antibodies were obtained or when recurring issues with protein detection arose. An
advantage of the dot blot technique is that it is a simplified version of the western blot technique

but is not confounded by sample preparation, SDS-PAGE conditions, or gel transfer conditions.

Crude lysates of X. laevis oocytes expressing HsP-gp or PfIMDR1 were prepared by lysing 20
oocytes in 1 mL of 20 mM Tris-HCI (pH 7.6). The lysates were centrifuged at 1,000 x g for 10
min to pellet yolk proteins and cellular debris (Section 2.10.1). The supernatant was
transferred to a fresh microcentrifuge tube and gently mixed by inversion. For each lysate, 3
puL was then slowly pipetted onto nitrocellulose membrane (creating a dot on the membrane;
this was performed in triplicate for each lysate type). A sample from non-expressing oocytes
was included to determine the specificity of antibody binding. After 5 min, when the samples
had dried on the nitrocellulose membrane, the membrane was submerged in blocking solution
consisting of 10% (w/v) skim milk powder and 1% (v/v) Tween-20 in Tris-buffered saline for 1
h. Immunoblotting and imaging of the membrane were then performed (Section 2.10.7). The
strength of the chemiluminescent signal in oocytes expressing HsP-gp or PIMDR1 could then
be compared to that in non-expressing oocytes by comparing the intensity of the signal from
both samples. This provides insight into the non-specific binding of the antibodies in the oocyte
samples, confirming whether the antibodies specifically bind to the antigen to which it was
raised in oocytes expressing PIMDR1 or HsP-gp. Dot blotting was typically followed by western

blot analyses so that the size of the antigenic determinants could be identified.
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2.11 Transport assays

2.11.1 Drug influx assays to measure drug transport via PfCRT

The radiolabelled drugs, [PH]CQ, [*H]quinine, [*H]quinidine, and [*H]mefloquine, were
purchased from American Radiolabeled Chemicals, and the [*H]amantadine was purchased
from Moravek. The uptake into oocytes of [?H]CQ (0.25 uM, 20 Ci/mmol), [*H]quinine, (0.25
UM, 20 Ci/mmol), [*H]quinidine (0.25 uM, 20 Ci/mmol), [*H]mefloquine (0.125 uM, 20 Ci/mmol),
or [*H]amantadine (0.146 puM, 137 mCi/mmol) was measured 31 6 days post-cRNA injection.
Drug influx assays were conducted over 1.5 2 h at 27.5°C, over the period where [*H]CQ
transport by PfCRT is linear [116], and in the presence of a low concentration of unlabelled
drug (CQ, 15 puM; quinine and quinidine, 1 uM; mefloquine, 0.5 uM, amantadine, 50 uM). The
reaction buffer was ND96 at varying pH, as described in Table 2.7. A set of experiments to
optimise the pH of the reaction buffer for the measurements of [*HJamantadine uptake used a
pH range that included pH 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, and 7.0.

An overview of the drug influx assay is provided in Figure 2.7. For each treatment, 10 oocytes
were transferred to a 5 mL polystyrene round-bottom tube and washed twice with ~3.5 mL of
ND96 at the appropriate pH. The residual buffer was removed by pipette. Influx commenced
with the addition of 100 uL of ND96 supplemented with the radiolabelled drug and unlabelled
drug, and, where specified, an unlabelled PfCRT inhibitor or substrate (e.g. verapamil,
saquinavir, quinine, quinidine, or CQ) or a test compound (e.g. clindamycin, cycloheximide,

tetracycline, or doxycycline).

The assay was terminated by the removal of the reaction buffer with a pipette. Oocytes were
washed twice using ~3.5 mL of ice-cold ND96 buffer. Each oocyte was transferred to a
separate well of a white 96 well plate and incubated overnight at room temperature in 20 pL of
10% (v/v) SDS, and mixed on an orbital shaker the following day for approximately 5 min. The
lysed oocyte was then combined with 150 pL of MicroScintE -40 microscintillant (PerkinEImer).
The plate was then covered using a TopSealE -A (PerkinElmer), and the radioactivity was
measured with the PerkinElmer MicroBeta? microplate liquid scintillation analyser. The uptake
of the radiolabelled drug was normalised to the PFCRTP%2 control. The level of PfCRT-mediated
uptake was calculated by subtracting the measur e
of radiolabelled drug uptake in non-expressing oocytes) from all other oocyte types, followed

by normalisation to the PfCRTP%? control.
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Table 2.7: Composition of ND96 buffers at various pHs.

pH of the ND96 buffer
Chemical
pH 4.0, 4.5, 5.02 pH 5.5, 6.0, 6.4, 6.5° pH 7.0, 7.8, 8.0°
(mM) (mM) (mM)
NacCl 96 96 96
MgCl2 1 1 1
CaClz 1.8 18 1.8
KCI 2 2 2
Homopipes 20
MES 10
Tris 10 10
HEPES 10

aND96 buffers at pH 4.0, 4.5, and 5.0 were used in screening for the optimal pH for the [*H]amantadine uptake assays; ND96 buffer at pH 5.0 was used in the [°*H]Jamantadine, [*H]quinine,
[*H]quinidine, and [*H]mefloquine uptake assays.

®ND96 buffers at pH 5.5, 6.0, and 6.5 were used in screening for the optimal pH for measuring [*H]amantadine uptake; ND96 buffers at pH 5.5 and 6.0 were used in the [*H]CQ uptake assays; ND96
buffer at pH 6.0 was used in the [*H]hypoxanthine uptake assays; ND96 buffer at pH 6.4 was used in the [**C]formic acid uptake assays.

°ND96 buffer at pH 7.0 was used in screening for the optimal pH for measuring [*H]amantadine uptake; ND96 buffer at pH 7.8 was used in preliminary drug accumulation assays to measure
transport via PFIMDR1; ND96 buffer at pH 8.0 was used in drug efflux assays to measure transport via P-gp and PfIMDR1.
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4. Reactionis initiated by the
addition of 100 pL of buffer
containing [*H]substrate

5. Postincubation, the buffer
containing the [*H]substrate is
removed. Oocytes are washed in ice-
cold ND96 buffer

8. Microscintillant is added and the radioactivity
measured using the MicroBeta2

Figure 2.7: Radioactive influx assays to measure PfCRT and PfNT1 transport activity in X. laevis oocytes.

(1) Ten healthy oocytes were selected and placed into 5 mL polystyrene tubes. The storage buffer (OR2*) was then removed. (2) The oocytes were washed
twice in ~3.5 mL of room-temperature ND96 buffer at the pH desired for the incubation. (3) Residual buffer was aspirated by pipette, and (4) 100 ¢L of buffer
containing the radiolabelled substrate was added to the tube, which was then incubated at 27.5°C. During the incubation, the radiolabelled substrate (denoted
by orange stars) is taken up into the oocytes by the diffusion of the unprotonated drug species (occurring in non-expressing oocytes and oocytes expressing a
foreign transporter), and uptake mediated by the foreign transporter. (5) Post incubation, the radiation buffer was removed, and the oocytes were washed with
~3.5 mL of ice-cold ND96. (6) A second wash was performed, followed by each oocyte being individually transferred to a well of a white 96-well plate. (7) To
lyse the oocytes, 20 ¢L of SDS was added to each well and the plates incubated overnight at room temperature. (8) The following day, 150 €L of MicroScint™.-
40 was added to each well. The amount of radioactivity in each well was counted using the MicroBeta? microplate reader.
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Where inhibitors or test compounds were included in the uptake medium, the data were
normalised to the PfCRTP%2 solvent control. This solvent control contained dimethyl sulfoxide
(DMSO) at < 0.5% (v/v); higher concentrations of DMSO impede PfCRT-mediated [*H]CQ
uptake. This control was carried out as each test compound or inhibitor was solubilised using
DMSO, except for clindamycin, which was solubilised in ND96 pH 5.5. The concentrated stock
was then used to make the final reaction buffer ensuring that the amount of DMSO present in
the buffer was < 0.5% (v/v). In each experiment, the control treatment (i.e. without inhibitor or
compound added) contained the same percentage of DMSO (added in the same volume to
ensure the amount of radioactivity in the solvent control and test buffers remained the same)
as the inhibitor or test compound treatment in the experiment. For experiments using
clindamycin, the control buffer included the equivalent volume of ND96 pH 5.5 as the volume
used to achieve the desired concentration of clindamycin in the test buffers. The latter was

done to ensure the amount of radioactivity in the test buffers, and control buffer was consistent.

To measure the kinetics of PICRT-mediated drug transport, the drug influx assays were
performed as previously described with the oocytes incubated in ND96 supplemented with
radiolabelled drug and with increasing concentrations of the unlabelled drug. The amount of
radioactivity in the reaction buffer was measured by pipetting 5 pL of reaction buffer into a well
containing a lysed oocyte. After the addition of microscintillant, the radioactivity was measured
on the PerkinElmer MicroBeta? microplate liquid scintillation analyser and was used to
determine the relationship between counts per minute (cpm) and the amount of radiolabelled
drug in picomoles (pmol). Non-expressing control oocytes and oocytes expressing PfCRT3P?
are known to take up [*H]CQ, [*H]quinine, and [*H]quinidine to similar (low) levels due to simple
diffusion of the unprotonated drug species. After subtraction of this background level of drug
uptake, the measurements (in cpm) were then converted into rates (pmol/oocyte/h). The kinetic
parameters for CQ, quinine, and quinidine transport via different variants of PfCRT were then
determined in SigmaPlot Windows Version 11.0 (Systat Software Inc.) by a least-squares fit of

the Michaelis-Menten equation (v = Vmax [Substrate]/(Km + [substrate]) to the data.

2.11.2 Inhibition of drug transport via PfCRT

To determine the ability of quinine or amantadine to inhibit PFCRT-mediated [*H]CQ transport,
oocytes were incubated in ND96 supplemented with [*H]CQ and increasing concentrations of
either unlabelled quinine or unlabelled amantadine. PfCRT-mediated [*H]CQ transport was
calculated by subtracting the uptake measured in the non-expressing control oocytes from the
other oocyte types. Using SigmaPlot Windows Version 11.0, a least-squares fit of the equation

Y = VYmin * [(Ymax - Ymin)/(1 + [inhibitor]ICso)¢] (where y is PFCRT-mediated CQ transport, ymin and
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Ymax @re the minimum and maximum values of y, and c is a fitted constant) to the data was used

to determine the ICsg values.

2.11.3 Trans-stimulation of PFCRT-mediated [3H]CQ uptake

A subset of experiments performed by Dr Sarah Shafik measured the ability of unlabelled
amantadine to trans-stimulate the uptake of [H]CQ into the oocyte. These experiments were
performed on day 3 post-injection of the cRNA. Oocytes were microinjected with 50 nL of buffer
containing amantadine or control treatment, such as spermine or histidine. A buffer-only control
was also included. The intracellular concentrations of each compound were calculated using
the estimate of the aqueous volume of stage V-VI oocytes as ~400 nL [567]. The estimated
intracellular concentrations of amantadine achieved were 1, 2.5, 5, 10, 15 and 20 mM, while
the estimated intracellular concentrations of spermine and histidine were 5 and 10 mM.
Oocytes that resealed following microinjection were incubated at 167 18°C in OR2* buffer for
approximately 5 min before being used in [*H]CQ uptake assays as described in Section
2.11.1.

To determine the concentration-dependence of the trans-stimulation of [*H]JCQ uptake by
amantadine, the rate of [*H]CQ uptake above that measured in the buffer-injected control was
calculated for each concentration of amantadine used. A least-squares fit of the Hill equation
(Y = Vmax{amantadine]"/(Kn"+ [amantadine]") to the data was performed in SigmaPlot Windows
Version 11.0, wherey is the reaction velocity and n is the Hill coefficient. The Michaelis-Menten
equation was then fitted to the data to derive the kinetic parameters for the trans-stimulation
of [*H]CQ transport by amantadine.

2.11.4 Drug influx assays to measure hypoxanthine transport via PINT1

[*H]Hypoxanthine was purchased from Perkin-EImer. The uptake into oocytes of
[*H]hypoxanthine (0.35 puM, 14 Ci/mmol) was measured using a reaction buffer of ND96 pH
6.0 (Table 2.7) as described in Section 2.11.1. The uptake of [*H]hypoxanthine was conducted
over a 30 min incubation period at 27.5°C. Over this period, PINT1-mediated hypoxanthine

transport is linear [138-140].

2.11.5 Drug influx assays to measure formic acid transport via PIfENT

[**C]Formic acid was purchased from American Radiolabelled Chemicals. The uptake into
oocytes of [**C]formic acid (0.6 mM, 14 Ci/mmol) was measured using a reaction buffer of
ND96 pH 6.4 (Table 2.7) containing 1 mM unlabelled formic acid. The uptake of [**C]formic
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acid was conducted over a 10 min incubation period at 27.5°C. Over this period, PfFNT-
mediated hypoxanthine transport is linear [546].

2.11.6 Drug accumulation assays to measure drug transport via PfIMDR1

A drug accumulation assay to measure transport via PIMDR1 was undertaken following the
method of Sanchez et al. [121]. The predicted orientation of Pf/MDR1 in the X. laevis oocyte
membrane is consistent with the transporter mediating the efflux of substrates out of the
oocyte; hence this method relies on measuring a reduction in drug accumulation in oocytes
expressing PIMDR1. Briefly, for each treatment, 10 oocytes were transferred to a 5 mL
polystyrene round-bottom tube and washed twice with ~3.5 mL of ND96 buffer pH 7.8 (Table
2.7). The oocytes were preloaded by incubation in 100 €L of a buffer consisting of the
radiolabelled drug (CQ, quinine, vinblastine, or lumefantrine) diluted in ND96 buffer pH 7.8 for
15 min, 30 min, or 60 min. The alkaline pH of 7.8 used for preloading promotes the diffusion
of the unprotonated drug species into the oocytes. After this incubation, the buffer was
removed by pipette. Oocytes were gently washed twice with ~3.5 mL ND96 buffer pH 5.5. The
wash buffer was removed, and 100 €L of ND96 buffer pH 5.5 was added to the tube. The tube
was incubated at 27.5°C for 1 h to allow drug efflux to occur. Oocytes were washed twice with
~3.5 mL of ice-cold ND96 buffer pH 5.5 and individually transferred to a separate well of a

white 96 well plate and processed as described in Section 2.11.1.

2.11.7 Drug efflux assays to measure drug transport via PfIMDR1

The radiolabelled drugs [*H]lumefantrine (10 Ci/mmol) [*H]quinine (20 Ci/mmol),
[*H]vinblastine sulfate (20 Ci/mmol) were purchased from American Radiolabelled Chemicals
and [*H]CQ (27 Ci/mmol) was purchased from Pharmaron. Pf/MDR1-mediated drug efflux was
measured on day 1 post-cRNA injection. An overview of the drug efflux assay is provided in
Figure 2.8. Immediately prior to commencement of the experiment, the oocytes were
microinjected with 35 nL of the radiolabelled drug diluted in ND96 pH 8.0 (Table 2.7) using a
shallow injection technique. As the aqueous volume of a stage Vi VI oocyte is ~400 nL [567],
the estimated intracellular concentrations for each drug were as follows: [*H]CQ, 5.9 & M;
PH] I umef ant r i*thlequi2ni2needM4.i[h bt st [ ne. Theuréstaled e, 4.
oocytes were then transferred to a 5 mL polystyrene round-bottom tube in groups of 10 and
washed twice with ~3.5 mL of ND96 buffer (pH 5.5). One group of 10 oocytes was then
individually transferred into separate wells of a white 96 well plate & and used to determine

the amount of radiation present in the oocytes at t = 0. A duplicate tube of 10 oocytes was
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Figure 2.8: Radioactive efflux assays to measure PfMDR1 transport activity in X. laevis oocytes.

(1) Healthy oocytes were microinjected with buffer containing the radiolabelled substrate (denoted by orange stars). (2) In healthy oocytes that reseal quickly,
the substrate will diffuse underneath the membrane, where it can be accessed by the transporter. (3) Oocytes that resealed quickly were selected for the
experiment and placed into 5 mL polystyrene tubes in groups of 10. (4) The storage buffer (ND96) was then removed, and the oocytes were washed gently in
~3.5 mL of room-temperature ND96 buffer (pH 5.5). (5) The residual buffer was aspirated by pipette, and (6) 100 L of ND96 buffer (pH 5.5) was added to the
tube, which was then incubated at 27.5°C. A duplicate group of oocytes were washed, and then each oocyte was individually transferred to the well of a white
96-well plate for use in determining the amount of radiation present in the oocyte at the beginning of the incubation period (i.e. a measure of t = 0). During the
incubation, radiolabelled substrate will leave the oocyte by diffusion of the unprotonated drug species and/or endogenous transport that occurs in both non-
expressing oocytes and oocytes expressing a foreign transporter, and transport mediated by the foreign transporter. (7) Post incubation, the extracellular buffer
was removed, and the oocytes were washed with ~3.5 mL of ice-cold ND96. (8) A second wash was performed, followed by each oocyte being individually
transferred to a well of a white 96-well plate. The oocytes were then lysed by the addition of 20 €L of SDS to each well, and the plates were incubated overnight
at room temperature. The following day, 150 €L of MicroScint™-40 was added to each well and the amount of radioactivity in each well counted using the
MicroBeta? microplate reader (not shown).
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washed twice with ~3.5 mL of ND96 buffer (pH 5.5) and incubated in 100 pL of the ND96 buffer
(pH 5.5). Efflux was conducted over 1.5 h at 27.5°C, over the period where efflux via PIMDR1
is linear. At the end of the incubation, the buffer was removed by pipette. Oocytes were washed
twice with ~3.5 mL of ice-cold ND96 buffer, individually transferred to a separate well of a white
96 well plate and incubated overnight at room temperature in 30 pL of SDS.

The following day, after mixing on an orbital shaker for approximately 5 min, the lysed oocyte
was then combined with 150 uL of MicroScint-40 microscintillant (PerkinElmer). The plate was
then covered using a TopSealE -A (PerkinElmer), and the radioactivity was measured with the
PerkinElmer MicroBeta? microplate liquid scintillation analyser. The amount of radiolabelled
drug that had been effluxed out of each oocyte type was calculated by subtracting the amount
of radioactivity left in the oocytes that were incubated for 1.5 h from the oocytes used as a
measure of t = 0. Comparisons between different variants of PfIMDR1 were made by

normalising the data as a percentage of the wild-type PIMDR1 control (PfMDR1NYSND),

2.12 Development of a luminescence-based assay to measure the
ATPase activity of PfIMDR1 and HsP-gp

2.12.1 Preparation of total oocyte membranes

Total oocyte membrane preparations were prepared from 180 oocytes of each oocyte type
(Section 2.10.1). The oocyte types used in the assay included: (1) non-expressing oocytes,
(2) oocytes expressing HsP-gp, (3) oocytes expressing PIMDR1, and (4) oocytes expressing

PfNT1. Once the total membranes were pelleted, they were resuspended in ultrapure water.

2.12.2 Determining protein concentration via the Bradford Assay

The Bradford assay was used to evaluate the concentration of protein within each of the
membrane preparations. The assay is colorimetric and relies on the binding of protein
molecules to Coomassie dye under acidic conditions, resulting in a colour change from brown
to blue. A standard curve was prepared, consisting of BSA in sterile ultrapure water over the
concentration range of 5i 40 ug/mL in 5 pg/mL increments. An additional lower concentration
of 2.5 pg/mL was also prepared. Each BSA stock (100 uL) was pipetted into a well of a clear,
flat-bottomed 96-well plate in triplicate. A r ow of O0bl anké sampl es
uL of sterile ultrapure water into ten wells of the plate. Protein preparations were diluted at
1:100, 1:200, and 1:500, and 100 pL of each was pipetted into separate wells of the plate in
triplicate. To each well, 100 pL of room-temperature Bradford reagent (Sigma-Aldrich,

catalogue no: B6916) was added, and the plate was incubated in the dark for 15 min. The
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absorbance in each well at 590 nm was measured using a Tecan Infinite M1000 PRO

mi cropl ate reader. The average reading from the
of the other values. The absorbance of each sample in the BSA standard curve was then

plotted against the concentration of BSA in the corresponding sample and a linear curve fitted.

This standard curve was then used to determine the concentration of protein in each of the

oocyte membrane preparations.

2.12.3 Measuring ATP hydrolysis using the Promega ADP-GIOE Max Assay

A two-part protocol was used to measure drug-stimulated ATP hydrolysis using oocyte total
membrane preparations. The first step consisted of a reaction to produce ATP hydrolysis &

i.e. the incubation of membrane preparations with a test compound and ultrapure ATP (this
was prepared fresh each time in ultrapure water). After the incubation, the ADP-GIoE Max
Assay kit was used to deplete residual ATP, and then measure the ADP that was generated
during the reaction via a luminescence-based approach.

2.12.3.1 The ADP-generating reaction

While determining the suitability of this assay for investigating ATP hydrolysis in oocyte
membranes containing PIMDR1 or HsP-gp, a number of parameters were varied in the ADP-
generating reaction, including (1) the amount of total protein used, (2) the concentration of
drug or test compound used, (3) the inclusion of inhibitors for major oocyte ATPases such as
ouabain to target the endogenous sodium-potassium pump, (4) the temperature used to
incubate the reactions (37°C or 20°C), and (5) the duration of the incubation used for the ADP-

generating reaction.

The reactions were performed in opaque white 96-well plates. First, 10 pL of a reaction buffer
(25 mM Tris-MES (pH 6.8), 5 mM MgCl;, 1 mM EGTA, 25 mM KCl, 2.5 mM sodium azide, and
1 mM DTT) was pipetted into each well. To this, 10 pL of the total membrane preparation was
then added. Test compounds (vinblastine for HsP-gp, chloroquine or lumefantrine for PIMDR1)
or the appropriate solvent control were added in a volume of 10 pL to achieve the desired
concentration (either 0.5 mM, 1 mM, 2.5 mM, or 5 mM). An additional treatment was performed
to incubate the test compound in the presence of the HsP-gp inhibitor nicardipine to confirm

that any transport observed was mediated by HsP-gp.

The reactions were gently mixed, and the plate was incubated for 5 min at either 37°C or 20°C.
The reactions were then initiated by the addition of 5 pL of 25 mM ultrapure ATP, and the plate

was incubated at the desired temperature for either 5 min, 30 min, or 1 h.
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2.12.3.2 Determining the amount of ATP hydrolysed during the reaction

First, 25 pL of the ADP-GIoE Reagent was added to terminate the reaction and the contents
of the well were mixed. This reagent also depletes any unconsumed ATP while leaving ADP
intact. The plate was then incubated at room temperature for 40 min. After this time, 50 pL of
the ADP-GIoE Max Detection Reagent was added, mixed thoroughly, and the plate incubated
at room temperature for 60 min in the dark. This reagent converts ADP to ATP and contains
luciferase and luciferin to detect ATP. After this incubation, the luminescence was measured
using the Tecan Infinite® M1000 PRO microplate reader using integration times of 500 and
1000 ms. The signal measured in the wells containing a test compound was compared to that
from the solvent control for the same oocyte type to determine if ATP hydrolysis was stimulated

in the presence of the compound.

2.13 Determining resistance indices to evaluate the relationship
between drug transport and altered parasite susceptibilities

2.13.1 Does the drug transport capacity of a PfCRT variant correlate to the in
vitro drug susceptibility of the corresponding parasite?

A previous study revealed a positive relationship between the capacity of PfCRT variants to
transport CQ and the in vitro susceptibility of the corresponding parasite to the drug [347]. To
investigate the relationship between PfCRT-mediated drug transport and parasite
susceptibility to CQ, quinine, and quinidine, ICs, values for the effect on parasite proliferation
from the relevant literature [96, 108, 333, 334] were collated. In comparing the capacity of a
given PfCRT variant from a 106/1-derived parasite line (Section 1.8) with the in vitro
susceptibility of the corresponding line to the quinoline drugs, studies were included only if the
ICso values for each line were determined pairwise with the 106/17K parent line. The resistance

index for each drug was calculated for each strain in each study using the following formula:

. . IC5 of a given parasite strain
Resistance index =

IC5q of the 106/1 76K parasite from the same study

Where 3 or more studies were available for comparison for the resistance index of a particular
strain to a given drug, the mean resistance index and standard error of the mean (SEM) were
calculated. The transport activity of each PfCRT variant was then plotted against the resistance
index for the corresponding parasite strain. The correlation between the two properties was

then examined (refer to Section 2.16).
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Most studies investigating the susceptibility of 7G8, Ecul1110, and Dd2 parasites to quinine
and quinidine did not investigate the 106/17% parent line in parallel. Hence, the inclusion
criteria for the studies used to determine the resistance index of these lines was different: (1)
the study needed to include either 7G8 or Eculll0 parasites, and (2) the study needed to
include the chosen comparator strain. For both drugs, two feasible options for a comparator
strain were considered 8 3D7 or HB3 parasites 8 which both express the PfCRT*"? variant
but have other genetic variations, including the allele of pfmdrl present. For quinine, a larger
number of studies (ten studies instead of five studies) could be included if the comparator
strain used was 3D7 instead of HB3 [96, 396, 443, 444, 568-572]; hence studies were included
if pairwise measurements of the quinine ICso value for 3D7 were made. In contrast, very few
studies (three in total) have investigated the response of 7G8 parasites to quinidine [99, 100,
108], of which only one investigated the response of 3D7 parasites to quinidine [100]. However,
all three studies included HB3 or GCO03 parasites. Thus, HB3 or GC03 parasites were used as
the comparator strain for this dataset 8 both express PfCRT®"” and have the same pfmdrl
allele (PfMDR1NFSPD),

2.13.2 Does the drug transport capacity of a PFMDR1 variant correlate to the in
vitro drug susceptibility of the corresponding parasite?

To investigate parasite susceptibilities to CQ, quinine, and lumefantrine, ICs values for the
effect on parasite proliferation from the relevant literature [94, 96, 100, 102, 105, 108, 327,
332, 396, 443, 444, 506, 568-575] were collated. The inclusion criteria used were: (1) if an ICso
value for the drug of interest was determined for the 3D7 strain (comparator strain), and (2)
data for one or more of the parasite strains of interest (aside from the comparator 3D7 strain)
was obtained in the study. This allowed the inclusion of 4i 15 studies per drug. While
undergoing this process of data mining, it was observed that several studies did not perform
pairwise ICso measurements with 3D7 but rather performed pairwise measurements with HB3
or GCO03 parasites instead. Moreover, two studies [102, 327] that did not include 3D7
measured the response of GB4 parasites to CQ, which has only been investigated in a total of
3 studies [102, 327, 444]. As both the HB3 and GCO03 strains possess identical PfCRT and
PfMDR1 variants, and their ICs, values to CQ are very similar [102, 103], the criteria were
altered to include studies that measured 1Csp values in HB3 or GCO03, regardless of whether
3D7 was included in the study. This enabled the inclusion of data from multiple studies for
infrequently investigated parasite strains such as GB4 and also increased the number of
studies that could be included from 15 to 18 studies. The in vitro resistance indices for each
study were calculated by dividing the 1Csq value of each strain by the ICso value of the control

strain (3D7 for lumefantrine and quinine, and HB3 or GCO3 for CQ). The indices from different
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studies were then averaged, and the SEM or range/2 (if data from only two studies were
available) determined. The resulting values enabled the comparison of resistance levels
between different parasite strains. The mean = SEM (or range/2) of the resistance indices were
plotted against the transport abilities of the PIMDR1 variants to determine whether the capacity
of PIMDR1 for mediating the transport of each drug was a significant factor in determining the
level of parasite resistance to that drug.

2.14 Assays using asexual blood-stage P. falciparum

Asexual blood-stage P. falciparum parasites were used to investigate the expression of
PfMDR1 and PfCRT proteins via western blot analyses and to interrogate the mechanism
underpinning the sensitivity of CQ-resistant parasites to amantadine. The latter work was
undertaken by Dr Sarah Shafik and Dr Adele Lehane.

2.14.1 Parasite strains used in the study

The parasites used in the assays were cultured by Dr Sarah Shafik or Dr Robert Summers.
The use of human blood for parasite culture was approved by the ANU Human Research
Ethics Committee (Human Ethics Approval Numbers 2011/266 and 2017/351). The strains
used in this study were wild-type 3D7 parasites (isolated from the Netherlands but probably of
African origin) [576], the CQ-resistant strain Dd2 (isolated from South-East Asia) [103], and
three pfert transfectant lines (C2°¢%, C4°% and C67¢%). The pfcrt transfectant lines were

previously generated by Sidhu et al. [99] by the replacement of the wild-type pfcrt allele of the

CQ-sensitive GCO03 strain with either the pfcrt allele from Dd2 or fromthe CQ-r e si st ant

strain. C67¢8 contains an additional mutation (I351M) in PfCRT that is not present in 7G8
parasites due to a PCR error [119]. The C2°6¢® |ine is a recombinant CQ-sensitive control that

harbours the wild-type pfcrt allele.

Two authentication methods were used to verify the identities of the parasite strains and lines
used in this study. The first evaluated the CQ resistance phenotype of each parasite line using
cell proliferation assays. These assays determined CQ ICsgs for each parasite type that could
be compared to previously published data [96, 99, 434, 467]. Periodically, mycoplasma
detection assays were also performed on each of the cultures using PCR in conjunction with
a primer mix that amplifies the ribosomal DNA from different mycoplasma strains [577]. During

the study, no mycoplasma infections were detected in any of the parasite cultures.
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2.14.2 Culturing of parasitised erythrocytes

Parasite cultures were incubated at 37°C in RPMI 1640 media supplemented with 25 mM
HEPES, 20% (w/v) glucose, 200 uM hypoxanthine, 24 pg/mL gentamycin, and 0.6% (w/v)
Albumax Il. The parasites were gassed with a mixture consisting of 3% CO3, 1% O,, and 96%
N2. The pfcrt transfectant lines were maintained using the selection agents blasticidin (5 pM;
Sigma-Aldrich) and WR99210 (5 nM; Jacobus Pharmaceuticals). The selection agents were
not present during the experiments.

Cultures were maintained at 4% haematocrit and synchronised with 5% (w/v) sorbitol as
previously described [578] to selectively kill trophozoite-stage infected erythrocytes. The killing
effect of the sorbitol treatment is selective to the trophozoite-stage infected erythrocytes; by
this stage, the parasite has induced the formation of new permeability pathways (NPPs) within
the host erythrocytic membrane. The NPPs increase the permeability of the membrane to a
range of solutes, including sorbitol, which results in rapid hypotonic lysis of the trophozoite-
stage infected erythrocyte [579]. Synchronisation of predominantly ring-stage cultures was
carried out in 50 mL conical centrifuge tubes. Cells were pelleted by centrifugation at 500 x g
for 5 min, and the supernatant was discarded. Treatment with sorbitol was performed by the
addition of 5% (w/v) sorbitol (preheated to 37°C) and incubated for 15 min at 37°C. After this
incubation, the cells were pelleted by centrifugation, and the supernatant was discarded. The
cells were resuspended in 50 mL of supplemented RPMI 1640 media and returned to culture

conditions.

2.14.3 Preparation of parasite proteins for western blot analysis

Protein preparations were made using 1 x 108 parasites obtained from predominantly
synchronous cultures containing trophozoite-stage parasites. Parasites were counted with a
haemocytometer to determine the total number of cells. B-squares were counted until the total
number of cells counted was between 3001 500 cells. Calculations were then performed to

determine the total cell count per mL of culture:

16 »10*
total cell countimL = total number of calls counted x » dilution factor
number of B squares counted

Giemsa-stained smears were then used to determine the parasitemia. The parasitemia was

calculated using the following formula:
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number of infected cells

o . I
% parasitaemia total number of cells x 100

Therefore, the number of parasitised cells was calculated using the following formula:

number of parasitised cells/mL = total cell count/mL x % parasitaemia

Using this information, the appropriate volume of culture required to obtain 1 x 10 parasites
was calculated. This volume of cells was then aliquoted into a microcentrifuge tube and
centrifuged at 500 x g for 5 min to pellet the erythrocytes. The culture medium was aspirated,

and the cells resuspended in 1 mL of PBS.

Saponin was then used to isolate parasites by permeabilising the erythrocyte membrane. This
method relies on the formation of large Iytic pores caused by the interaction of saponin with
cholesterol within the erythrocytic plasma membrane and the parasitophorous membrane
[580]. Thelowlevelof chol est er ol in the parasiteds

partially impermeable to saponin; hence enabling the isolation of trophozoite-stage parasites
from infected erythrocytes [581]. Saponin was added to the samples to a final concentration of
0.05% (v/v). The tube was gently inverted to mix and then centrifuged at 21,000 x g for 5 min
at 4°C. The supernatant was then aspirated to reveal the parasite pellet. This pellet was
washed with 2 mL PBS with gentle inversion, followed by centrifugation at 21,000 x g for 30 s
at 4°C to recover the parasite pellet. The wash step was repeated until the supernatant was
colourless and clear. The final parasite pellet was resuspended in 200 pyL of PBS. A 21G
needle was then used to triturate the parasite material and lyse the cells. A 1:4 dilution of
protein preparation was then prepared. For detection of PfCRT, samples were mixed with
NuPageE L D8oaBinafconeentrationof I1xNu Page E L D,r 2B% ¥\V). €he
samples were then triturated again using a 21G needle. Prior to loading on a gel, -
mercaptoethanol was added to samples to achieve a final concentration of 10% (v/v) and
mixed gently. For detection of PfIMDR1, samples were diluted to include 1% (v/v) SDS, 1 M
urea,and NuPageE LDS Buffer. The samples wee
and heated at 95°C for 5 mi n -Merdaptoethanol was then added to samples to achieve a
final concentration of 10% (v/v) and mixed gently prior to loading. Gels were run as described
in Section 2.10.4 using the appropriate running conditions and transferred to nitrocellulose

membranes. Immunoblotting was performed as described in Section 2.10.6.

140

pl as ma

e

t hen



Materials and Methods

2.14.4 Investigating PfCRT substrates in situ using the H*-efflux assay

The H*-efflux assay was performed by Dr Sarah Shafik with the assistance of Dr Adele Lehane
to probe the interaction of amantadine with PfCRT in trophozoite-stage-infected erythrocytes.
Trophozoite-stage parasites were used to study PICRT function in situ, as itis during this stage
of parasite development that PfCRT expression peaks. The parasites are incubated with a
putative PfCRT substrate, in this case, a drug. Many drugs, including CQ, accumulate in the
DV wieakbaset r a p pandrthgsithe ability of PFCRT to mediate transport of these drugs

out of the DV can be measured.

The H*-efflux assay takes advantage of the proton-dependent transport mediated by PfCRT
0 the ability of PICRT to transport these substrates from the parasite DV is reflected in the
rate of proton transport out of the DV. Thus, moni t ori ng pH changes i
the membrane-impermeant pH-sensitive dye, fluorescein-dextran, provides a means of
studying proton transport from the DV in situ (Figure 2.9) in the presence of putative PICRT
substrates. Coupled with the inhibition of the V-type H*-ATPase (using concanamycin A)
responsible for maintaining the acidic environment of the DV, the increase in proton-dependent
transport mediated by PfCRT results in the alkalinisation of the DV. The rate of DV
alkalinisation increases significantly when PfCRT-mediated transport occurs concurrently with
the inhibition of the V-type H*-ATPase; therefore, an increase in the rate of DV alkalinisation
in the presence of a putative PfCRT substrate confirms that the compound is a substrate of
PfCRT. In all experiments, the rate of PFCRT-mediated alkalinisation in the presence of CQ
was measured in each parasite line to confirm that DV alkalinisation could be detected in the
lines expressing a PFCRTCR variant (i.e. C4°% and C67%%) and not in parasites expressing
wild-type PfCRT (i.e. C26¢%), as has been previously shown [118-120, 467]. An additional
treatment was performed that included both the PfCRT inhibitor verapamil and amantadine to
confirm that any DV alkalinisation observed in the presence of amantadine was attributable to
PfCRT-mediated transport of amantadine out of the DV. A treatment of verapamil only, which

does not induce significant DV alkalinisation, was also included [118-120, 467].

141



Chapter 2

1. Parasitesinvade fluorescein- 2. Saponisationis performed 3. Drugis added, accumulates 4. Concanamycin A inhibits the V-type

dextran-loaded erythrocytesand to release trophozoite-stage in the DV via ‘weak-base H*-ATPase, disrupting the maintenance

endocytosefluorescein-dextran. parasites. trapping’ and becomes of the DV pH. Transport of protonated
protonated within the acidic drugs by PfCRT results in DV
environment of the DV. alkalinisation. The more alkaline pH of

the DV resultsin anincreasein the
fluorescence of fluorescein-dextran.

erythrocyte cytosol

parasite DV parasite DV parasite DV parasite DV
pH 5.0-5.5 pH 5.0-5.5 pH 5.0-5.5 pH > 5.0-5.5
drug < drug drug H*-ATPase
x . @
l l & concanamycin A
drugH+ drugH+
RICRY PICRT PICRT
parasite cytosol parasite cytosol parasite cytosol parasite cytosol
pH~7.3 pH~7.3 pH~7.3 pH~7.3

Figure 2.9: Overview of the H*-efflux assay.

(1) Parasites are cultured with fluorescein-dextran-loaded erythrocytes, allowing them to invade the erythrocytes and endocytose fluorescein-dextran into the

DV (the yellow colour denotes the endocytosed fluorescein-dextran). (2) Saponin-treatment of the infected erythrocytes releases trophozoite-stage parasites

with fluorescein-d e x t r an inside the DV. (3) Parasites are incubated wi tveaktbdset rdapmi rodgd.i n
Within the acidic environment of the DV, the drug will become protonated. (4) To prevent regulation of the pH of the DV, concanamycin A, an inhibitor of the V-

type H*-ATPase (green; labelled as H*-ATPase), is added. Therefore, when the V-type ATPase is inhibited, and protonated drugs are transported by PfCRT out

of the DV, the DV becomes more alkaline and the fluorescence from the fluorescein-dextran increases (denoted by the brighter yellow of the endocytosed
fluorescein-dextran). Hence, monitoring the changes in fluorescence (reflective of the rate of DV alkalinisation) during the assay provides a measure of PfCRT-

mediated transport of the drug of interest.
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2.14.4.1 Loading of erythrocytes with fluorescein-dextran

Uninfected erythrocytes were loaded with fluorescein-dextran (10,000 MW; Life Technologies
catalogue no: D1821) using a lysis-and-resealing technique adopted from that devised by
Krogstad et al. (1985) [582]. Briefly, a hypotonic lysis buffer (5 mM HEPES, 11 mM glucose, 2
mM MgClz, 2 mM ATP; pH 7.4) was prewarmed to 30°C. Fluorescein-dextran (351.4 uL) was
then added to a 23 mL aliquot of the hypotonic lysis buffer. Lysis of the erythrocytes was
performed by adding 1 mL of packed uninfected erythrocytes into 2.25 mL of the fluorescein-
dextran-loaded hypotonic lysis buffer, with incubation at 30°C for 10 min. This step was
simultaneously performed for ten aliquots of 1 mL of packed uninfected erythrocytes. To
promote the resealing of the erythrocytes, 2.25 mL of a hypertonic resealing solution (280 mM
NaCl, 40 mM KCI, 11 mM glucose, 1 mM HEPES; pH 7.4) was preheated to 37°C and added
to each of the ten aliquots. The suspensions were immediately centrifuged at 1,200 x g for 5
min. Washing of the erythrocytes using RPMI 1640 medium (preheated to 37°C) was
performed twice with centrifugation at 1,200 x g for 5 min after each wash. The fluorescein-

dextran-loaded erythrocytes were stored at 4°C until the assay.

2.14.4.2 Magnet enrichment of trophozoite-stage parasites and infection of fluorescein-
dextran-loaded erythrocytes

The H*-efflux assay is performed on parasites that have invaded the fluorescein-dextran-
loaded erythrocytes (Section 2.14.4.1). To maximise the proportion of parasitised fluorescein-
dextran-loaded erythrocytes, a synchronous starter culture of trophozoite-stage parasites is
required. These trophozoite-stage parasites are capable of producing daughter parasites that
can invade the fluorescein-dextran-loaded erythrocytes. To achieve this aim, enrichment for
trophozoite-stage parasites was performed using a magnet-based separation method. This
step removes ring-stage-infected erythrocytes and uninfected erythrocytes from the starter
culture. As trophozoite-stage parasites contain a significantly higher amount of haemozoin
than their ring-stage counterparts, they can be isolated through the application of a strong
magnetic field in conjunction with a magnetic column matrix. The pure population of
trophozoite-stage parasites was then cultured with the fluorescein-dextran-loaded erythrocytes
to allow daughter parasites to invade the loaded erythrocytes. Therefore, the assay is

conducted after one full life cycle when the daughter parasites reach the trophozoite stage.

A MACS® CS column (Miltenyi Biotec) fixed to a retort stand was washed twice by passing 50
mL of 100% ethanol through the column followed by 50 mL of the AIbuMAXE Il-free RPMI
1640 media. A drip regulator was fitted to the MACS® CS column before transfer onto a
VarioMACS Separator magnet (Miltenyi Biotec). Prior to the addition of the culture to the
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column, 40 mL of cell culture was pelleted by centrifugation at 500 x g for 5 min. The
supernatant was removed, the pellet resuspended in 10 mL of AlbuMAXE II-free RPMI media
(preheated to 37°C) and the suspension passed through the MACS® CS column. Ring-stage
infected erythrocytes, uninfected erythrocytes, and media passed through this column, leaving
trophozoite-i nf ect ed erythrocytes Otr appAMAXE hi-freehe mat |
RPMI media was then used to wash the MACS® CS column until the eluate was clear. At this
point, the MACS® CS column was removed from the VarioMACS Separator magnet and fixed
to a retort stand. To elute the trophozoite-infected erythrocytes from the matrix, the column
was washed with AIbuMAXE II-free RPMI media. Trophozoite-infected erythrocytes were then
eluted from the column and collected in a 50 mL conical centrifuge tube. The trophozoite-
infected erythrocytes were then pelleted by centrifugation (500 x g for 5 min), and the
supernatant was discarded. The pellet was then resuspended in 50 mL of RPMI media
supplemented with 3% (v/v) AIbuMAXE II. After this step, 1.5 mL of the fluorescein-dextran-
loaded erythrocytes were added. The parasite culture was then returned to culture conditions.
Parasites were cultured daily for one complete proliferation cycle in the absence of selection
drugs, thus allowing sufficient time for the trophozoite-stage parasites to mature and release
daughter parasites that go on to invade the fluorescein-dextran-loaded erythrocytes and

endocytose the fluorescein-dextran into their DVs.

2.14.4.3 H'-efflux assay

Mature trophozoite-stage parasites were isolated from erythrocytes by a short treatment with
0.05% (w/v) saponin as described in Section 2.14.3. Centrifugation at 1,000 x g for 5 min was
performed to pellet the isolated parasites. The pellet was then washed by the addition of 1 mL
of a saline solution (125 mM NaCl, 5 mM KCI, 1 mM MgCl,, 20 mM glucose, 25 mM HEPES;
pH 7.1) preheated to 37°C, followed by centrifugation at 12,000 x g for 30 s. The wash step
was repeated until the supernatant was clear and colourless. The pellet was then resuspended

to a density of 1 x 107 cells/mL in saline solution and retained at 37°C.

The fluorometry experiments were performed according to a previously described protocol
[118, 120]. Briefly, monitoring of the fluorescence signal at 37°C was performed using a Life
Science LS50B fluorometer (PerkinElmer) with a dual excitation Fast Filter accessory
(excitation at 490 nm and 450 nm; emission at 520 nm). The assay was initiated by the transfer
of 999 uL of isolated trophozoites (at a density of 1 x 107 cells/mL) to a cuvette. The test
compound (CQ or amantadine) was added to the cuvette in a 1 pyL aliquot to achieve the
desired final concentration. DMSO was used as the solvent control as the drug stocks were

made up in this solvent. CQ was used as a positive control for the C4°9 and C67¢8 lines 8 the
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H*-efflux assay has previously been used to measure DV alkalinisation in both of these lines
after the addition of CQ, and hence comparisons to the previously published data [118-120]
could confirm the validity of the CQ data obtained in pairwise experiments with amantadine. A
4 min incubation was carried out to allow for the accumulation of the test compound in the DV
via weak base trapping. After this incubation, 100 nM of concanamycin A (MP Biomedicals)
was added to inhibit the V-type H*-ATPase on the DV membrane. The alkalinisation of the DV
was then recorded for approximately 15 min. In all cases, five independent experiments were

performed on different days. In each experiment, duplicate treatments were performed.

2.14.4.4 Analysis of H" efflux assay data

The half-times for the rate of DV alkalinisation were determined by a least-squares fit of the
equation F = Fo + Fmax/[1 + (t/t12)°] where F is the fluorescence ratio, Fo is the initial fluorescence
ratio (averaged over 20 seconds immediately prior to opening the chamber of the fluorometer
and adding the concanamycin A), tis time, t1, is the half-time for DV alkalinisation, Fnax is the
maximal change in fluorescence ratio, and c is a fitted constant [118]. A least-squares fit was
determined using SigmaPlot Windows Version 11.0. The rate of PfCRT-mediated DV
alkalinisation was calculated by subtracting the rate of DV alkalinisation of the solvent control

from the rates calculated for each treatment with each parasite line.

2.14.5 Parasite proliferation assays

Parasite proliferation was measured in the presence of CQ or amantadine to measure the
dose-dependent effect of the compounds on parasite proliferation using a fluorescent DNA-
intercalating dye [583] and a previously described protocol [584]. Cell suspensions containing
ring-stage-infected erythrocytes were synchronised on the day of the experiment using the
method described in Section 2.14.2.

For each parasite strain, cells from 3 x 10 mL aliquots were collected in a 15 mL conical
centrifuge tube by centrifugation at 500 x g for 5 min. A 2 mL aliquot of uninfected erythrocytes
was pelleted in the same manner. The cell pellets were washed twice using RPMI media with
centrifugation (500 x g, 5 min). After the washes, the pellets were resuspended in RPMI. The
parasitaemia of each culture was then determined using a Giemsa-stained blood smear as
previously described (Section 2.14.3). The volume of parasite-infected erythrocytes and
uninfected erythrocytes to achieve a final parasitaemia of 1% with a haematocrit of 1% was
determined. The cells were then maintained in 200 eL of RPMI 1640 media in clear 96-well
plates containing 2-fold dilutions of CQ or amantadine. The solvent control used in the
experiment contained DMSO at the same concentration as the set of 2-fold dilutions of drug.
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In all wells, DMSO was present at < 0.1% (v/v), which does not affect parasite growth and
proliferation. Each concentration of drug was tested in triplicate. The plates were incubated for
72 h at 37°C in a reduced O, gaseous environment, consisting of 3% CO2, 1% O, and 96%
N.. Termination of the assay was achieved by freezing the plates overnight at -20°C. To
determine parasite proliferation in the presence of each drug, a fluorescent DNA-intercalating
dye SYBRE Safe DNA Gel Stain (Molecular Probes, catalogue no: S33102) was used to
measure the amount of DNA present. After the plates were thawed, 100 pL from each well
was transferred to a new clear 96-well plate, and 100 pL of a lysis buffer (0.2 pL/mL SYBR
Safe DNA Gel Stain, 20 mM Tris, 5 mM EDTA, 0.008% (w/v) saponin, 0.08% (v/v) Triton X-
100; pH 7.5) was added to each well. A Tecan Infinite M1000 PRO microplate reader
(excitation wavelength 490 nm; emission wavelength 520 nm) was used to measure the

fluorescence in each well.

Optimisation experiments conducted by Dr Sarah Shafik established the concentration of drug
required to achieve complete inhibition of growth and proliferation in each cell line. The
concentrations are listed in Table 2.8. Within each 96-well plate, the fluorescence measured
in the wells containing the highest concentration of the drug (as shown in Table 2.8) were
averaged and subtracted from the value of each well. The percentage of proliferation
measured in the absence of the test compound was then calculated for each concentration of
the drug. A least-squares fit of the equation y = a/[1 + ([drug]/ICsp)°] to the data, where y is the
percent parasite proliferation, a is the maximum change in the percent parasite proliferation,
and c is a fitted constant was performed in SigmaPlot Windows Version 11.0 to determine the
ICso values for each drug. At least three independent experiments were performed on different
days, and within each independent experiment, the measurements represent the average of

the three technical replicates.

Table 2.8: Concentration of CQ or amantadine required to completely inhibit parasite growth and
proliferation in each parasite strain and line.

Concentration of drug required to achieve complete inhibition of

e S aF e parasite growth and proliferation

Amantadine CQ
3D7 and C26¢03 11.8 mM 400 nM
Dd2 and C4P42 160 M 2.4 M
C67¢8 800 &M 1.4 e¢M
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2.15 Bioinformatic tools used to predict protein localisation,
phosphorylation, and topology

2.15.1 Predicting the subcellular localisation of transporters

Two bioinformatic tools were used to predict the subcellular localisation of PfCRT and PfMDR1
within X. laevis oocytes. The first was the LocSigDB webserver (Table 2.9), which compares
the query protein sequence to a manually curated database of experimentally determined
protein localisation signals from eukaryotic cells [585]. The second was WoLF PSORT (Table
2.9) which predicts the subcellular localisation of proteins by comparing the query protein
sequence to a database of either animal, plant, or fungal proteins [586]. As P. falciparum
possesses several genetic elements derived from plants, the WoLF PSORT prediction tool
was used in conjunction with both the animal and plant databases to predict the subcellular
localisation of PIMDR1 and PfCRT within the oocyte.

Table 2.9: Tools used to predict various properties of membrane transporters.

Prediction type Tool Web address (URL)
Subcellular LocSigDB http://genome.unmc.edu/LocSigDBY/)
localisation \Fl)vsoéI;T https://wolfpsort.hgc.jp/
Phosphoresidues | NetPhos3.1 https://services.healthtech.dtu.dk/service.php?NetPhos-3.1
Topology TMPRED https://embnet.vital-it.ch/software/TMPRED_form.html
TMHMM https://services.healthtech.dtu.dk/service.php? TMHMM-2.0

As PfCRT had been successfully expressed in X. laevis oocytes prior to this study, both the
native PfCRT protein sequence (NCBI gene identifier Pf3D7_0709000) and the protein
sequence offrel ¢ m o i &iChapterf 3; refdr © Rable 3.1) were used to
predict the subcellular localisation of PICRT within X. laevis oocytes. The prediction tools also
provided insight into whether any putative endolysosomal trafficking motifs had been retained
inthed moftri d e 6 Vv ar i P& generabetl by Mar@ RtTal. [116]. These predictions were
then compared with the predicted subcellular location of PFCRTP92 variants that harboured a
deactivated traff ircekpdlInegt endo t-NARTA? eef@g3oAablend 1) fo f
test whether additional trafficking motifs were present and to provide insight into whether they

would be expected to express at the plasma membrane.

Prior to attempting the expression of PfIMDR1 in the X. laevis oocyte system, the LocSigDB
and WoLF PSORT prediction tools were used to determine whether putative endolysosomal

trafficking motifs were present in the N- and C- termini of the protein (NCBI gene identifier
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Pf3D7_0523000; Chapter 6). This step was undertaken as PfMDR1 exhibits dual localisation

at the plasma membrane and t heThugdhmbative PIMIDRLf t he
protein sequence could contain trafficking motifs that could direct the protein to the membrane

of the DV.

2.15.2 Predicting phosphoresidues in PfCRT using the NetPhos3.1 Server

The NetPhos3.1 server (Table 2.9), [587, 588] predicts the potential for a tyrosine, threonine,

or serine residue to be phosphorylated based on the surrounding amino acid sequence, using
ensembles of neural networks. The potential for the phosphorylation of each tyrosine residue

within PfCRT was predicted using the proteins e quencesr ep | é mePH, iYRLZBR T
PfCRTP®, and D17,Y20,E22,L23-PfCRTP%, The potential for serine and threonine
phosphorylation within PfICRTwaseva | uat ed u s ifnrge et oh¥Pa aGuRTorimbp li t e 6
PfCRTP sequences.

2.15.3 Predicting the topology of membrane transporters

A previous study by Martin and Kirk [348] used the TMpred and TMHMM 2.0 servers to predict
putative TMDs within PICRT and the orientation of the protein in a membrane. The TMpred
server (Table 2.9) predicts putative TMDs based on a database of membrane-spanning protein
segments [589] extracted from the SwissProt database and other related programs. The
positional preferences of amino acid residues within the protein sequence are then determined.
The TMHMM 2.0 server (Table 2.9) predicts the positions of the TMDs and the orientation of
membrane proteins using a hidden Markov model [590, 591]. It integrates properties including
hydrophobicity, charge bias, and helix lengths into its predictions and also discriminates
between integral membrane proteins (like transporters) and soluble proteins. Both tools were
used to determine the predicted topology of the unusual PfCRT splice variant aex3,4-PfCRTP4?
as well as the topology of HSGLAST and its splice variants HSGLAST1b and HSGLAST1c. The

two tools provided similar results for the predicted topology of all three proteins.

2.16 Statistical analyses

Statistical analyses were performed using GraphPad Prism Version 9.0.0. All errors cited in
the text and shown in the figures represent the SEM unless otherwise stated. The error for
some resistance indices is provided as the range/2 as the ICs value for some parasite strains

was only determined in two studies.
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Materials and Methods

In all instances where more than two groups were compared, statistical comparisons were
made using one-way ANOVAs in conjunction with the Tukey-Kramer multiple comparisons
test. A two-way ANOVA in conjunction with the Tukey-Kramer multiple comparisons test was
used to analyse data from experiments involving the co-injection of PFCRTP92 with either PfNT1
or PICRT®7 using a range of quantities of cRNA. The two-way ANOVA accounted for the
contribution of: (1) differing amounts of cRNA microinjected, and (2) whether the PfCRTP??
cRNA was co-injected with PFCRT3P” cRNA or PINT1 cRNA (Chapter 4). In all cases, a P value
of less than 0.05 was considered statistically significant. A one sample t-test was used to
compare the experimental data to a hypothetical value, where the only comparisons made
were to this value. For example, a value of 0 was used to compare transport or protein levels
to measurements in non-expressing oocytes, while a value of 100 was used to compare
transport or protein levels to measurements made from a positive control & oocytes
expressing PfCRTP9? (Chapters 31 5), PfCRTK! (Chapter 5), or PfIMDR1NYSNP (Chapter 6). In
most instances, comparisons were made to transport of protein levels made from a positive

control. However, where the level of uptake of a given drug observed in oocytes expressing a

transporter variant was bkofuptaké rmeasuredin norhegpreésimg@ c k gr o u

oocytes, one sample t-tests were performed to determine if there was significant drug uptake

mediated by the expressed transporter variant.

The 95% confidence intervals for pairwise comparisons from all these methods are stated
where appropriate and presented as a range, with the lower and upper limits stated. In all
cases where zero is not included in the confidence interval, one can be 95% confident that
there is a difference between the means of the two compared groups. In Chapter 4, the 95%
confidence intervals for the level of PfCRT protein in oocytes expressing a given PfCRT variant
were used to predict the level of drug transport that would be expected if the main determinant
of drug transport was solely the level of PFCRT protein produced. These predictions were made
using the previously determined relationship (y = 0.8474x + 13.61) between PfCRT protein
levels and PfCRT-mediated [*H]CQ transport in X. laevis oocytes [347]. For comparisons of
only two groups, an unpaired t-test was performed. For comparisons of death rates between
two oocyte types, an unpaired t-test with Welch correction was performed. The Welch
correction was chosen as the test does not assume equal variances and is a more

conservative test.

Correlation analyses were conducted to determine the relationship between (1) the level of
PfCRT protein and level of PfCRT-mediated [*H]CQ uptake (Chapter 3 and Chapter 4), (2)
the capacity of a given PfCRT variant to transport a given drug and the in vitro resistance index

of the corresponding parasite strain (Chapter 5), (3) the relationship between PfMDRL1
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expression levels and the PfIMDR1-mediated [*H]lumefantrine transport activity (Chapter 6),
and (4) the ability of a given PfIMDR1 variant to transport a drug and the in vitro resistance
index of the corresponding parasite strain to that drug (Chapter 6). Where appropriate, the
data were fitted to a linear curve. The data from experiments that set out to determine the
relationships between the amount of PIMDR1 cRNA injected, PIMDR1 protein levels, and
PfMDR1-mediated [*H]lumefantrine transport used a range of cRNA that resulted in both the
saturation of protein levels and PfIMDR1-mediated [*H]lumefantrine transport (Chapter 6);
thus, these datasets were fitted using a four-parameter sigmoidal curve. In all cases, a Pearson
correlation coefficient was determined, and the correlation coefficient and P value (which

denotes the likelihood that the correlation occurred by chance) were reported.
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Declaration

The work in this Chapter examined the sequence determinants required to express functional
PfCRT in the X. laevis oocyte system successfully. This work relied upon the generation of
several PfCRT variants. Of these PfCRT variants, | generated seven variants, another seven
were generated by Dr Rosa Marchetti, Professor Michael Lanzer gifted the optimised PFCRTP?

variant, and the remaining variants were purchased from GenScript.

The protocol for the western blot analyses using total membrane preparations was developed
by myself and Dr Robert Summers under the supervision of Dr Rowena Matrtin. In addition, |
developed the protocol for surface biotinylation that was used to detect proteins expressed at
the oocyte's plasma membrane. Preliminary [*H]CQ uptake assays for seven PfCRT variants
were performed by Dr Rosa Marchetti. | performed the remaining [*H]CQ uptake assays,
western blot analyses, and cell surface biotinylation assays to characterise these PfCRT
variants. Characterisation of the optimised PfCRTP% construct was carried out with the
assistance of Mr Courtney Winning, who performed two replicates of the [*(H]CQ uptake assay
and prepared oocyte lysates on which | performed western blot analyses. The [*H]CQ uptake
assay datasets presented in Figure 3.3E, Figure 3.5, and Figure 3.18 represent the combined
averages from my work and the data obtained by Dr Rosa Marchetti and Mr Courtney Winning.
| also performed immunofluorescence experiments to determine the orientation of PfCRT in
the X. laevis oocyte system using a protocol that | developed in conjunction with Dr Rosa
Marchetti.
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Identification of Sequence Determinants Contributing to the Functional Expression of PfCRT in X. laevis oocytes

3.1 Background

Historically, the heterologous expression of P. falciparum proteins has proven to be technically
challenging. Key factors that influence the success of attempts to heterologously express P.
falciparum proteins include: (1) the AT-rich gene sequences [592, 593]; (2) the comparatively
large size of P. falciparum proteins compared with their homologues in other organisms [172,
594]; and (3) the presence of long disordered loops [172]. As noted in Section 1.6.1.4,
attempts by Nessler et al. [143] and Martin et al. [116] to express functional PfCRT in X. laevis
oocytes using the native pfcrt coding sequence were unsuccessful, likely due to misfolding of
the protein caused by differences in codon usage between the two organisms, P. falciparum
and X. laevis. Moreover, the PfCRT sequence used in these studies harboured putative
endolysosomal trafficking motifs that may have directed PfCRT to lysosomal compartments
within the oocyte (Section 1.6.1.4) [143]. In contrast, the successful expression of PfCRT at
the plasma membrane of X. laevis oocytes by Martin et al. [116] used a PfCRT coding
sequence with two madifications: (1) codon harmonisation of the native P. falciparum pfcrt
coding sequence to match the codon usage of X. laevis; and (2) removal of several putative
endolysosomal trafficking motifs from the N- and C- termini of the protein. This approach
resulted in the expression of PfCRT at the plasma membrane of X. laevis oocytes, therefore
permitting direct measurements of PfCRTOs

expression of PfCRT.

In this Chapter, experiments were conducted to determine whether all the sequence
modifications made by Martin et al. [116] 8 the codon harmonisation of the PfCRT coding
sequence and removal of putative endolysosomal trafficking motifs 8 are necessary for the
functional expression of PFCRTP% in X. laevis oocytes. To achieve this aim, several variants
of the PfCRTP%? coding sequence were generated (refer to Figure 3.1 for the design of the
experimental strategy and Table 3.1 for details of the PICRT variants). Firstly, to determine
whether the functional expression of PfCRTP% required the removal of all of the putative
endolysosomal trafficking motifs as done by Martin et al. [116], a set of variants were created
using the native PfCRTP¥ coding sequence, each of which lacked one of the putative
endolysosomal trafficking motifs. Included in this set was the native PFCRTP%2 coding sequence
used by Martin et al. [116], as well as a native PfCRTP% coding sequence that was entirely
0 mo-fteedf. S e daodaetermine whether codon harmonisation was sufficient to achieve the
functional expression of PFCRTP% in X. laevis oocytes, either alone or in conjunction with the
removal of specific motifs, another set of PFCRT coding sequence variants was generated. In
this set, the codon-harmonised PfCRTP? coding sequence generated by Martin et al. [116]
was used as the template, and each variant in this set was generated by introducing one of
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A. Investigating the effects of removing putative endolysosomal trafficking motifs from the native

PfCRT sequence
native PFCRTPd2 removal of all motifs ‘motif-free’ native PFCRTPd2
AT-rich, non-harmonised, I AT-rich, non-harmonised
P. falciparum coding sequence P. falciparum coding sequence,
no motifs
<«
g
native PFCRTP<? wereEllal e M el native PFCRTP? variants
AT-rich non-harmonised I AT-rich, non-harmonised
P. falciparum coding sequence P. falciparum coding sequence,
selected motifs
i
4& < Y A 3
<2 v v
< % < «

B. Determining whether active endolysosomal trafficking motifs are presentin PfCRT

PfCRTD2 introduction of all motifs ‘motif-replete’ PfCRTP42
codon-harmonised L —— codon-harmonised
coding sequence, coding sequence,
‘motif-free’ ‘motif-replete’
v
(g “’.\73
PfCRTP introduction of each motif in isolation PfCRTP*? variants

codon-harmonised — codon-harmonised

coding sequence, coding sequence,

‘motif-free’ selected motifs
’\d N

C. Confirming that the identified trafficking motifs are active

‘motif-replete’ PFCRTP42 removal of active motif(s) ‘motif-replete’ PFCRTP2 variants
codon-harmonised — codon-harmonised
coding sequence, coding sequence,
‘motif-replete’ selected motifs
4 v v
v LD/ ab/
"w N o
.Y
s

Figure 3.1: The experimental strategy used to investigate which determinants were crucial for
the functional expression of PfCRT in X. laevis oocytes.

(A) Investigating whether the deactivation of putative endolysosomal trafficking motifs within the native,
AT-rich, PICRT coding sequence is sufficient to achieve the functional expression of PfCRT in X. laevis
oocytes. The native PfCRT coding sequence variants lack either: (1) all of the putative trafficking motifs
or (2) one putative trafficking motif. The motifs are denoted by the orange triangles.

(B) Determining whether active endolysosomal trafficking motifs are present in the PfCRT sequence
and hence, whether their removal is required for the functional expression of PfCRT. All putative

trafficking motifs wer+4rreidnrhamenidealdtCBRTO® coding segueree 6 mot i f

to produc e etphee tehovaRAC R T

(C) Once active endo |l ysosomal trafficking motifs awveplideadi fi

PfCRTP92 was performed to confirm that the motifs are active in X. laevis oocytes.
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Identification of Sequence Determinants Contributing to the Functional Expression of PfCRT in X. laevis oocytes

Table 3.1: PfCRT variants investigated in this study.

PfCRT variant

Native PFCRTP92 variants

Background

Mutations introduced

Key motifs and their status

Native PFCRTP2 Native None All motifs present
Native L26A,V27A-PfCRTP9? Native L26A, V27A Dileucine motif removed
Native V47A,F48A-PfCRTP4? Native VATA, FA8A Dileucine motif removed
Native L50A,I51A-PfCRTP2 Native L50A, I51A Dileucine motif removed
Native 1421A,1422A-PfCRTP9? Native 1421A, 1422A Diisoleucine motif removed
Native D17A,E22A-PfCRTP? Native D17A, E22A Acidic cluster removed
Native E409A,E412A,E414A-PfCRTPY? Native E409A, E412A, E414A Acidic cluster removed
Native Y20A,L23A-PfCRTP9? Native Y20A, L23A Tyrosine-based motif removed
Native T416A-PfCRTP2 Native T416A All motifs present, T416 removed
Nati ve-fadmetdi ¥f CRT Native D17A, Y20A, E22A, L23A, L26A, V27A, VATA, F48A, All motifs removed
L50A, I151A, E409A, E412A, E414A, 1421A, 1422A,
Harmonised PfCRTP? variants
PfCRTP4? Harmonised D17A, Y20A, E22A, L23A, L26A, V27A, VATA, F48A, All motifs removed
L50A, I51A, E409A, E412A, E414A, 1421A, 1422A
L26,V27-PfCRTP42 Harmonised L26, V27 Dileucine motif reinstated
VA47,F48-PfCRTPY? Harmonised V47, F48 Dileucine motif reinstated
L50,I51-PfCRTP? Harmonised L50, 151 Dileucine motif reinstated
1421,1422-PfCRTP4? Harmonised 1421, 1422 Diisoleucine motif reinstated
D17,E22-PfCRTP¢2 Harmonised D17, E22 Acidic cluster reinstated
E409,E412,E414-PfCRTP?? Harmonised E409, E412, E414 Acidic cluster reinstated
Y20,L23-PfCRTP? Harmonised Y20, L23 Tyrosine-based motif reinstated
E409,E412,E414,1421,1422-PfCRTP? Harmonised E409, E412, E414, 1421, 1422 Acidic cluster and diisoleucine motif reinstated
E22,L26,V27-PfCRTP4? Harmonised E22, L26, V27 Acidic dileucine reinstated
S411A-PfCRTP? Harmonised S411A All motifs and S411 removed
T416A-PfCRTP? Harmonised T416A All motifs and T416 removed
S411A,T416A-PfCRTP? Harmonised S411A, T416A All motifs, S411, and T416 removed
dnotif-r epl et e®? Pf CRT Harmonised D17, Y20, E22, L23, L26, V27, V47, F48, L50, 151, All motifs reinstated
E409, E412, E414, 1421, 1422
6mo-tepl et e®PICRTRL 6 A Harmonised T416A All motifs present, T416 removed
6mo-t epl et eRFCRYZ?0 A Harmonised Y20A Tyrosine-based motif removed, all other motifs reinstated
6mo-t epl et eRICRIP®3 A Harmonised L23A Tyrosine-based motif removed, all other motifs reinstated
6mo-tepl eted WYEREPZL23A Harmonised Y20A, L23A Tyrosine-based motif removed, all other motifs reinstated
6 mo-t e p | E2RASL@6A,V27A-PfCRTP? Harmonised E22A, L26A, V27A Acidic dileucine removed, all other motifs reinstated
O mo-t e p | E20A8ER2A,L23A,L26A,V27A-PICRT? | Harmonised Y20A, E22A, L23A, L26A, V27A Tyrosine-based motif and acidic dileucine removed, all other motifs reinstated
Optimised PfCRTP“? variant
Optimised PfCRTP"2 Optimised None All motifs present
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the putative endolysosomal trafficking motifs into this sequence (Figure 3.1). The codon-
harmonised coding sequence for a PFCRTP% variant harbouring all the putative endolysosomal

trafficking motifs ( 6 mo € p f REQREE) was also generated.

A combination of [*H]CQ uptake assays and semi-quantitative western blot analyses using
oocyte total membrane preparations were used to investigate the functional expression of each
variant. This approach was employed as it has been previously demonstrated that there is a
positive correlation between the amount of PfCRT protein detected in oocyte total membrane
preparations and the level of PFCRT-mediated [*H]CQ uptake into oocytes [347]. Thus, if the
introduction of mutations results in altered PfCRT protein levels, the change should be
detected in both the semi-quantitative western blot analyses (using oocyte total membrane
preparations) and the [*H]CQ uptake assays. Once active trafficking motifs were identified,
they were removed fromt h e é&newmtlieft e 6 v e tharmoaised RFERTRE? doccanfirm
that their absence was essential to achieve the optimal levels of PfCRTP%? expression in X.
laevis oocytes. A biotinylation-based technique was also developed to investigate the

expression of asubsetof Pf CRT variants at the oocytebs

3.2 Investigating whether the removal of putative trafficking motifs
from PICRT expressed from the native coding sequence results
in the functional expression of PfCRT in oocytes

Initial attempts by Martin et al. [116] to express the native PfCRTP% coding sequence in X.
laevis oocytes did not result in an substantial increase in PFCRT-mediated CQ uptake relative
to non-expressing oocytes [116]. As an anti-PfCRT antibody was not available at the time, the
immunofluorescence assays performed by Martin et al. [116] relied on the use of an anti-HA
antibody to detect an N-terminal HA-tagged variant of PfCRT. Using a variant of the native
PfCRTP% coding sequence that encoded an N-terminal HA-tag, Martin et al. [116] used
immunofluorescence assays to demonstrate that PfCRT protein could not be detected at the
surface of oocytes microinjected with cRNA encoding the native PfCRT coding sequence
[116]. In contrast, PfCRT protein could be detected at the surface of the oocyte when a codon-
harmonised coding sequence of the N-terminally HA-tagged PfCRTP% variant was used [116].
However, due to the lack of an anti-PfCRT antibody, the authors could not address whether
adding the N-terminal HA-tag had altered the production and/or localisation of PfCRT (when

either the native or codon-harmonised coding sequences were used)

One possibility is that the differences between the codon usage of P. falciparum and X. laevis
led to the misfolding and subsequent degradation of the PFCRTP%? protein produced when

native PFCRTP92 cRNA was microinjected into X. laevis oocytes. Given that the native PfCRTP?
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Identification of Sequence Determinants Contributing to the Functional Expression of PfCRT in X. laevis oocytes

sequence harbours putative endolysosomal trafficking motifs, an alternative explanation is that
PfCRT protein was directed to the membranes of internal compartments within the oocyte.
This may, in turn, restrict the amount of PfCRT produced as it can only be incorporated into
the limited amount of internal membrane surrounding specific organelles within the oocyte,
such as the lysosomes. To investigate these possibilities, a set of 6 t -h g AT variants
was designed to determine whether the removal of the putative endolysosomal trafficking
motifs (identified by Martin et al. [116]) from the native 6 t -B g ePECRTP?? sequence was
sufficient for the functional expression of PfCRT at the surface of X. laevis oocytes (Figure
3.1A).

3.2.1 Putative trafficking motifs of PICRT

The PfCRTP% sequence harbours several putative trafficking motifs that were removed (via
alanine substitution) by Martin et al. [116] to increase the likelihood of achieving the expression
of PfCRT at the plasma membrane of X. laevis oocytes. These motifs were identified by manual
inspection of the PICRT termini for putative motifs conforming to known consensus sequences
for endolysosomal trafficking motifs (Section 1.5.1.2), including: (1) the tyrosine-based sorting
motifs NPxY or Yxx0 , where G denotes a hydrophobic amino acid residue, and x denotes any
amino acid residue; (2) the dileucine-based sorting motifs LL, L0 a n d @30 diisoleucine-
based sorting motifs Il and It , and (4) the acidic dileucine-based motif [D/E]xxxL[L/I] [214,
215, 223-225]. Acidic clusters in both termini were also removed by Martin et al. [116] as they
may promote the interaction of cargo with the trafficking machinery [278-280] or activate
nearby motifs [214, 215, 223, 224, 267, 595-598]. A total of seven endolysosomal trafficking
motifs were identified in the PFCRT sequence by Martin et al. [116] (Table 3.2; the positions of
the motifs within PfCRT are shown in Figure 3.2).

Table 3.2: Putative endolysosomal trafficking motifs in the termini of PfCRT.

Key residues Type of motif Consensus structure Terminus
L26,v27 Dileucine La N
VA47,F48 Dileucine oa N
L50,151 Dileucine La N
Y20,L23 Tyrosine Yx xa N
1421,1422 Diisoleucine ua C
D17,E22 Acidic cluster n/a N

E409,E412,E414 Acidic cluster n/a C

Notethatl r epresents the hydrophobi,orMamapentarepmesantd r esi dues
dileucine/diisoleucine motifs, teal represents tyrosine-based motifs, bold black text indicates the acidic
clusters.
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Figure 3.2: The locations of putative trafficking motifs within PfCRT.

The termini of PfCRT harbour several putative trafficking motifs (Table 3.2). The N-terminus contains three putative dileucine motifs (magenta) and a tyrosine-
based motif (Y20xxLz3; teal). Two nearby acidic residues (black) are located at positions that may activate the tyrosine-based motif and/or the first dileucine motif
(L2sV27). Within the C-terminus, a diisoleucine motif (magenta) is present; the activity of this motif may be altered by the residues in the proximal acidic cluster
(black).
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Identification of Sequence Determinants Contributing to the Functional Expression of PfCRT in X. laevis oocytes

3.2.2 Characterising native PFCRTP% variants in the X. laevis oocyte system

A set of seven native PFCRTP% variants, each of which lacked one of the seven putative
endolysosomal trafficking motifs in Table 3.2, was generated by mutating the key residues in
each motif to alanine (Figure 3.1). In addition, a native PfCRTP%? variant that lacked all of the
putative endolysosomal tr af f ifcrke endg, PR tf)ifree was ¢
each of the native PfCRTP% variants, cRNA was microinjected into X. laevis oocytes, and
western blot analyses were performed using an anti-PfCRT antibody that was previously
validated by Summers et al. [347]. The antibody was raised to a synthetic peptide encoding
the first 14 amino acids of the N-terminus of PICRT. Hence, given that none of the putative
endolysosomal trafficking motifs are present within the first 14 residues, the antibody can
detect all of these PfCRT variants. In parallel, [?H]CQ uptake into oocytes expressing each
variant was measured and compared with uptake into non-expressing oocytes (negative
control) and oocytes expressing the codon-harmonised, dnotif-freed PfCRTPY? (PfCRTP%),
PfCRTP® is the version of PfCRT that was successfully expressed in the X. laevis oocyte
system by Martin et al. [116] and hence served as the positive control in both western blot

analyses and [*H]CQ uptake assays.

A band of ~42 kDa corresponding to the size of the PICRT protein [347] was detected in total
membrane protein preparations from oocytes microinjected with the codon-harmonised
PfCRTP? coding sequence (Figure 3.3A, lane 1) that is not observed in preparations from
non-expressing (i.e. not injected with cRNA) control oocytes (Figure 3.3A, lane 11). In
contrast, no PfCRT protein was detected in total membrane preparations from oocytes
microinjected with the native PFCRTP% sequence (Figure 3.3A, lane 2). Moreover, detectable
PfCRT protein was not observed following the removal of each motif in isolation (Figure 3.3A,
lanes 3i 9). Consistent with thesef i ndi ngs, the microinjeceftriecend of
native PfCRTP? into X. laevis oocytes did not result in detectable PfCRT protein (Figure 3.3A,
lane 10). In each experiment, total protein staining was performed to verify that the loading
across the samples was consistent (Figure 3.3B), confirming that the absence of PfCRT
protein in lanes 2i 10 was not due to issues with sample preparation. One explanation for the
absence of PICRT protein in preparations from oocytes microinjected with cRNA encoding the
native PfCRTP% variants may be competition for the anti-PfCRT antibody by the abundant
PfCRT protein in pairwise preparations from oocytes expressing PfCRTP% from the codon-
harmonised PfCRTP% coding sequence. Indeed, after the lane containing the sample from
these oocytes was excised from the membrane, reblotting showed that PfCRT protein was

detectable at low levels in oocytes microinjected with cRNA encoding certain native PfCRTP%
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Figure 3.3: Expression of native PFCRTP? coding sequence variants in X. laevis oocytes.

Note that the names of the native PfCRTP% coding sequence variants have been shortened to reflect
the position of the alanine substitutions. The image is representative of 3 independent experiments using

oocytes from different frogs.

(A) Detection of PfCRT protein in oocytes microinjected with cRNA encoding a native PFCRTP92 coding
sequence variant using an anti-PfCRT antibody. The antibody is raised to a peptide consisting of the
first 14 amino acids of the N-terminus (MKFASKKNNQKNSS). A band of ~42 kDa corresponding to the
predicted size of PfCRT was detected in oocytes expressing the motif-f r e e 6 P9Pffo@ Bd codon-
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harmonised coding sequence (PfCRTP92, lane 1) but was absent from non-expressing control oocytes
(ne, lane 11) as well as from oocytes microinjected with cRNA encoding a native PFCRTP92 coding
sequence variant, - nelkod PP R iidoa-specfiebard raskDd) is visible in
each lane and indicates approximately equal loading across all samples.

(B) The proteins present on the membrane in A were visualised using the MemCode™ reversible protein
stain kit. Similar levels of total protein are detected in each lane. The image is representative of 3
independent experiments using oocytes from different frogs.

(C) Lane 1 (containing proteins from oocytes expressing PFCRTPY2 using the codon-harmonised coding
sequence) was excised from the membrane in A and B. The remaining membrane was probed using
the anti-PfCRT antibody. A PfCRT protein band was not observed in most samples from oocytes
microinjected with cRNA encoding a native PFCRTP92 coding sequence variant. In the membrane shown,
protein bands were observed in samples from oocytes microinjected with native cRNA encoding
26A,27A-PfCRTP®, 47A,48A-PfCRTP® o r 6-imo &€ € & PIP fHEWRVer, these bands were not
consistently detected in other repeats of this experiment (in fact, in other repeat experiments, different
native PFCRTP9 variants were sometimes detected).

(D) A representative image of a western blot analysis of total membrane preparations from oocytes
microinjected with native cRNA encoding T416A-PfCRTPY2, Non-expressing oocytes (ne) and oocytes
microinjected with either native or codon-harmonised PfCRTPY%-encoding cRNA were included as
controls. A non-specific band (~28 kDa) is visible in each lane and indicates approximately equal
loading. A protein band at the size of PfCRT was only detected in preparations from oocytes expressing
PfCRTP92 ysing the codon-harmonised coding sequence.

(E) The uptake of [3H]CQ was measured at pH 5.5 in the presence of 15 pM unlabelled CQ. Non-
expressing oocytes (ne) accumulate low levels of CQ via simple diffusion of the neutral species of the
drug; this represents the background level of drug accumulation. The data are normalised relative to
oocytes expressing PfCRTP4 ysing the codon-harmonised coding sequence. The data represent the
mean + SEM of 37 19 independent experiments performed using oocytes from different frogs. Within
each experiment, measurements were made from 10 oocytes per treatment. The asterisks denote a
significant difference in drug uptake between the non-expressing oocytes and oocytes expressing a
variant of PfCRTPY2; *** p < 0.001 (one-way ANOVA). In all cases, the 95% confidence intervals for the
difference in [?H]CQ uptake between non-expressing oocytes and oocytes microinjected with a native
sequence variant of PfCRT include zero, are as follows: native PFCRTP% (-6.8 to 4.07); L26A,V27A-
PfCRTPd2 (-8.3 to 4.9); V47A,F48A-PfCRTP92 (-9.3 to 3.9); L50,151-PfCRTP92 (-11.2 t0 9.9); 1421A 1422A-
PfCRTP® (-9.2 to 4.4); D17A,E22A-PfCRTP9? (-11.5 to 9.7); Y20A,L23A-PfCRTP® (-11.6 to 7.1);
E409A,E412A,E414A-PfCRTP9? (-7.8 10 5.4); 6 moft ri ePECBTPY? (-13.4 t0 1.6); T416A-PfCRTP4? (-7.1
to 7.8).
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variant s, s uc ho neodt ri € e 6 PR EIURET3E3C, lage 10). The low level of
PfCRT protein detected from oocytes microinjected with native PFCRTP% coding sequence
variants was not reproducibly observed between experiments; however, in all cases, little-to-

no PfCRT protein was consistently observed.

Consistent with these findings, the level of [?H]CQ uptake into oocytes microinjected with cRNA

encoding native PfCRTP% was not significantly different from the level of [FH]CQ uptake

observed into non-expressing control oocytes (Figure 3.3E). Thislow | e v e | of O6backgr
[*H]CQ uptake represents the simple diffusion of the neutral species of the drug across the

oocyte membrane [116]. This result confirms the findings reported by Martin et al. [116],

showing that the microinjection of cRNA encoding native PFCRTP? into X. laevis oocytes does

not result in functional PfCRT protein at the oocyte membrane. Moreover, [*H]CQ uptake into

oocytes microinjected with cRNA encoding any native PFCRTP% variant was not significantly

different from that measured into non-expressing oocytes or oocytes microinjected with native

PfCRTP% cRNA (Figure 3.3E). In contrast, as previously shown by Martin et al. [116],

compared with non-expressing oocytes, significant [*(H]CQ uptake was measured in oocytes

expressing PFCRTP? using the codon-harmonised PfCRTP% coding sequence. Hence, neither

the removal of each putative endolysosomal trafficking motif in isolation nor the removal of all

putative trafficking motifs from the native PfCRTP% sequence was sufficient to produce

functional PfCRT protein in the X. laevis oocyte system. The latter could be explained by

unidentified trafficking motifs remaining within the PCRTP2 sequence that direct the protein

to other internal membranes within the oocyte. For example, a previous study that investigated

the trafficking of PfCRT in parasites implicated a role for residue T416 in directing PfCRT to

the DV membrane [259] (Section 1.7.4). Moreover, the authors showed that mutation of the

T416 residue to alanine (T416A) resulted in the accumulation of PfCRT atthe par asi t ed s
plasma membrane [259]. Hence, if the T416A mutation is sufficient to direct PfCRT to the

plasma membrane of X. laevis oocytes, the introduction of T416A into the native PfCRTP

sequence may be sufficient to achieve the functional expre s si on of Pf CRT at th
surface. To test this hypothesis, T416A was introduced into the native PFCRTP%? sequence.

However, microinjection of cRNA encoding the native T416A-PfCRTP% into oocytes did not

result in detectable levels of PfCRT protein in total membrane protein preparations (Figure

3.3D), nor was [*H]CQ uptake into oocytes expressing this variant significantly different from

that into non-expressing oocytes (Figure 3.3E). This finding suggests that the introduction of

the T416A mutation alone is insufficient to direct native PfCRT’®t o t he oocyteds su

required to functionally express PfCRT in X. laevis oocytes.
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Taken together, these findings demonstrate that the functional expression of PfCRT in X. laevis
oocytes cannot be achieved using the native PfCRTP% coding sequence, regardless of
whether putative endolysosomal trafficking motifs have been removed. Moreover, the only
instance where detectable levels of PfCRTPY protein were produced, and a robust [*H]CQ
transport signal was obtained (Figure 3.3) was when the codon-harmonised coding sequence
o fmotif-free6PfCRTP (the version of PFCRTP? characterised by Martin et al. [116]) was used
to express PICRT in X. laevis oocytes. Thus, these findings suggest that the codon
harmonisation of the pfcrt sequence was crucial for achieving the functional expression of
PfCRT in X. laevis oocytes. This result is not altogether unexpected, given that the P.
falciparum genome exhibits a bias towards AT-rich codons [592, 593] in contrast to that of X.
laevis. A comparison of the codon usage frequency of the native pfcrt sequence (Figure 3.4A)
with the X. laevis codon usage (Figure 3.4B) highlights the stark differences in the codon
usage between the two organisms. Notably, a number of rare codons in the native pfcrt coding
sequence are not rare in X. laevis (Figure 3.4D); thus, representing regions of the protein
where translation would not be adequately slowed down, increasing the risk of producing
misfolded protein or of incorporating incorrect amino acids [160, 169, 320, 321]. Likewise,
several codons that are rare in X. laevis are not rare in P. falciparum. The introduction of rare
codons at new positions in the non-harmonised sequence could disproportionately slow down
translation and perturb the folding of PfCRT, resulting in a different overall conformation. Both
of these scenarios could impact the protein's function when expressed in X. laevis oocytes. In
contrast, codon-harmonising the PfCRTP% coding sequence for expression in X. laevis
oocytes (Figure 3.4Ci D) results in an overall pattern of codon usage frequency that bears
greater similarity to the native sequence in P. falciparum (Figure 3.4A). Consequently, when
the codon-harmonised PfCRTP% sequence is expressed in X. laevis oocytes, the protein is
likely to be translated with better fidelity to the true structure of PfCRT, compared with the

expression of the native PfCRTP% sequence in X. laevis oocytes.
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Figure 3.4: Codon usage of native, non-harmonised, and codon-harmonised pfcrt sequences.

Plots showing codon usage frequency at each position of pfert in different scenarios. Regions of greater

frequency correlate to more common codon usage. The region shaded grey encompasses codons that

woul d be considered rare ( dd,000)ntente geaks extendisg in@ tht2 codon
region denote rare codons at the position depicted.

(A) The codon usage frequency at each position of pfcrt using the codon usage frequencies of P.
falciparum.

(B) The codon usage frequency at each position of the native, non-harmonised pfcrt sequence using
the codon usage frequencies of X. laevis.

(C) The codon usage frequency at each position of the codon-harmonised pfcrt sequence using the
codon usage frequencies of X. laevis. Note the similarities between the positions of the rare codon
peaks relative to those depicted in A.

(D) The positions of rare codons in each of the pfcrt coding sequences in the contexts depicted in AT C.
The pattern of the rare codons in the native and codon-harmonised sequences shows more similarity
than the pattern of the rare codons in the native and non-harmonised sequences.
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3.3 Investigating whether codon harmonisation is sufficient for the
expression of PfCRT in X. laevis oocytes

3.3.1 Microinjection of a codon-har moni sed epmet & 892 ddAIMQRT
sequence results in the functional expression of PfCRTPY2 in X. laevis
oocytes

The results described in Section 3.2 suggest that codon harmonisation was necessary to

achieve the expression of PfCRT in X. laevis oocytes. Hence, the removal of putative
endolysosomal trafficking motifs within the pfcrt sequence, as was performed by Martin et al.

[116], may not have been necessary d i.e. codon harmonisation may have been sufficient to

achieve the expression of PfCRT in X. laevis oocytes. Therefore, further experiments to
investigate whether the putative endolysosomal trafficking motifs hinder PfCRT expression at

the plasma membrane relied on the characterisation of PFCRTP% variants expressed from

versions of the codon-harmonised PfCRTP% coding sequence. To test this hypothesis, the
coding sequeme®rl etf e dnRie Goloh-harmonised coding sequence of a

PfCRTP variant that harbours all putative trafficking motifs 8 was characterised in the X.

laevis oocyte system. In contrast to what was observed for oocytes expressing a native

PfCRTP variant, the level of P(H] CQ upt ake i nt o oo eryetpelse teekéh rPefsGR Tn
was detectable above the 0b aeekpessiogiooaytés (Higere e | me a
3.5A). However, the level of PfCRT-mediated [*H]CQ uptake (calculated by subtracting the
6backgr oun dHCQ lugtakeeihto norf-expfessing oocytes from the level of [*H]CQ

uptake into oocytes expressing PfCRT) intooocyt es exprreesmsli eitge®isft CRT
substantially lower than that measured into PfCRTP%-expressing oocytes (22 + 1.6% of the

uptake into PfCRTP%-expressing oocytes; Figure 3.5B). This result highlights that codon
harmonisation of the PfCRTP% coding sequence alone (without removing any putative
endolysosomal trafficking motifs) is sufficient to produce functional PfCRT protein at the

surface of X. laevis oocytes; however, the amount of functional PfCRT at the plasma
membrane of the oocyte is about a fifth of that detected when all trafficking motifs are removed

from the codon-harmonised coding sequence.

332 6 Mot epl et e 6°? Bf IKAY to be trafficked to intracellular
membranes within the oocyte

If the removal of some or all of the putative endolysosomal trafficking motifs in PfCRT was not

required to achieve expression, then the microinjection of cRNA encoding the codon-

har moni sed codi ng se-gaphet el tRNA @ RERTPY cRNAGMtOI f

X. laevis oocytes would have resulted in the same level of [?H]CQ uptake. This is evidently not

the case. Indeed, the level of P(H] CQ upt ake i nto ooecryetpel B8QGREG r essi n
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Figure 3.5: The effect of reinstating endolysosomal trafficking motifs into PFCRTP?2,

(A) [BH]CQ uptake was measured into oocytes expressing a PFCRTP variant harbouring one or more
putative trafficking motifs. The data were normalised relative to PFCRTP92 and represent the mean +
SEM of 71 30 independent experiments using oocytes from different frogs. Within each experiment,
measurements were made from 10 oocytes per treatment. The asterisks denote a significant difference
between the non-expressing oocytes (ne) and oocytes expressing a variant of PFCRTPd2; ***p < 0.001
(one-way ANOVA). The 95% confidence interval for the level of [BH]CQ uptake in oocytes expressing
each PfCRTP®2 v ar i ant -a e @ I-RIAGREFG1(63.8 to 81.2); L26,V27-PfCRTP® (-14.7 to 5.9);
V47,FA8-PfCRTP9? (-8.8 to 13.8); L50,I151-PfCRTPY2 (-10.0 to 17.3); 1421,1422-PfCRTP42 (-13.6 to 7.6);
D17,E22-PfCRTP42 (-17.4 to 5.2); E409,E412,E414-PfCRTP® (-3.4 to 17.1); E409,E412,E414,1421,
1422-PfCRTP42 (-9.3 to 15.3); Y20,L23-PfCRTP% (53.8 to 69.4).

(B) PfCRT-mediated [3H]CQ transport was calculated from the data presented in A by subtracting the
background level of drug accumulation (measured in non-expressing control oocytes) from the total level
of [BH]CQ uptake. The data were normalised relative to PFCRTP92 and represent the mean + SEM of 71
30 independent experiments using oocytes from different frogs. Within each experiment, measurements
were made from 10 oocytes per treatment. The asterisks denote a significant difference in CQ uptake
between oocytes expressing PICRTP4 and that measured in oocytes expressing a variant of PFCRTPd2;
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***P <0.001 (one-way ANOVA). The 95% confidence interval between PfCRTP4 and each PfCRTDd2
variant -aep !-RIGREPE(6D.31087.1); L26,V27-PfCRTP (-15.7 to 7.2); V47, F48-PfCRTDd
(-9.5 to 15.7); L50,151-PfCRTP42 (-10.2 to 20.1); 1421,1422-PfCRTP92 (-15.9 to 7.6); D17,E22-PfCRTPd2
(-19.4 to 5.8); E409,E412,E414-PfCRTP%2 (-5.1 to 17.8); E409,E412,E414,1421,1422-PfCRTP%? (-10.3 to
17.0); Y20,L23-PfCRTP% (62.3 to 79.6).

(C) Semi-quantitative western blot analyses were performed using total membrane preparations from
PfCRT-expressing oocytes, and the intensities of the resulting PfCRT bands were measured. PFCRTPd2
was included as a positive control, to which the other band intensity values were normalised. The data
represent the mean + SEM of 3i 11 experiments using oocytes from different frogs; within each
experiment, measurements were made from 20 oocytes per treatment. The asterisks denote significant
differences in protein levels between a PfCRTP92 variant and the PfCRTP92 control: ***P < 0.001 (one-

way ANOVA). The 95% confidence interval between PfCRTP9 and each PfCRTP2v ar i ant -ar e:

r e p |-RIGREDE (43.8 to 73.5); L26,V27-PfCRTPM (-18.6 to 16.1); V47,F48-PfCRTP2 (-24.2 to 25.3);
L50,151-PfCRTP92 (-26.9 to 28.8); 1421,1422-PfCRTP42 (-20.2 to 25.2); D17,E22-PfCRTP42 (-25.5 to 30.2);
E409,E412,E414-PfCRTP® (-12.6 to 29.8); E409,E412,E414,1421,1422-PfCRTP®2 (-17.0 to 23.1);
Y20,L23-PfCRTP®2 (25.3 to 61.0).
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(Section 3.3.1, Figure 3.5B) is approximately the same as that measured into oocytes
microinjected with 5 ng of PFCRTP% cRNA as previously determined by Summers et al. [347]
d i.e. 24 + 3.6% of that measured into oocytes microinjected with 20 ng of PfCRTP9 cRNA.
Moreover, as determined using semi-quantitative western blot analyses, Summers et al. found
that oocytes microinjected with 5 ng of PfCRTPY2 cRNA typically produce 32 + 3.5% of the
PfCRT protein detected in oocytes microinjected with 20 ng of PFCRTP9 cRNA. Here, similar
results were obtained when the level of PFCRT protein from oocytes microinjected with 5 ng of
PfCRTP% cRNA (35 + 4.4%) was compared with that in oocytes microinjected with 20 ng of
Omornedl et e®B? cANA (4R E 3.6%; Figure 3.5C). To date, over 100 variants of
PfCRTP that have been expressed in X. laevis oocytes have been shown to express at
comparable levels to PfCRTP% [347]. Gi ven t-rheag | e 6 m@% ihBrboGrR T
polymorphisms naturally found in the protein (Table 3.2), it is unlikely that the reintroduction of
these polymorphisms perturbs the structure of the protein and causes misfolding. Hence, the
reduction in protein levels relative to oocytes microinjected with 20 ng of PfCRTP% cRNA
suggests t hrad p It enteeddpréddinGridyTbe trafficked predominantly to internal
compartments such as the lysosome, with a fraction of the protein being trafficked to the oocyte
surface. The limited amount of membrane surrounding these internal compartments may result
in very little protein being expressed or may lead to the degradation of the protein at this
destination. These data suggest that there are active endolysosomal trafficking motifs present
i n t he ednoettiePt sefuencedrand that their removal should result in the expression

of a high level of functional PfCRT at the surface of X. laevis oocytes.

3.4 Identifying the active endolysosomal trafficking motifs in PICRT
3.4.1 The effect of reinstating endolysosomal trafficking motifs into PfCRTPY2

To determine which of the putative trafficking motifs in PfCRT are active in X. laevis oocytes,
each motif was reinstated into the codon-harmonised coding sequenceo f  6-fmio @ERTP
in isolation (Figure 3.1B). The resulting variants were compared to X. laevis oocytes
expressi Ag e & dnoPtPifff@R the codon-harmonised coding sequence. The
reintroduction of each acidic cluster into PfCRT & vyielding the D17,E22-PfCRTP% and
E409,E412,E414-PfCRTP® variants & did not alter the level of PfCRT-mediated [*H]CQ
uptake relative to PFCRTP% (Figure 3.5A7 B; 95% confidence intervals for the difference in
[*H]CQ uptake mediated by PfCRTP% and these variants include zero). Likewise, the
reintroduction of the dileucine or diisoleucine motifs 8 as found in the L26,V27-PfCRTP92,
V47,F48-PfCRTP®, L50,I151-PfCRTP%, and 1421,1422-PfCRTP%® variants 8 did not alter the
level of PfCRT-mediated [*H]CQ transport relative to PfCRTP% (Figure 3.5AiB; 95%
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confidence intervals for the difference between the level of [*H]CQ uptake mediated by
PfCRTP® and these variants include zero). Similarly, western blot analyses of oocyte total
membrane preparations revealed no difference in PfCRT protein levels between oocytes
expressing PfCRTPY2 and oocytes expressing either D17,E22-PfCRTP%?, E409,E412,E414-
PfCRTP, L26,V27-PfCRTP, V47, F48-PfCRTPY, |50,151-PfCRTP?, or 1421,1422-PfCRTP4?
(Figure 3.5C, 95% confidence intervals for the difference between protein levels in oocytes
expressing PFCRTP% or one of these variants include zero). Furthermore, when compared with
oocytes expressing PfCRTPY2, no change in the level of PfCRT-mediated [*H]CQ uptake or
PfCRT protein levels was measured in oocytes expressing E409,E412,E414,1421,1422-
PfCRTP% § a version of PfCRTP% in which the C-terminal diisoleucine motif and acidic cluster
were reinstated together (Figure 3.5; 95% confidence intervals for the difference between the
level of [*H]CQ uptake mediated by PfCRTP% and this variant includes zero), suggesting that
the acidic residues are not required to activate the diisoleucine motif. Taken together, these
data indicate that the acidic clusters, dileucine motifs, and diisoleucine motif in PFCRT do not

influence the intracellular trafficking of the protein in X. laevis oocytes by themselves.

In contrast, the reintroduction of the tyrosine-based motif 8 as found in the Y20,L23-PfCRTP%?
variant 8 resulted ina 71+ 1.9% reduction in [*H]CQ uptake compared with the level of [*(H]CQ
uptake by oocytes expressing PfCRTP% (Figure 3.5A1 B), which was not significantly different
to the level of [*H]CQ uptake by 6 mort @ g1 et eP&-exPrés€iig) oocytes. Western blot
analyses of oocyte total membrane preparations revealed that this decrease in [*H]CQ uptake
was accompanied by a 43 £ 5.9% decrease in the amount of PfCRT protein detected in oocytes
expressing Y20,L23-PfCRTP%, relative to oocytes expressing PfCRTP%. Moreover, PfCRT
protein levels were similar in oocytes expressing Y20,L23-PfCRT°®?or o6-mepli €t e’
(Figure 3.5C). This striking decrease in both [*H]CQ uptake and PfCRT protein levels upon
the reintroduction of the tyrosine-based motif indicated that this motif may be active within X.

laevis oocytes.

3.4.2 Is the tyrosine-based motif in PfCRT an active endolysosomal trafficking
motif in X. laevis oocytes?

To determine whether the tyrosine-based motif YyoxxLos is a functional endolysosomal
trafficking motif, the level of [*H]CQ uptake and the relative amount of PfCRT protein was
investigated in oocytes expressing Y20-PfCRTP® or L23-PfCRTP% and compared with oocytes
expressing PICRTP9, Western blot analyses of oocyte total membrane preparations revealed
that both Y20-PfCRTP¥ and L23-PfCRTP% were expressed at similar levels to PfCRTP™

igure o. . Furthermore, no signi icant difference In the levels o upta e yoocytes
(Figure 3.6A). Furth ignificant diff in the levels of [PH]CQ uptake b
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expressing either PICRTP®, Y20-PfCRTP®, or L23-PfCRTP% was observed (Figure 3.6B).
Collectively, these data indicate that neither Y20 nor L23 alter PfCRTP% protein levels when
reinstated in isolation. This finding supports the hypothesis that YzxXLps constitutes a
functional tyrosine-based endolysosomal trafficking motif. Notably, this tyrosine-based maotif is
located near the D17 E22 acidic cluster in the N-terminus that was also removed by Martin et
al. [116] from PfCRTP92,

To gain further insight into whether this acidic cluster regulates the function of the tyrosine-

based trafficking motif, D17 and E22 were reintroduced into Y20,L23-PfCRTP%, Oocytes
expressing the resulting variant, D17,Y20,E22,L23-PfCRTP%, displayed 72 * 3.2% of

PfCRTP? protein levels and 56 *+ 2.6% of the [*H]CQ transport activity of PFCRTP% (Figure

3.7). Therefore, the reintroduction of the acidic cluster into Y20,L23-PfCRTP® resulted in a

slight but significant increase in PfCRT protein levels (15 + 5.9%) and a significant increase in
PfCRT-mediated [*H]CQ transport activity (27 + 2.6%). These data indicate that the acidic

cluster likely interferes with the recognition of the tyrosine-based trafficking motif by the

trafficking machinery, allowing slightly more PfCRT protein to traffic to the plasma membrane.

Indeed, the introduction of D17 and E22 appears to restore a consensus sequence that is a

target for tyrosine kinases (predicted using NetPhos3.1, Figure 3.8A); in the context of the

6 mort @ g1 et e sefuercerthe potential for Y20 to be phosphorylated is relatively high

(Figure 3.8B). However, the removal of the acidic residues (and other N-terminal motifs)

results in a drop in the predicted phosphorylation potential of Y20 (Figure 3.8C). The
introduction of the acidic residues D17 and E22 (as in D17,Y20,E22,L23-PfCRTP%) appears

to restore the recognition sequence for phosphorylation at Y20, raising the predicted

phosphor y|l ati on potenti al t-me mli enti ¢°& (FiRdreeRBL)] This as i n
may have consequences for the interaction of PfCRT with the oocyt e 6 s t raf fi cking
(Section 7.2.1).

3.4.3 Is the tyrosine-based motif the only determinant of the endolysosomal
trafficking of PfCRT?

The results of Sections 3.4.1 and 3.4.2 indicate that the tyrosine-based endolysosomal
trafficking motif is the only active trafficking motif amongst the motifs that were removed from
the PfCRTP% coding sequence used by Martin et al. [116]. Hence, removal of the motif by
alanine substitution of one or both of the key residues (Y20 or L23) from é morte gl et e 6
PfCRTP%® § yieldingd mort @ g1 et PRCRTP®?, 0 A meatpil fe t PERT28Md 6 mot i f
repl et eZBA-FFCRIIA% 8 should produce PICRT variants that express at the X. laevis

oocyte plasma membrane at similar levels to PfCRTP% (refer to Figure 3.1C for strategy).
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Figure 3.6: The introduction of Y20 or L23 into PfCRTP¥ does not alter functional PfCRT
expression.

(A) Y20 or L23 were introduced into PFCRTP% in isolation and the variants expressed in oocytes. Semi-
quantitative western blot analyses were performed using total membrane preparations from PfCRT-
expressing oocytes, and the intensities of the resulting PfCRT bands were measured. Oocytes
expressing PfCRTPY were included as a positive control, to which the other band intensity values were
normalised. The data represent the mean + SEM of 61 7 experiments using oocytes from different frogs;
within each experiment, measurements were made from 20 oocytes per treatment. No significant
differences in protein levels were observed between the two PfCRTPY2 variants and PfCRTP92 (one
sample t-test). The 95% confidence interval for the difference in protein levels between oocytes
expressing PfCRTP92 and oocytes expressing a PFCRTP variant include zero as follows: Y20-PfCRTPd?
(-8.5t0 13.4); L23-PfCRTP% (-9.3 to 31.1).

(B) [BH]CQ uptake was measured into oocytes expressing Y20-PfCRTP or L23-PfCRTPY2, QOocytes
expressing PfCRTP92 were included as a positive control, and the data were normalised to uptake into
these oocytes. The data represent the mean + SEM of 11i 14 independent experiments using oocytes
from different frogs; within each experiment, measurements were made from 10 oocytes per treatment.
The asterisks denote a significant difference in CQ uptake between oocytes expressing PFCRTPY and
non-expressing oocytes (ne): ***P < 0.001 (one sample t-test). No significant differences in CQ uptake
were observed between the two PfCRTPY? variants and PfCRTP4? (one sample t-test). The 95%
confidence interval for the difference in [BH]CQ uptake between oocytes expressing PICRTP42 and
oocytes expressing a PfCRTPY2 variant include zero as follows: Y20-PfCRTP92 (-10.7 to 2.4); L23-
PfCRTP (-10.1 to 5.4).
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Figure 3.7: The introduction of a nearby acidic cluster in the C-terminus of PfCRT alters the
trafficking activity of the tyrosine motif.

(A) [*H]CQ uptake was measured into oocytes expressing D17,Y20,E22,L23-PfCRTP42, PfCRTP92 and
Y20,L23-PfCRTP92 were included for comparison, and the data were normalised to uptake by oocytes
expressing PfCRTPY2, The data represent the mean + SEM of 27 independent experiments using
oocytes from different frogs; within each experiment, measurements were made from 10 oocytes per
treatment. The asterisks denote a significant difference in CQ uptake relative to non-expressing oocytes
(ne): **P < 0.001 (one-way ANOVA). The 95% confidence interval for the levels of [3H]CQ uptake
mediated by each PfCRTP92 variant are: Y20,L23-PfCRTP9 (18.9 to 32.1); D17,Y20,E22,.23-PfCRTPd2
(44.1 to 56.8).

(B) PICRT-mediated [3H]CQ transport was calculated from the data presented in A by subtracting the
background level of drug accumulation (measured in non-expressing control oocytes) from the total level
of [3H]CQ uptake. The data were normalised relative to uptake by oocytes expressing PFCRTP%2 and
represent the mean + SEM of 27 independent experiments using oocytes from different frogs; within
each experiment, measurements were made from 10 oocytes per treatment. The asterisks denote a
significant difference in CQ uptake relative to Y20,L23-PfCRTPd2; ***p < 0.001 (one-way ANOVA). The
95% confidence interval between Y20,L23-PfCRTP%? and D17,Y20,E22,L23-PfCRTP®? is -33.3 to -21.3
and excludes zero.

(C) Semi-quantitative western blot analyses were performed using total membrane preparations from
PfCRT-expressing oocytes, and the intensities of the resulting PfCRT bands were measured. PfCRTPY2
was included as a positive control, to which the other band intensity values were normalised. The data
represent the mean + SEM of 10 independent experiments using oocytes from different frogs; within
each experiment, measurements were made from 20 oocytes per treatment. The asterisks denote a
significant difference in protein levels relative to Y20,L23-PfCRTPd; ***P < 0,001, *P < 0.05 (one-way
ANOVA). The 95% confidence interval for the difference in PfCRT protein in oocytes expressing
Y20,L23-PfCRTP92 compared with those expressing D17,Y20,E22,L23-PfCRTP4? s -29.2 to -1.9 and
excludes zero.
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Unexpectedly, PfCRT protein levels were not significantly different in oocytes expressing
Omonedl et e®d? PO@RDHIl fet eRFCRTP?, 0 A6 meetpil fe t ePICRTP?, DA

6 mornedl et eLB3A-RICRIIA? indicating that the substitution of Y20 and/or L23 was
insufficient to restore PfCRT protein levels (Figure 3.9A). Furthermore, only a slight difference

was observed between the level of PFCRT-mediated [*H]CQ uptake into oocytes expressing
6morntedl et PCRTPR2OrA 6-me p i € t ePE(FiBUre3BRBIT C). Moreover, the level

of PH]CQ uptake measuredintooocyt es e x p rreespli entglPTORAY2AA 6-mot i f
repl et eB3A-RICRIA? only increased by 221 23% compared with the level of [*H]CQ

uptake measuredintooocyt es e x p rreespsli entgeP&(Fignit&lFOBI C).

Therefore, although these data are consistent with the involvement of the tyrosine-based motif
in the endolysosomal trafficking of PfCRT, the deactivation of the motif only resulted in a small
increase in both protein and [*H]CQ uptake levels. This indicates that the tyrosine-based
endolysosomal trafficking motif is not the sole determinant of PfCRT trafficking in X. laevis

oocytes.

3.4.4 Is T416 the missing determinant of endolysosomal trafficking of PfCRT in
X. laevis oocytes?

As mentioned in Section 1.7.4, the phosphorylation of T416 has been implicated as a

determinant of the trafficking of PFTCRT to the DV in parasites [259]. Although the microinjection

of the native T416A-PfCRTP% variant into oocytes did not result in the functional expression of

PfCRTat t he surfaceySeatidrsl.l.1), the use of the native pfcrt coding sequence is

likely to have masked any potential effect of the T416A mutation on trafficking. Hence, the

T416A mutation was introduced into the codon-harmonised coding sequences of 6 mot i f

repl et e ®? amdf CRAt i dRFARTPY. Characterisation of 6 monteé gl et ed T4 16
PfCRTP% in oocytes revealed that the protein is produced at a comparable level to that in

oocytes expressing 6 mott @ ¢ | RFERT®? (Figure 3.10A, P = 0.99, supported by the

inclusion of zero in the 95% confidence interval for the difference between these two oocyte

types). Likewise, no significant difference was observed between the level of [PH]CQ uptake
intooocytes exprrepetedl4igA-PICRICEdafd oocytes exgpeteédsi ng
PfCRTP% (Figure 3.10Bi C). These findings suggest that the effect of other trafficking motifs

wi t hin el @neibi#eKgrourRd, such as the tyrosine-based trafficking motif,

have a more prominent effect on PfCRT expression than the T416A mutation. Hence, the
introducti on o fr eTpd le6t AP inmdufidéimae redirect additional protein

to the surface of the oocyte, suggesting that T416 is unlikely be a determinant of

endolysosomal trafficking.
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Figure 3.8: Y20 is a predicted phosphorylation site in the presence of D17 and E22.

(A) The N-terminal sequence

E22
(B)T

wi t

t he

(C) The Y20,L23-PfCRTP92 sequence was submitted for analysis of tyrosine phosphorylation sites by
the NetPhos3.1 Server [587, 588]. When the key residues of the tyrosine-based motif were reintroduced
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into PFCRTP92 in the absence of the acidic residues D17 and E22, the peak at Y20 does not cross the
phosphorylation potential threshold of 0.5. The predicted phosphorylation potential score for Y20 is less
than 0.5 (as reported in the table), suggesting it is now less likely to be phosphorylated.

(D) The D17,Y20,E22,L23-PfCRTP% sequence was submitted for analysis of tyrosine phosphorylation
sites by the NetPhos3.1 Server [587, 588]. Blue peaks denote the phosphorylation potential of each
tyrosine within PICRT. When the key residues of the tyrosine-based motif were reintroduced with the
acidic residues D17 and E22 into PICRTPY, the peak at Y20 crosses the phosphorylation potential
threshold of 0.5 (the predicted phosphorylation potential score for Y20 is above 0.5), indicating that Y20
may be phosphorylated in the presence of D17 and E22.
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Figure 3.9: The removal of the tyrosine-based motif is insufficient to restore PfCRT protein levels and transport activity.

(A) Semi-quantitative western blot analyses were performed using total membrane preparations from PfCRT-expressing oocytes, and the intensities of the resulting

PfCRT bands were measured. PFCRTP92 was included as a positive control, to which the other band intensity values were normalised. The data represent the mean +

SEM of 121 15 experiments using oocytes from different frogs; within each experiment, measurements were made from 20 oocytes per treatment. The asterisks denote

a significant difference in PFCRT protei n | evel s compared with that meaplee d&i“F<@RIE yoheenwsy ANOVA). Bmeash n g
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Y20A,L23A-PfCRTP9 (-30.0 to 2.4).

(B)[*H]CQ uptakewasme asured into oocyt el ex pifeaaBdni€CRICR¥an d f 6rmeop li  t eP& werd irClRI€d for comparison, and
the data were normalised to uptake by oocytes expressing PICRTP92, The data represent the mean + SEM of 127 15 independent experiments using oocytes from
different frogs; within each experiment, measurements were made from 10 oocytes per treatment. The asterisks denote a significant difference in CQ uptake compared
with that by non-expressing oocytes (ne): ***P < 0.001 (one-way ANOVA). The 95% confidence interval for the level of [BH]CQ uptake of oocytes expressing each
motif-r e pl et ePvAfFf CRNt -aeel eb el BEf ORT o 3M0e l) et aPCORTYPE AAL to 35.5); 6 mort e gl et ePRCRTP (B.Ato 32.9);
O6mornedl et ed -PCRTAZ (1038 A2.2).

(C) PICRT-mediated [3H]CQ uptake was calculated from the data presented in B by subtracting the background level of drug accumulation (measured in non-
expressing control oocytes) from the total level of [3H]CQ uptake. The data were normalised to uptake by oocytes expressing PfCRTP92 and represent the mean +

SEM of 12i 18 independent experiments using oocytes from different frogs; within each experiment, measurements were made from 10 oocytes per treatment. The
asterisks denote a significant di fferencer dml eQQ@EBuphfhkRrTo byett ave ea@x proey d ieregp e pe &
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In contrast, the characterisation of oocytes microinjected with cRNA encoding T416A-
PfCRTP? in oocytes produced an unexpected result. Western blot analyses of total membrane
preparations indicated that PfCRT protein levels were not significantly different in oocytes
expressing T416A-PfCRTPY compared to oocytes expressing PfCRTP% (Figure 3.10D).
Nevertheless, a 64 * 4.5% reduction in PfCRT-mediated [*H]CQ transport in oocytes
expressing T416A-PfCRTP% was observed (Figure 3.10Ei F). In contrast, alanine substitution
of the nearby S411 residue & a residue that is frequently detected as being phosphorylated
in parasites [259, 426-430] 8 caused a slight but significant decrease in the level of PfCRT
protein detected in total membrane preparations (Figure 3.10D) and a small but significant
reduction (14 + 4.9%) in the level of PfCRT-mediated [*H]CQ transport (Figure 3.10F).
Moreover, the introduction of T416A into S411A-PfCRTP resulted in a similar level of PICRT
protein and PfCRT-mediated [®*H]CQ transport as that measured in oocytes expressing T416A-
PfCRTP® (Figure 3.10Di F). Consistent with this finding, the level of PfCRT protein in in
oocytes expressing T416A-PfCRTP% or S411A,T416A-PfCRTP® was the same as that in
oocytes expressing PFCRTP® (Figure 3.10D). These findings suggest a dominant effect of the
T416A mutation over the S411A mutation 8 that the T416A mutation caused the reduction in
the level of PfCRT-mediated [*H]CQ transport in oocytes expressing T416A-PfCRTP% or
S411A,T416A-PfCRTP®,

These findings also reveal that the observed reduction in [*H]CQ uptake (60 + 4.5%)
associated with the introduction of the T416A mutation is not directly related to the level of
PfCRT protein produced in the X. laevis oocyte system, given that no change in protein levels
was observed relative to PFCRTP®, Two possible explanations that may explain this reduction
in [*H]CQ uptake via T416A-PfCRTP% are: (1) that the expression of T416A-PfCRTP% at the
surface of the oocyte is lower than PfCRT expression at the surface of PfCRTP%-expressing
oocytes, suggesting that a large proportion of T416A-PfCRTP% s retained on intracellular
membranes or (2) that the T416A mutation impacts the activity of the transporter. However,
given the relative amounts of plasma membrane compared with the intracellular membrane
surrounding particular organelle types, the majority of the protein detected in the total
membrane preparation is likely localised to the plasma membrane. This renders the first
possibility less likely. Hence, these data indicate that T416 does not play a prominent role in
the trafficking of PfCRT in X. laevis oocytes and suggest that another motif must be responsible

for directing the protein to intracellular membranes.
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Figure 3.10: Introduction of T416A does not alter the trafficking of PfCRT.

(A) Semi-quantitative western blot analyses were performed using total membrane preparations from PfCRT-expressing oocytes to compare the level of PfCRT
proteini N oocytes e xrparlseti aRjCROFA0G A B-me p | € t eP&. PEERTCRWas included as a positive control, to which the other band
intensity values were normalised. The data represent the mean + SEM of 5 experiments using oocytes from different frogs; within each experiment, measurements
were made from 20 oocytes per treatment. The asterisks denote a significant difference in PFCRT protein levels compared with that measured in oocytes expressing
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PfCRTPd2; ***p < 0.001 (one-way ANOVA). The 95% confidence interval for the difference between oocytes expressing PfCRTP2and t hose expres
repl et ePd vaddnt@rIlde zero and are: 6 mon é [ |-RFGRECH (25.91t0 91.3); 6 mort é d | e t e-BFCRIT2A21((B6A to 83.4).

B)Y[PBH] CQ uptake into o0o0crydemelse teexBiOREZEIBAsAMgasudechant ¢compared with uptake into non-expressing oocytes (ne) and oocytes
expressi-ngploeto ¢ brAPfCRTPP®. The data were normalised to uptake by oocytes expressing PFCRTP92 and represent the mean + SEM of 107 13
independent experiments using oocytes from different frogs; within each experiment, measurements were made from 10 oocytes per treatment. The asterisks denote
a significant difference in CQ uptake compared with that by non-expressing oocytes: ***P < 0.001 (one-way ANOVA). The 95% confidence interval between the level
of PBH]CQ uptake intonon-e x pr essing oocytes and -rtehplsest ed8X \ERideGAETOMpt a [ [6RIGRECH {-22.7 to -8.8); 6 mort é (f |
T416A-PfCRTP (-22.6 t0 -9.7).

(C) PfCRT-mediated [3H]CQ uptake was calculated from the data in B by subtracting the background level of drug accumulation (measured in non-expressing control
oocytes) from the total level of [*H]CQ uptake. The data were normalised to uptake by oocytes expressing PfCRTP%? and represent the mean + SEM of 101 13
independent experiments using oocytes from different frogs; within each experiment, measurements were made from 10 oocytes per treatment. The asterisks denote

sing

eted

a significant di fference in CQ uptake compar-edplwe t é&P8: t~PHa<@OROTh ¢conesway ANDVA). he teveloob c y t €

PICRT-mediated[P°H] CQ wupt ake was simil arotif-fi epbet glePf 6-RPpEk 6t e-BIQRITY2MBH% confidence interval of -4.9 to 4.4,
P =0.99).

(D) Semi-quantitative western blot analyses were performed using total membrane preparations to determine the level of PfCRT protein in oocytes expressing S411A-
PfCRTP42, T416A-PfCRTP4 or S411A,T416A-PfCRTP42, PfCRTPY2 was included as a positive control, to which the other band intensity values were normalised. The
data represent the mean + SEM of 5 experiments using oocytes from different frogs; within each experiment, measurements were made from 20 oocytes per treatment.
A significant difference was observed between oocytes expressing S411A-PfCRTP92 compared with their PFCRTP42-expressing counterparts, **P < 0.01 (one sample
t-test). The 95% confidence interval for the level of PECRT protein between oocytes expressing PfCRTPY2 and those expressing a PCRTP4 variant are as follows:
S411A-PfCRTPM (-22.8 t0 -6.7); T416A-PfCRTPY2 (-17.8 to 9.5); S411A, T416A-PfCRTP (-24.7 to 21.0).

(E) [BH]CQ uptake into oocytes expressing PFCRTP92 variants was measured and compared with uptake into non-expressing oocytes (ne) and oocytes expressing
PfCRTPY2, The data were normalised to uptake by PfCRTPd42 and represent the mean + SEM of 6i 16 independent experiments using oocytes from different frogs;
within each experiment, measurements were made from 10 oocytes per treatment. The asterisks denote a significant difference in CQ uptake compared with that
measured into non-expressing oocytes: ***P < 0.001 (one-way ANOVA). The 95% confidence interval for the difference in [3H]CQ uptake between non-expressing
oocytes and those expressing a PfCRTP92 variant do not include zero in each case and are S411A-PfCRTP92 (91.0 to 58.6); T416A-PfCRTP92 (43.7 to 19.7);
S411A,T416A-PfCRTP9? (47.0 to 22.2).

(F) PfCRT-mediated [*H]CQ uptake was calculated from the data in E by subtracting the background level of drug accumulation (measured in non-expressing control
oocytes) from the total level of [BH]CQ uptake. The data represent the mean + SEM of 61 16 independent experiments using oocytes from different frogs; within each
experiment, measurements were made from 10 oocytes per treatment. The asterisks denote a significant difference in CQ uptake compared with that by PfCRTPd2-
expressing oocytes: *P < 0.05, ***P < 0.001 (one sample t-test) The 95% confidence interval between PfCRTP92 and each PfCRTP9 variant (presented as lower and
upper limits) are S411A-PfCRTP4 (-26.6 to -1.5); T416A-PfCRTPY? (-72.3 to -53.2); S411A,T416A-PfCRTPY (-71.2 to -47.8).
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3.4.5 Identification of a rare acidic dileucine-based endolysosomal trafficking
motif in the N-terminus of PfCRT

To identify this unknown active endolysosomal trafficking motif(s), the LocSigDB webserver
[585] and the WoLF PSORT prediction tool [586] were used to scan the PfCRT protein
sequence for known localisation signals, with emphasis on the N- and C- termini, as well as
predicted cytosolic loops (Section 2.15.1). However, ho new endolysosomal motifs that could
play a role in the trafficking of PfCRT were identified in either terminus or in the loops of the
protein that are thought to be cytosolic. Given that most of the known trafficking motifs have
been identified from case studies investigating the subcellular trafficking of a particular
membrane protein, an extensive literature search was performed to identify any atypical or
rare trafficking motifs. The atypical motifs identified were: KxxxQ [248] ExxxLV [271, 599],
GYxxM [600], L/IPPxY [601, 602], WE [603] MxxxxxxxxXG [604], and KSASNP [605] & all of

which have been experimentally shown to influence the trafficking of proteins to lysosomes.

The PfCRT protein sequence was then manually inspected to determine if the termini
harboured any of these unique motifs. Indeed, an inspection of the N-terminus of PfCRT
revealed a sequence that conformed to one of the unusual endolysosomal trafficking motifs
identified by this search. The motif conforms to the consensus sequence ExxxLV and is
comprised of E22 located three amino acid residues upstream of the dileucine motif LzsV27
(Figure 3.2). Although this motif roughly conforms to the acidic dileucine consensus structure
[D/E]xxxL[LIV], this combination of residues has not been extensively studied or identified in
many proteins. Indeed, the examples of dileucine motifs activated by a glutamate residue
typically conform to ExxxLL or ExxxLI [214, 215]. However, ExxxLV has been identified as a
true endolysosomal trafficking motif for the viral protein Vpu (from the human
immunodeficiency virus) [271, 599]. Moreover, studies of the ExxxLV motif in Vpu have
demonstrated that the mutation of either the acidic residue (E) or any residue of the dileucine
(i.e. L or V) is sufficient to deactivate the motif [599]. Hence, as demonstrated in Section 3.4.1,
the dileucine motif in L26,V27-PfCRTP% is inactive without E22 present, and therefore, the
introduction of L26 and V27 into PfCRTP% had no effect on the level of PfCRT protein present
or the level of PFCRT-mediated [*H]CQ uptake, relative to PfCRTP% (Figure 3.5).

To investigate whether ExxxxLsV27 alters the trafficking of PICRT in X. laevis oocytes, E22
was reinstated into L26,V27-PfCRTP%. This resulted in a 29 + 2.5% reduction in PfCRT protein
levels and a concomitant 47 + 3.2% reduction in PfCRT-mediated [®*H]CQ uptake, relative to
the amount of protein and PfCRT-mediated [*H]CQ uptake measured for PfCRTP%-expressing
oocytes, respectively (Figure 3.11). These findings revealed that EzoxxxL2sV2r7is most likely an
active endolysosomal trafficking motif.
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Figure 3.11: The introduction of E22,L26,V27 into 6 mo-f r BPEGRT"Y? reduces the functional
expression of PfCRT.

(A) Semi-quantitative western blot analyses were performed using total membrane preparations from
PfCRT-expressing oocytes to determine the level of PfCRT protein in oocytes expressing E22,.26,V27-
PfCRTP92 and the intensities of the resulting PfCRT bands measured. PfCRTP42 was included as a
positive control, to which the other band intensity values were normalised. The data represent the mean
+ SEM of 6 experiments using oocytes from different frogs; within each experiment, measurements were
made from 20 oocytes per treatment. The asterisks denote a significant difference in PfCRT protein
levels in oocytes expressing E22,0L26,V27-PfCRTP%? compared with that measured in oocytes
expressing PfCRTPI2; ***p < (0.001 (one sample t-test; 95% confidence interval for the difference in
PfCRT protein levels expressed in these two oocyte types is -35.1 to -22.4).

(B) [BH]CQ uptake was measured into oocytes expressing E22,1.26,V27-PfCRTPI2, Oocytes expressing
PfCRTP92 or L26,V27-PfCRTP4 were included for comparison, and all data were normalised to
PfCRTP42-expressing oocytes. The data represent the mean + SEM of 14 independent experiments
using oocytes from different frogs; within each experiment, measurements were made from 10 oocytes
per treatment. The asterisks denote a significant difference in CQ uptake compared with that measured
in oocytes expressing PfCRTPI2: ***p < 0.001 (one sample t-test). ne, non-expressing oocytes. The 95%
confidence interval for the difference in [3H]CQ uptake between PfCRTPY-expressing oocytes and
oocytes expressing other PfCRTPY? variants are as follows: L26,V27-PfCRTP9? (-3.6 to 11.5);
E22,L26,V27-PfCRTP (-47.9 to -35.5).

(C) PfCRT-mediated [*H]CQ uptake was calculated from the data presented in B by subtracting the
background level of drug accumulation (measured in non-expressing control oocytes) from the total level
of [H]CQ uptake. The data represent the mean + SEM of 14 independent experiments using oocytes
from different frogs; within each experiment, measurements were made from 10 oocytes per treatment.
The asterisks denote a significant difference in CQ uptake relative to that of oocytes expressing
PfCRTPd2; ***p < 0.001 (one sample t-test). The 95% confidence interval for the difference between
PfCRTP92-expressing oocytes and oocytes expressing other PfCRTP variants are as follows: L26,V27-
PfCRTP® (-5.0 to 12.1); E22,.26,V27-PfCRTP9 (-53.4 to -39.6).
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To confirm this finding, alanine substitutions of E22, L26, and V27 on the 6 mornta gl et e 6
PfCRTP™ backgr ound wer e perfor med, and -rtehpel etr @& ul
E22A,L26A V27A-PfCRTP¥  was characterised. The amount o f-r e pd neat teiof
E22A,L26A,V27A-PfCRTP® protein produced in oocytes was 44 + 4.1% of that measured in
PfCRTP%-expressing oocytes and was not significantly different from that measured in oocytes

expres s i n g -r emd RFGREPE (Figure 3.12A). Consistent with these observations, the

level of PfCRT-mediated [PH]JCQ upt ake into oocyt eg e pelxeptreeds s i
E22A,L26A V27A-PfCRTP% measured was 52 + 3.2% of that measured into oocytes

expr essi-hgPEBTE (Figure 3.12B1 C). This equated to ~2.5x greater than that

into oocytes expressing 6 mort é d 1 e t eP#H (reBded@irRIy, 52 + 3.2% vs. 21 + 2.3% of the

[*H]CQ uptake into PFCRTP%2-expressing oocytes; Figure 3.12Bi C). This significant difference

between the level of PHICQ upt ake afepb mo e BFexBrés€iigToocytes and
oocytes exprressl eitge 60 mH2 2PECRIPY dikkly kefe@tsAthe combined

effects of both the tyrosine-based motifand t he acidic dil eucine- motif
repl et eP®askdmpared with the sole effect of the tyrosine-based motif on the trafficking

of omepli ét ed E2 2MCRIP?ESActioh’ 3.4A11 3.4.3).

This finding contradicts the fact that no difference was observed between the level of PICRT
protein in oocytes expressing 6 morte gl et eB?oPf OMiEBPli €t ed E22A, L26A
PfCRTP% (Figure 3.12A). This discrepancy is likely due to differences in the sensitivity of the
western blot analysis and the [*H]CQ uptake assay: the [*H]CQ uptake assay is more robust

and has greater sensitivity as measurements are made from single oocytes, and thus the
exclusion of data from individual oocytes that are clear outliers is simplified. In contrast, as

total membrane preparations for use in western blot analyses are made from a group of 20
oocytes, the data can be affected by individual oocytes. Moreover, given that the western blot
analyses measure PfCRT protein within all membranes of the oocyte, it is possible that the
proportion of PICRT protein expressed at the cell surface of oocytes expressing either 6 mo-t i f
repl et ePoPf GR@pli €t e d E 2 2AGRI 6sAliffevent,7while the overall

level of PfCRT protein is similar. Nevertheless, taken together, these data are consistent with

the previous results presented in Section 3.4.3, highlighting that the removal of either the
acidic dileucine motif or the tyrosine-based motif within 6 mornt é g | e t eP& reRultsRHE

incomplete restoration of PfCRT protein levels and [*H]CQ uptake.
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Figure 3.12: The removal of the acidic dileucine motif and the tyrosine-based motif is required to achieve high levels of functional expression of PfCRT.

(A) Semi-quantitative western blot analyses were performed using total membrane preparations from PfCRT-expressing oocytes, and the intensities of the resulting

PfCRT bands were measured. PfCRTP42 was included as a positive control, to which the other band intensity values were normalised. The data represent the mean +

SEM of 8i 10 experiments using oocytes from different frogs; within each experiment, measurements were made from 20 oocytes per treatment. The asterisks denote

a significant difference in PICRT protein levels compared with that measured in oocytes expressi n g é reqtl ieft eb#: *PH <01 (one-way ANOVA). The

95% confidence interval for the differeeolded e?e RPIC@A®RET i mrgo tomicry tleesv ealnsd oentcveepekre t Gend
PICRTP® variants areasfoll o ws : -r@&md teitfe 6 E 2 2RHCRI™2¢-25,10A.8)0 morntedl et ed Y20A, E2 2-RICRT2IZ(A9.2AtR-BA), W 7 A
95% confidence interval for the difference between oocytes expressing PfCRTP2 and oocyt es e xmpea wlseti ¢t@PANPBAIR6A,YV27A-PICRTPI2

includes zero and is -1.9 to 21.5.

(B)PBH] CQ wuptake into oo0cytegpd ed xifrvaldniiRsilgeasared) Moo-éxpréssing oocytes (ne) and oocytes expressing PFICRTP2 0o r  6-mot i f
repl et eP® wdd irlRdEd for comparison, and the data were normalised relative to the oocytes expressing PFCRTPY2, The data represent the mean + SEM of

117 13 independent experiments using oocytes from different frogs; within each experiment, measurements were made from 10 oocytes per treatment. The asterisks
denote a significant difference in CQ uptalkel et efFa"PREOBOL *tPk 0.01Hand-wap ANOYA). ThelOEs e X |
confidence i nt errveapll ebteePéveeReihC Bodntolt é et v Bf CRTt -rne gl tmod | E2 2ECRIP2G-AL,0%218.8); 6 mo-t i f
repleted Y20A, E22-RICRT2I3(A3.34t®-654). V27 A

(C) PICRT-mediated [*H]CQ uptake was calculated from the data presented in B by subtracting the background level of drug accumulation (measured in non-
expressing control oocytes) from the total level of [3H]CQ uptake. The data were normalised to uptake by oocytes expressing PfCRTPY2 and represent the mean +
SEM of 117 13 independent experiments using oocytes from different frogs; within each experiment, measurements were made from 10 oocytes per treatment. The
asterisks denote a significant difference in CQ uptake b et ween oocyt esr eepxlpertee8fsa InigC Rofnaott ibfy oocytes expepessetrg
PfCRTPd42; ***p < 0.001 (one-way ANOVA). The 95% confidence interval for the differencein[3BH] CQ upt ake bet ween oorepetteesd PHPWRETS s i
oocytes expr ersesplnegt e ool BTt -aeel eb mot ER 2HCRI2G-46,0W02-77R); 6 morte dl et ed Y20A, E22A, L23

PfCRTP92 (-102.4 to -73.5).
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3.4.6 The removal of both active endolysosomal trafficking motifs is required
to achieve high-level functional expression of PICRT

Given the results presented in Sections 3.4.2 and 3.4.5, the removal of both the acidic
dileucine (ExxxXL2sV27) and tyrosine-based (Y2oxxLas) trafficking motifs within 6 mort @ (F |
PfCRTP9? should be sufficient to recapitulate the levels of PfCRT protein and [*H]CQ uptake
produced when 6 moft ri dREGRTPY is expressed in X. laevis oocytes. As predicted,
microinjection of the 6 mort @ g | REGR& & variant lacking both of these endolysosomal
trafficking motifs 8 6 mort e g | YRQAEB2A L23A,L26A,V27A-PfCRTP® & yielded PfCRT
protein levels that were not significantly different (P = 0.13; the 95% confidence interval for the
difference in protein produced by oocytes expressing these constructs includes zero) to those
measured in PFCRTP%- expressing oocytes (Figure 3.12A). Accordingly, the level of [*H]CQ
uptake mediated by 6 mort e g | &208,622A,L23A,L26A,V27A-PfCRTP®? was not
significantly different (P = 0.24) to that mediated by PfCRTP%? (Figure 3.12Bi C). Compared
with 6 mont @ d | e t eP&-exprés€iigy Docytes, the removal of these two active trafficking
motifs resulted in a 49 = 5% increase in PfCRT protein and an 86 + 6.3% increase in PICRT-
mediated [*H]CQ uptake. Hence, the removal of both the tyrosine-based and the acidic
dileucine endolysosomal trafficking motifs was necessary to recapitulate the level of [*H]CQ
uptake measured into PFCRTP%-expressing oocytes. Moreover, these data indicate that, out
of the motifs identified by Martin et al. [116], the acidic dileucine (E22XxXL26V27) and tyrosine-
based (Y20xxL23) motifs are the only motifs that needed to be removed to achieve the high level

of functional expression observed in PfCRTP%-expressing oocytes.

3.5 Determining whether PICR T protein | evel s
surface are altered by the re-introduction of trafficking motifs

351 I nvestigating Pf CRT e X pr e susface nusing ta
biotinylation-based method

The level of PfCRT-mediated [*H]CQ uptake measured into oocytes expressing a PfCRT
variant will depend on the level of PfCRT protein at the surface of the oocyte. A previous study
showed that PfCRT-mediated [*H]CQ uptake correlates positively to the level of PECRT protein
in oocyte total membrane preparations [347]; however, these preparations account for PfCRT
protein expressed at both the plasma membrane and internal membranes. Hence, based on
the correlation determined in the previous study [347], one may assume that the total
expression of PfCRT protein is reflective of the plasma membrane expression. To further
understand the relationship between the amount of PfCRT protein in total oocyte membrane

preparations and the level of PICRT expression at the plasma membrane, a protocol for
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detecting the cell surface expression of PfCRT was devised, based on a method previously
described by Clémencon et al. [564]. This approach involves isolating plasma membrane
proteins that possess extracellular lysine residues, such as PfCRT, from X. laevis oocytes by

cell surface biotinylation (Section 2.10.2).

The cell surface biotinylation assay was optimised for PfCRT detection (Section 2.10.2), and
then its sensitivity was assessed. Summers et al. [347] previously demonstrated a positive
correlation between the quantity of PFCRTP®-encoding cRNA microinjected into the oocyte,
ranging between 2.5i 20 ng, and the corresponding level of PfCRT-mediated [*H]CQ uptake
measured. Thus, a similar approach was employed to determine the sensitivity of the surface
biotinylation technique, ensuring that changes in plasma membrane expression levels of
PfCRT could be detected when different amounts of PFCRTP%-encoding cRNA (5i 20 ng) were
microinjected into the oocyte. Changesint he | evel of Pf CRT protein at
were readily detected when either 5 ng or 10 ng of PfCRTP% cRNA was microinjected into
oocytes compared with 20 ng of cRNA (Figure 3.13A). Although attempts to detect
endogenous proteins (i.e. putative housekeeping genes) were made, the lack of commercially
available antibodies to detect targets containing extracellular lysine residues hindered this
process. Consequently, the membranes were instead stained with Ponceau S to check for
equal gel loading across all samples (Figure 3.13B). In general, the Ponceau S stain revealed
similar amounts of protein in all lanes. Slight differences in the intensity of individual bands
were occasionally observed, which are likely explained by the competitive nature of the pull-
down step & in samples that contain greater amounts of biotinylated PfCRT protein,
biotinylated PfCRT and endogenous surface proteins likely compete for binding to the

streptavidin-agarose.

Correlation analysis of the relationship between the intensity of the PICRT bands obtained
from surface biotinylation preparations and the quantity of PFCRTP% cRNA microinjected into
oocytes revealed a strong positive correlation between the two variables (Pearson correlation
coefficient = 0.9542, P = 0.0117). Indeed, the difference in the relative PfCRT protein levels in
oocytes microinjected with 5, 10, or 15 ng of PfCRTP% cRNA was significant (Figure 3.13C).
However, no measurable difference in PfCRT protein levels in oocytes microinjected with 15
ng or 20 ng of cRNA was detected. In contrast, the level of PFCRT-mediated [*H]CQ uptake
positively correlated to the amount of PFCRTP% cRNA microinjected into oocytes spanning the
full range of 5i 20 ng (Pearson correlation coefficient = 0.9887, P = 0.0014; Figure 3.13D),
consistent with the findings of Summers et al. [347]. Moreover, the surface expression of
PfCRT correlates positively to the level of [*H]CQ uptake measured (Figure 3.13E, Pearson

correlation coefficient = 0.9165, P = 0.029). However, there was a discrepancy between the
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Figure 3.13: Optimisation of the surface biotinylation assay for detecting PfCRT expression at the oocyte6 surface.

(A) A representative image of a western blot analysis performed using biotinylated preparations from oocytes microinjected with 5, 10, 15, or 20 ng of PfCRTPd2-
encoding cRNA or non-expressing control oocytes. The anti-PfCRT antibody detected a band at ~42 kDa, consistent with the size of the PFCRT bands detected in
total membrane protein preparations. The data represent 51 6 experiments using oocytes from different frogs; within each experiment, measurements were made from
40 oocytes. The gap between the lane containing the preparation from oocytes expressing 20 ng PFCRTP4? and the non-expressing oocyte control (ne) lane indicates
the removal of lanes from this image that were not relevant to this experiment.
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(B) Ponceau S staining was performed to verify that each lane contained a protein sample following the pull-down with streptavidin and to check the loading in each
lane. The area shown is the same as in A. The intensities of individual bands are likely to be variable, given the competitive nature of the pull-down step of this
experiment. The gap between the lane containing the preparation from oocytes microinjected with 20 ng of PfCRTP42-encoding cRNA and the non-expressing oocyte
control (ne) lane indicates the absence of lanes from this image that were not relevant to this experiment.

(C) The band intensity of each PfCRT protein band from the western blot analyses described in A was measured and normalised relative to the band intensity of a
sample prepared from oocytes microinjected with 20 ng of PFCRTP%2-encoding cRNA within each experiment. The data represent the mean + SEM of 51 6 independent
experiments, using oocytes from different frogs; within each experiment, measurements were made from 40 oocytes. The asterisks denote a difference in protein level
relative to the 20 ng PfCRTP92 control: ***P < 0.001 (one sample t-test). The 95% confidence intervals for the difference in PfCRT protein levels between oocytes
microinjected with 20 ng of PFCRTP492 cRNA and oocytes expressing microinjected with other amounts of PFCRTP92 cRNA are: 5 ng (-97.2 to -86.2); 10 ng (-82.7 to -
53.0); and 15 ng (-50.8 to -40.0).

(D) [H]CQ uptake into oocytes microinjected with varying amounts of PFCRTPY92 cRNA was measured and PfCRT-mediated [3H]CQ uptake determined by subtracting
the background level of drug accumulation (measured in non-expressing control oocytes) from the total level of [*(H]CQ uptake. The data represent the mean + SEM
of 91 15 independent experiments, using oocytes from different frogs; within each experiment, measurements were made from 10 oocytes. The asterisks denote a
significant difference in CQ uptake relative to oocytes microinjected with 20 ng of PFCRTP42 cRNA: ***P < 0.001 (one sample t-test). The 95% confidence intervals for
the difference between oocytes expressing 20 ng of PfCRTP42 and oocytes expressing other amounts of PFCRTPY are: 5 ng (-68.7 to -58.3); 10 ng (-44.2 to -31.4);
and 15 ng (-28.2 to -11.5).

(E) Plot of the cell surface PfCRT protein levels (shown in C) against the level of PFCRT-mediated [?H]CQ uptake (presented in D). A positive correlation was observed
the level of PfCRT protein expressed at the surface of the oocyte and the level of PICRT-mediated [3H]CQ uptake (Pearson correlation coefficient = 0.9542, P =
0.0117).
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data obtained from the cell surface biotinylation assays that showed no difference in the level
of surface PfCRT protein between oocytes microinjected with 15 ng or 20 ng of PfCRTPd2-
encoding cRNA and the data from the [*H]CQ uptake assays indicating a significant difference
in [*H]CQ uptake measured into these two oocyte types. This discrepancy is due to the
saturation of the western blot signal between 15 and 20 ng. Furthermore, the greater variation
in the cell surface biotinylation assay due to the measurements being made from groups of 40
oocytes also contributes to this discrepancy. For example, measurements from individual
oocytes in the [*H]CQ uptake assay can be resolved. Thus, anomalous data can be detected
more readily, which is not possible in the surface biotinylation assay for the reasons previously
described in Section 3.4.5.

Nevertheless, the results indicate that the surface biotinylation technique can discriminate
between the PfCRT protein levels in preparations from oocytes microinjected with 5 ng, 10 ng
or 20 ng of PfCRTP%-encoding cRNA. Notably, the level of PfCRT-mediated [*H]CQ uptake
measured into oocytes microinjected with 10 ng of PFCRTP%-encoding cRNA is 62 + 2.9% of
the uptake by oocytes microinjected with 20 ng of PFCRTP%-encoding cRNA, suggesting that
the assay is capable of measuring a reduction in protein that correlates to a 38% reduction in
[PH]CQ transport. The level of [*H]CQ uptake measured into the oocytes expressing a
PfCRTPY? variant harbouring one or more active trafficking motifs is reduced by at least 38%
(Figure 3.5, Figure 3.7, Figure 3.9, Figure 3.11, Figure 3.12). Thus, the technique should be
able to reveal whether these PfCRT variants are expressed at lower levels at the surface of
the oocyte compared to PFCRTP®,

3.5.2 The introduction of the T416A mutation does not alter the surface
expression of PfCRTPd2

The introduction of T416A into PfCRTP% results in a decrease in PfCRT-mediated CQ uptake
(37 + 4.5% of PfCRTP?, Section 3.4.4) without any change in the overall PICRT protein level.
This reduction in transport could be explained either by the T416A mutation causing a
decrease in (1) the transport capacity of PICRT or (2) the surface expression of T416A-
PfCRTP9 (without a decrease in the total PfCRT protein). The second scenario could occur if

T416A-PfCRTP® was directed to an internal membrane and was not subsequently degraded.

To investigate these possibilities, the surface biotinylation technique was used to investigate
the level of PfCRT protein at the surface of oocytes expressing either PfCRTP% or T416A-
PfCRTP%, S411A-PfCRTP¥ was also included as a control because S411 is located near
T416, and total membrane preparations from oocytes expressing S411A-PfCRTP% exhibit

similar levels of PfCRT protein compared with total membrane preparations from PfCRTP9-
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expressing oocytes (Figure 3.10D). Moreover, S411A-PfCRTP% mediates 86 + 4.9% of the
CQ transport of PFCRTP? (Figure 3.10F). A representative image is shown in Figure 3.14A.
Total protein staining of the representative membrane revealed approximately equal pull-down
across the three oocyte types (Figure 3.14B). Semi-quantification of the PfCRT bands from
these surface biotinylation experiments revealed that S411A-PfCRTP% and T416A-PfCRTP™
are expressed at approximately the same level as PfCRTP®? attheooc yt e 6 s Figuter f ac e (
3.14C). These data, therefore, indicate that the T416A mutation reduces the CQ transport
capacity of PfCRT via an unknown mechanism. Moreover, the finding that the introduction of
the S411A mutation also results in a slight reduction in the CQ transport capacity of PfCRT
(Figure 3.10Ei F) suggests a role for the C-terminus in modulating the activity of the
transporter (Section 7.5.3).

3.5.3 The introduction of the tyrosine-based motif or the acidic dileucine motif
reduces PfCRT expression at the oocyteb surface

Using the surface biotinylation technique, the level of PfCRT protein was investigated in
oocytes expressing either E22,.26,V27-PfCRTP%, Y20,L23-PfCRTP%, or D17,Y20,E22,L.23-
PfCRTP® § each of which harbour a putative active trafficking motif, are detected at lower
levels in total membrane preparations than PfCRTP®, and exhibit lower levels of PfCRT-
mediated [*H]CQ uptake, when expressed in X. laevis oocytes (Figure 3.5, Figure 3.7, and
Figure 3.11). As controls, pairwise measurements of the surface expression of PfCRT were
undertaken in PfCRTP%-expressing oocytes as well as in oocytes expressing L26,V27-
PfCRTP9? Y20-PfCRTPY or L23-PfCRTP. These three PfCRTP% variants were chosen as
they contain part of the putative active trafficking motifs but are expressed at the same level
as PfCRTP% and mediate similar levels of [*H]CQ uptake as PfCRTP% when expressed in X.
laevis oocytes (Figure 3.5 and Figure 3.6). A representative image of a western blot obtained
from this analysis and the corresponding Ponceau S stain of this membrane showing similar
protein levels in each lane are shown in Figure 3.15A71 B. Specifically, the reintroduction of the
complete tyrosine-based motif as in Y20,L23-PfCRTP% or D17,Y20,E22,L23-PfCRTP%
resulted in lower cell surface PfCRT protein levels (52 + 9.5% or 54 + 7.5% of PfCRTP{
respectively; Figure 3.15C). In contrast, no effect was reproducibly observed when Y20 or L23
were reintroduced in isolation. Similarly, oocytes expressing E22,1.26,V27-PfCRTP exhibited
62 + 5.5% of the cell surface PfCRTP? protein level, whereas no difference was observed in
oocytes expressing L26,V27-PfCRTP,

189



Chapter 3

Anti-PfCRT Ponceau$S ns
1 2 3 1 2 3 100
2
g _ 80
-Eg;- 60-
T
S0
©
<o 40
. (™ W -+2k0a 5=
[ 20
o
0_
Dd2 S411A T416A
Dd2 S411A T416A Dd2 S411A T416A L ]
PfCRTP¢?
variants

Figure 3.14: Investigating the expression of S411A-PfCRTPY2 and T416A-PfCRT™? at the surface
of the oocyte.

(A) Semi-quantitative blot analyses were performed using biotinylated preparations from oocytes
microinjected with cRNA encoding a subset of PfCRTP92 variants. A band of ~42 kDa was detected in
all preparations from oocytes expressing a PFCRTP92 variant. The image shown is representative of at
least 2i 3 independent experiments.

(B) A Ponceau S stain of the membrane shown in A, showing approximately equal loading and the
presence of multiple proteins following the pull-down.

(C) The band intensity of each PfCRT protein band was measured from the data shown in A and
normalised relative to PFCRTP92 within each experiment. The data represent the mean + SEM or range/2
of 213 independent experiments, using oocytes from different frogs; within each experiment,
measurements were made from 40 oocytes. As denoted by ns, no significant difference was observed
in the levels of PfCRT protein detected (one-way ANOVA). The 95% confidence intervals for the
difference in PfCRT protein levels between PfCRTPd2-expressing oocytes and oocytes expressing a
PfCRTP% include zero and are as follows: S411A-PfCRTP% (-12.2 to 54.1); T416A-PfCRTP9 (-10.6 to
53.2).
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3.5.4 PfCRTPY2 expression at the surface of the oocyte is augmented by the
removal of the active trafficking motifs fromé mo-t ep |l et e &2 Pf

The level of PFCRT-mediated [*H]CQ uptake and total PfCRT protein are significantly lower in
oocytes exprressli eitge B avdenipaie® With oocytes expressing PFCRTPY
(Figure 3.5). This reduction of total PfCRT protein may be due to the limited availability of
internal membranes or degradation of PFCRT protein as a consequence of trafficking to internal
membranes. Hence, it is | i-keplydCRESRdtthdchllsurfac
is also significantly lower relative to PFCRTP%, Thus, the removal of the active trafficking motifs
wi t hi n-repltetetoPfCRT " should result in the redirection of PfCRT to the plasma

membrane, thereby increasing the amount of PfCRT expressed at the cell surface. In support

of this hypothesis, greater PfCRT-mediatedP’H] CQ upt ake into oocy+ies

replete & v ar i ant sPICRT2® A221,P2BAV27A-PfCRTP®, or Y20A,E22A,L23A,
L26AV27A-PfCRTPwas observed compared t or emlcett 8
albeit to different extents (Figure 3.9 and Figure 3.12). Indeed, this hypothesis was confirmed
with western blot analyses using surface biotinylation preparations (Figure 3.16). A
representative western blot and a Ponceau S stain of this membrane revealing similar levels
of total protein present within each lane are shown in Figure 3.16A1 B. The level of PfCRT
proteinthatcoul d be detected at t he s urrfeapcleetoef¥
was 25 + 8.4% of the PfCRT protein at the surface of PfCRTP%-expressing oocytes. This
finding is consistentrewith e ¥mediatede[YHICD upbake
observed in these oocytes (21 + 2.3% of PFCRTP). Furthermore, removing the tyrosine-based

CRT
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Y20A,E22A,L23A,L26A V27A-PfCRTP% § resulted in the complete restoration of PfCRT

protein levels at the cell surface (Figure 3.16C). This finding demonstrates that the

1

deactivation of both the tyrosine-b ased mot i f and t he aci driecpldeitleebu c i

PfCRTP% s sufficient to achieve the high level of functional expression obtained when

PfCRTP% was expressed.

To confirm that it was necessary to remove both motifs and not just one or the other, western

bl ot analyses of bi otinylated protei nr eppleeptaerfat i

Y20A,L23A-PfCRTP%? o r omepl €t ed E 2 2MCRI®Y oware pexf@red. The
removal of only the tyrosinecbased mot i f-r & ploant edMdR 6 @&RTa (¢ |
Y20A,L23A-PfCRTP% & resulted in an increase of 33 + 8.0% in cell surface PfCRT protein

compared with the | evel me as ureml dtne™d @ERya RTs

3.16C). This protein level correlates well with the 23 + 1.2% increase in PfCRTP%-mediated

PH] CQ uptake observed inreptetesd -BRINEHatdVAA g
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Figure 3.15: Investigating the expression of PFCRTP2 variants at the surface of the oocyte.

(A) Semi-quantitative western blot analyses were performed using biotinylated preparations from
oocytes microinjected with cRNA encoding a subset of PfCRTP42 variants. A band of ~42 kDa was
detected in all preparations from oocytes expressing a PfCRTPY variant. The image shown is
representative of 41 5 independent experiments. A lower level of protein was reproducibly observed in
oocytes expressing E22,L26,V27-PfCRTPY2, Y20,L23-PfCRTP%?, or D17,Y20,E22,L23-PfCRTP%, ne,

non-expressing oocytes-

(B) A Ponceau S stain of the membrane shown in A shows approximately equal loading and the
presence of multiple proteins following the pull-down.

(C) The intensity of each PfCRT protein band was measured from the data shown in A and normalised
to PfCRTPY2, The data represent the mean + SEM of 41 5 independent experiments, using oocytes from
different frogs; within each experiment, measurements were made from 40 oocytes. The asterisks
denote a difference in protein level relative to PFCRTPY2; ***pP < 0.001, **P < 0.01 (one sample t-test).
The 95% confidence intervals for the difference between PfCRT protein levels at the surface of
PfCRTP92-expressing oocytes and oocytes expressing a PfCRTPY variant are: E22,L.26,V27-PfCRTPd2
(-53.7 to -22.9); Y20,L23-PfCRTP (-74.8 to -21.7); L26,V27-PfCRTP (-24.2 to 52.7); Y20-PfCRTPd? (-
55.7 to 46.7); L23-PfCRTP¢2 (-16.1 to 29.6); D17,Y20,E22,L23-PfCRTP (-70.0, -22.3).
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(C) The intensity of each PfCRT protein band was measured from the data shown in A and normalised
relative to PFCRTPY2 within each experiment. The data represent the mean + SEM of 4i 5 independent
experiments, using oocytes from different frogs; within each experiment, measurements were made
from 40 oocytes. The asterisks denote a significant difference in protein level relative to PfCRTPd2; ***p
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reported in Section 3.4.3. Moreover, the removal of the acidic dileucine motif from 6 mot i f
replet e BIMOGREF| et e 6 E 2 2RECRIP?6 Aestdrés el surface PICRT
protein levels to 82 + 8.7% of the level observed in PfCRTP%-expressing oocytes (Figure
3.16C). Thus, removing either YzoxXLos or ExoxxXLosVoz f r om -0 mpt & f ePHindPeasBR T
the expression of PFCRTP2 at the cell surface of X. laevis oocytes.

Correlation analysis of the relationship between the intensities of the PfCRT bands obtained
from surface biotinylation preparations and total membrane preparations was conducted to
determine how well total PfCRT protein levels reflect cell surface PfCRT protein levels. When
all PfCRT variants for which surface expression was measured were considered, a strong
positive correlation was observed (Figure 3.17; Pearson correlation coefficient = 0.8844, P =
0.0001). Not abl yr, e plmottd & E 2 2RGRIPY Gppeard B bé an outlier to this
trend;t he | eveleplfetoedt E2 2CRIP? préteinviétérmined using surface
biotinylation was greater than expected, given the level of total PFCRT protein and the level of
PfCRT-mediated PH]CQ uptake me asur ed i n oocyt erse pd xepreeds sk 2n2gA , An
V27A-PfCRTP% relative to PfCRTP® (Figure 3.12). The anomal ous -daplaetfeod
E22A,L26A,V27A-PfCRTP® is likely a consequence of the limitations of the biotinylation
technique compared to the other techniques. One possibility is that saturation of the protein
level occurs between 107 15 ng rather than between 157 20 ng (Section 3.5.1, Figure 3.13C).
Hence, the | evel of Pf CRT proterienplien e®o cEy2t2eAs, L &6 @Ar
PfCRTPY? appears close to that in PFCRTP%-expressing oocytes. This would likely explain the
slight discrepancy between the cell surface level of PfCRT and the total PfCRT protein
measur ement s from oocCytreesp | eetxepdr e SEs2i 2REGRICIA6MO,t M 2f 7 A
Moreover, the slight discrepancy between the measurements made using the [*H]CQ uptake
assays and surface biotinylation assays is likely due to the tendency of the latter assay to be
more affected by intraexperimental variation in the oocyte population (Section 3.4.5).
Nevertheless, this correlation confirms that the level of PICRT protein in total membrane

preparations reflects the level detected in surface biotinylation preparations.

Taken together, the findings presented in this Chapter thus far indicate that the tyrosine-based
motif (Y20xXLo3) identified by Martin et al. [116] and the acidic dileucine motif (E22xxXL26V27)
identified in this Chapter (both of which are located in the N-terminus of PICRT) are active
endolysosomal trafficking motifs in X. laevis oocytes. Only these two motifs reduced the
expression of PfCRT at the oocyte plasma membrane; none of the other putative
endolysosomal trafficking motifs identified by Martin et al. [116] appear to be active in X. laevis
oocytes. Thus, the removal of only the tyrosine-based motif and the acidic dileucine motif was

necessary to achieve the maximum level of PfCRTP% expression on the surface of X. laevis
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Figure 3.17: Cell surface PfCRT protein levels correlate with the level of PfCRT protein in total
membrane preparations.

A plot of the cell surface PfCRT protein levels (determined from the data presented in Figure 3.13,
Figure 3.15, and Figure 3.16) against the level of PfCRT protein detected in total membrane
preparations (presented in Figure 3.5C, Figure 3.6A, Figure 3.7C, Figure 3.9A,Figure 3.11A, and
Figure 3.12A). A linear relationship is observed between the level of PfCRT protein detected in oocyte
membrane preparations and the level of PCRT protein expressed at the surface of the oocyte. A positive
correlation between the two variables is observed, with a Pearson correlation coefficient of 0.8844, P =
0.0001. Note that other PfCRTPY variants on the codon-h ar mo n i s efdr, e eddmWPHackdraund
(presented in Figure 3.5) were excluded from this analysis, given that the data indicate that they are
expressed at the same level as PFCRTP92,
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oocytes. However, as previously shown, the removal of these motifs was not sufficient to
achieve the expression of PfCRTP% at the oocyte plasma membrane 8 the combination of
codon-harmonisation of the PfCRTP%? sequence and the removal of the tyrosine-based motif
and the acidic dileucine motif was required for the functional expression of PfCRTP% at the
surface of X. laevis oocytes.

3.6 Comparing the heterologous expression of codon-harmonised
and codon-optimised PfCRTP2 sequences in X. laevis oocytes

An alternative approach to mitigate the technical difficulties of expressing proteins using native
AT-rich P. falciparum sequences in X. laevis oocytes is to perform codon optimisation of the
coding sequence rather than codon harmonisation. Codon optimisation is conducted by
replacing each codon in the native coding sequence with the most common codon for each
amino acid used by the host species (Section 1.5.2). Although this method can produce high
guantities of protein, it can often result in a significant proportion of misfolded, insoluble or non-
functional protein [170, 172, 212, 606-608]. Indeed, the functional expression of PfCRT in X.
laevis oocytes has also been achieved using a codon-optimised, 6 fho teiefd ver
PfCRTP® sequence [609]. Expression of this codon-optimised PCRTP% sequence in X. laevis
oocytes results in greater uptake of CQ, quinine, and quinidine relative to non-expressing
oocytes [609]. To compare the per f ofrrnmeaendc,eptoosel RIEREC?
sequence (optimised PfCRTP®) wi t h t hfer edéedbm-harnionised PFCRTP% sequence
(PfCRTP%), the corresponding cRNA sequences were expressed in X. laevis oocytes. Pairwise
experiments to measure the relative levels of PFCRT protein from total membrane preparations
and [®H]CQ transport activity were conducted. An increase in the level of PfCRT protein was
observed in oocytes expressing optimised PfCRTP% (168 + 28%; P = 0.0923) compared with
oocytes expressing codon-harmonised PfCRTP%, This increase in the level of PfCRT protein
was accompanied by a concomitant increase in PfCRT-mediated [*H]CQ transport activity (151

+ 17%, relative to their PfCRTP%-expressing counterparts) was observed (Figure 3.18A1 C).

A striking observation was that a greater proportion of oocytes expressing optimised PfCRTP92
died before conducting these assays compared with those expressing PfCRT%, Indeed, 18.2
+ 3.8% of the oocytes microinjected with optimised PfCRTP¥ cRNA died before
experimentation compared with a death rate of 6.2 + 1.2% for oocytes microinjected with
PfCRTP? (Figure 3.18D). The ~3-fold difference between these death rates was significant (P
=0.030, unpaired t-test with Welch correction, chosen to account for differences in the variance
of the two populations). Indeed, the F-test conducted in this analysis indicated a significant

difference in the variance of the two oocyte populations (P = 0.0421). Moreover, the greater
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death rate observed in oocytes expressing optimised PfCRTP? is indicative of compromised
oocyte health. The compromised health could create technical issues for assays that require
microinjection of a substrate immediately before the experiment and rely on oocytes that are
sufficiently healthy to reseal following this injection. These assays include measurements of
transporter-mediated substrate efflux from the oocyte cytosol into the extracellular solution and
trans-stimulation experiments used to investigate transporter substrate specificity [186].
Hence, though codon-optimised PFCRTPY2 expresses at greater levels than codon-harmonised
PfCRTP® in X. laevis oocytes, the accompanying decrease in oocyte health may be
disadvantageous for some downstream applications.

3.7 Determining the orientation of PfCRT in X. laevis oocytes

The predicted orientation of PfCRT within the plasma membrane of X. laevis oocytes is such
that its N- and C-termini, which are cytosolic in the parasite [259], are likewise cytosolic in the
oocyte [348]. To validate this prediction experimentally, epitope-tagged versions of PfCRTP%
were generated. Haemagglutinin (HA) or myc tags were introduced into Loop 1 (i.e. between
TMDs 1 and 2; HAL1-PfCRTP% or myc.;-PfCRTP%) or Loop 5 (i.e. between TMDs 5 and 6;
HAs-PfCRTP% or mycs-PfCRTP%) of PfCRT (both loops are predicted to protrude into the
extracellular solution based on the topology of PfCRT; Figure 3.2) or at the C-terminus of the
protein (PfCRTP%-HA or PfCRTP%-myc).

3.7.1 Characterising epitope-tagged variants of PfCRTPd?

Epitope-tagging of transporters occasionally alters the expression, transport activity, and
localisation of the protein [186, 496, 558, 610-612]. To determine whether the addition of
epitope tags to different regions of PFCRTP2 af f ect t he p rmeasarenmedts of
[*H]CQ uptake into oocytes expressing the epitope-tagged variants of PFCRT were undertaken.
As shown in Figure 3.19Ai1 B, the addition of an HA-tag to the N-terminus of PfCRTP™
decreased PfCRT-mediated [*H]CQ transport, resulting in 71.8 + 8.4% of the activity of
PfCRTP%, The addition of either an HA or myc epitope tag to the C-terminus of PfCRTP
resulted in no change in PfCRT-mediated [*H]CQ transport (Figure 3.19A7 B), compared with
PfCRTP%, This finding is consistent with Martin et al. [116], who showed that PFCRTP%-HA
transported [*H]CQ at similar levels to PFCRTP%, In contrast, the insertion of either the HA or
myc tag into Loop 1 of PFCRTP? abolished [*H]CQ uptake (Figure 3.19A1 B), and the insertion
of the HA or myc tag into loop 5 of PfCRTP%? caused a significant reduction in PFCRT-mediated
[*H]CQ transport (92 + 1.4% reduction for HA s-PfCRTP% and89 + 1.7% reduction for mycs-

PfCRTP; Figure 3.19A1 B). Western blot analysis of surface biotinylation preparations
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Figure 3.18: Comparison of the functional expression of PfCRT using native, codon-harmonised, or codon-optimised PfCRT®%? coding sequences in X.
laevis oocytes.

(A) [BH]CQ uptake into oocytes microinjected with native, codon-harmonised, or codon-optimised PFCRTPY2 cRNA sequences was measured. Non-expressing oocytes
(ne) were included as controls. The data are normalised to uptake by oocytes microinjected with codon-harmonised PfCRTP42 cRNA and represent the mean + SEM
of 5 independent experiments using oocytes from different frogs; within each experiment, measurements were made from 10 oocytes per treatment. The asterisks
denote a significant difference relative to oocytes microinjected with the codon-harmonised PfCRTP92 cRNA: ***P < 0.001, *P < 0.05 (one sample t-test). The 95%
confidence intervals for the difference between [3H]CQ uptake into oocytes microinjected with codon-harmonised PfCRTP42 cRNA and oocytes microinjected with
another cRNA sequence are as follows: native PFCRTP92 (-92.5 to -81.3); and optimised PfCRTP92 (3.3 to 81.6).

(B) PfCRT-mediated [?H]CQ transport was calculated from the data presented in A by subtracting the background level of drug accumulation (measured in non-
expressing oocytes) from the total level of [*BH]CQ uptake. The data were normalised to uptake by oocytes microinjected with codon-harmonised PfCRTP42 cRNA and
represent the mean + SEM of 5 independent experiments using oocytes from different frogs; within each experiment, measurements were made from 10 oocytes per
treatment. The asterisks denote a significant difference relative to oocytes microinjected with the codon-harmonised PfCRTP%? cRNA: ***P < 0.001, **P < 0.01 (one
sample t-test). The 95% confidence intervals for the difference between PfCRT-mediated [*H]CQ uptake measured in oocytes microinjected with codon-harmonised
PfCRTP492 cRNA compared with oocytes microinjected with another cRNA sequence are: native PfCRTP92 (-105.4 to -97.1); and optimised PfCRTP (2.7 to 99.7).

(C) Semi-quantitative western blot analyses were performed using total membrane preparations from PfCRT-expressing oocytes, and the intensities of the resulting
PfCRT bands were measured. Oocytes microinjected with the codon-harmonised PFCRTDd2 cRNA were included as a positive control, and other band intensity
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values were normalised to the PfCRT band observed for these oocytes. The data represent the mean + SEM of 4 experiments using oocytes from different frogs;
within each experiment, measurements were made from 20 oocytes per treatment. The asterisks denote a significant difference relative to oocytes microinjected with
the codon-harmonised PfCRTP42 cRNA: ***P < 0.001 (one sample t-test). No statistically significant difference was observed between oocytes microinjected with
codon-harmonised PfCRTP42 cRNA compared with those microinjected with codon-optimised PfCRTP42 (P = 0.0923). The 95% confidence intervals for the difference
in PfCRT protein levels between oocytes microinjected with codon-harmonised PfCRTP% cRNA and oocytes microinjected with another cRNA sequence are: native
PfCRTP42 (-102.7 to -95.1); and optimised PfCRTP4 (-20.8 to 157.8).

(D) Death rates for oocytes expressing the optimised PfCRTP92-encoding cRNA compared with oocytes expressing the harmonised PICRTP%2-encoding cRNA. The

death rates for each experiment were estimated by counting the number of oocytes that died in a population of 180 oocytes microinjected by day 3 post-cRNA injection.

A significant difference was observed between the death rates for the two oocyte types in each experiment: *P < 0.05 (unpairedt-t est wi t h Wel chds ¢
95% confidence interval for this comparison is 1.7 to 22.29 and does not include zero.
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Figure 3.19: Characterisation of epitope-tagged PfCRT variants.

(A) [FBH]CQ uptake was measured into oocytes microinjected with cRNA encoding a myc-tagged or HA-
tagged variant of PfCRTP42, The data were normalised to PfCRTP%2 and represent the mean + SEM of
479 independent experiments using oocytes from different frogs; within each experiment,
measurements were made from 10 oocytes per treatment. Asterisks denote a significant difference
relative to oocytes expressing PfCRTPY2; ***pP < 0.001, *P < 0.05 (one sample t-test). The 95%
confidence intervals for the difference in [BH]CQ uptake between PfCRTP%-expressing oocytes and
oocytes expressing an epitope-tagged PfCRTPY variant are: HA-PfCRTP42 (-49.2 to -2.1); PfCRTPd2-HA
(-10.2 to 8.4); PfCRTP92-myc (-11.2 to 9.2); HAL1-PfCRTP92 (-93.9 to -87.7); mycL1-PfCRTPY? (-93.6 to -
85.0); HALs-PfCRTP9? (-88.1 to -77.6); mycis-PfCRTP? (-83.9 to -74.8).

(B) PICRT-mediated [3H]CQ transport was calculated from the data presented in A by subtracting the
background level of drug accumulation (measured in non-expressing control oocytes) from the total level
of [*H]CQ uptake. The data represent the mean + SEM of 41 9 independent experiments using oocytes
from different frogs; within each experiment, measurements were made from 10 oocytes per treatment.
Asterisks denote a significant difference relative to non-expressing oocytes (ne): ***P < 0.001, **P <
0.01 (one sample t-test). The 95% confidence intervals for the PfCRT-mediated [3H]CQ uptake of
oocytes expressing an epitope-tagged PfCRTP92 variant are as follows: HA-PfCRTP4? (45,1 to 98.4);
PfCRTP42-HA (88.7 to 110.8); PfCRTP92-myc (88.4 to 109.9); HALi-PfCRTP4 (-2.1 to 1.1); mycLi-
PfCRTP? (-0.74 to 3.1); HALs-PfCRTP®? (5.2 to 12.4); mycis-PfCRTP (8.9 to 17.0).
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(C) A representative image of western blot analyses of biotinylated protein preparations from oocytes
expressing Loop 5 or Loop 1 epitope-tagged PfCRT variants. PFCRTP92 and PfCRT-HA were included
as positive controls; both proteins have previously been shown to express at the surface of the oocyte
[116]. The band of PfCRTP%? js ~42 kDa (lane 1), while the PICRT-HA protein appears slightly larger at
~45 kDa (lane 2), consistent with the predicted sizes of both proteins. HALs-PfCRTP9 and mycys-
PfCRTP92 run at the size of the ~45 kDa band (lanes 5 and 6). No band was detected in samples from
non-expressing (ne) oocytes (lane 7) or oocytes expressing Loop 1 epitope-tagged PfCRT variants
(lanes 3 and 4). The data are representative of 2 independent experiments using oocytes from different
frogs.

(D) A Ponceau S stain of the membrane shown in C, showing approximately equal loading and pull-
down across all samples. The data are representative of 2 independent experiments using oocytes from
different frogs.
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revealed that the insertion of an epitope tag into Loop 1 resulted in a complete loss of PfCRT
protein at the oocyte's surface. Likewise, the insertion of an epitope tag into Loop 5 resulted in
a reduction in PfCRT protein levels, albeit to a lesser extent (Figure 3.19C). The level of total
surface protein present was confirmed to be similar across all lanes with Ponceau S staining
(Figure 3.19D) . This decrease in PfCRT protein |
the cause of the reduction in [*H]CQ uptake in oocytes expressing loop-tagged variants of
PfCRT.

3.7.2 Investigating the accessibility of epitope-tagged PfCRTP4? variants to
extracellular antibodies

Having determined that the Loop 5 epitope-tagged and C-terminal epitope-tagged PfCRTP4?
variants are functionally expressed at the oocyte surface, immunofluorescence experiments
were performed on live, intact oocytes expressing an epitope-tagged PfCRTP%? variant. This
method uses oocytes that have not been fixed or permeabilised; hence, the antibody can only
bind to extracellular epitopes because it cannot penetrate the oocyte membrane (Figure 3.20).
The orientation of PfCRT was investigated using anti-HA and anti-myc antibodies to determine
whether the Loop 5 epitope-tags or C-terminal epitope-tags were located extracellularly in
oocytes expressing these PFCRTP variants. Non-expressing control oocytes subjected to the
same antibody incubations and washing steps were used to measure the level of background
autofluorescence. Specific fluorescence was observed at the surface of oocytes expressing
HAs-PfCRTP% or mycs-PfCRTP%? (Figure 3.21A71 B), indicating that this region of the protein

was extracellular and thus accessible to antibodies.

In contrast to what was observed for HA s-PfCRTP%? or myc s-PfCRTP%, neither PFCRTPY-HA
nor PfCRTP¥-myc could be detected, suggesting that the C-terminus was inaccessible to
extracellular antibodies and, thus, cytosolic (Figure 3.21A1 B). As both the N- and C-termini of
PfCRT are predicted to be on the same side of the membrane (Figure 3.2), given the results
of Figure 3.21A1 B, the N-terminus is likely to be cytosolic. Indeed, attempts to detect
PfCRTP% using the anti-PfCRT antibody (raised to an N-terminal peptide) in oocytes
expressing PFCRTP% did not result in measurable fluorescence compared with non-expressing
oocytes (Figure 3.21C). This antibody was formerly used in immunofluorescence assays using
permeabilised oocytes to demonstrate the localisation of > 100 PfCRT variants at the plasma
membrane [347]. The latter supports the finding that the termini are cytosolic and inaccessible
to extracellular antibodies. These data are consistent with the localisation of the N- and C-

termini of PfCRT in the parasite's cytosol [348] (Figure 3.22). Thus, the direction of drug
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Figure 3.20: An immunofluorescence assay for determining the orientation of PFCRT in X. laevis
oocytes.

£
£

Oocytes were microinjected with cRNA encoding a variant of PfCRT that contains an epitope-tag (shown
in blue) at the C-terminus (PfCRT-ET) or in Loop 5 (ET.s-PfCRT). On day 3 post-cRNA injection, when
PfCRT expression is at its peak, healthy oocytes were incubated in a blocking solution to lower the non-
specific binding of the anti body-tagspecifihaptibalp(depitteel 6 s s ur f
in purple) is added, it binds only to epitope-tags located extracellularly (i.e. on the left side of the figure,
the antibody binds to ET.s-PfCRT, whereas on the right side of the figure, the epitope-tag specific
antibody binds only to PfCRT-ET). Following an incubation period, any epitope-tag specific antibody
that had not bound was washed away. A fluorescent secondary antibody (green) was then added and
binds to the epitope-tag specific antibody on the surface of oocytes that possess a variant of PfCRT with
an extracellular epitope-tag (i.e. on the left side of the figure, the antibody binds to ET.s-PfCRT-
expressing oocytes; on the right side of the figure, the epitope-tag specific antibody binds to PfCRT-ET-
expressing oocytes). The oocytes were then imaged using fluorescence microscopy to visualise the
fluorescent signal at the surface of the oocyte. This signal was compared with non-expressing control
oocytes subjected to the same antibody incubations and washing steps. As shown on the left side of
the figure, if the termini are cytosolic, only the ETis-PfCRT variant possesses an extracellular epitope-
tag that the epitope-specific antibody can detect. Conversely, if the termini are extracellular, as shown
on the right side of the figure, the epitope-specific antibody only binds to the epitope-tag on the
extracellular C-terminus of the PfCRT-ET variant.
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Figure 3.21: The termini of PfCRT are cytosolic in X. laevis oocytes.

(AT B) An immunofluorescence-based assay was used to determine the orientation of PFCRT within the
X. laevis oocyte system by evaluating the accessibility of epitope tags in oocytes expressing myc-tagged
variants of PfCRT (A) or HA-tagged variants of PfCRT (B). Non-expressing oocytes (ne) display little or
no autofluorescence using this technique. The same result is observed in oocytes expressing C-
terminally tagged PfCRT variants (PfCRTP92-myc or PfCRTP92-HA). In contrast, fluorescence is
observed in oocytes expressing mycis-PfCRTP9? or HALs-PfCRTPY2, The images are representative of
the results from 2 independent experiments using oocytes from different frogs.

(C) Using the anti-PfCRT antibody, the immunofluorescence-based assay was conducted to evaluate
the accessibility of the N-terminus of PfCRT. No fluorescence was detected in non-expressing (ne)
oocytes or oocytes expressing PfCRTPY92. The images are representative of the results from 2
independent experiments using oocytes from different frogs.
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malaria parasite X. laevis oocyte expression system

parasite DV oocyte cytosol
pH 5.0-5.5 pH~7.2
drug drug drug >
H+
PfCRT

drugH+
PfCRT
parasite cytosol extracellular solution
pH~7.3 pH 5.0-6.0

I
+

Figure 3.22: The direction of drug transport mediated by PfCRT in the X. laevis oocyte expression
system reflects the direction of transport mediated by PfCRT in the malaria parasite.

In the malaria parasite (right hand side), PfCRT resides on the membrane of the DV, with its termini

protruding into the parasite cytosol [259]. Unlabelled drug accumulates in the DV of the parasite via a

combi nawdalobasebf appi ng o6 amddiated pronessgeso Withie the acidic DV, the drug

becomes protonated. Protonated forms of the drug are transported from the DV into the cytosol via

PfCRT. In the X. laevis oocyte system (left hand side), PfCRT is expressed on the surface of the oocyte

with its termini protruding into the cytosol. In the acidic extracellular solution (pH 5.071 6.0), the drug will

exist in neutral and protonated states. The neutral species of the drug will diffuse across the oocyte

membrane into the cytosol. The protonated forms of the drug are transpor t ed i nt o the oocyte
via PfCRT. Hence, the direction of transport mediated by PfCRT in the X. laevis oocyte system reflects

the direction of PFCRT-mediated transport in the parasite.
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transport studied in the X. laevis oocyte system (i.e. into the oocyte cytosol) is consistent with
PfCRT-medi ated effl ux of drug fr omFigure82).ar asiteds I

3.8 Conclusions

The work described in this Chapter has identified the essential sequence determinants that
enabled the functional expression of PICRT in X. laevis oocytes. Firstly, codon harmonisation
of the native PfCRTP% coding sequence was crucial for the successful expression of the
protein in X. laevis oocytes, providing a rational basis for the codon harmonisation of
sequences of other P. falciparum proteins that are to be characterised in the X. laevis oocyte
system. Moreover, although codon optimisation represents a viable alternative, the possible
compromise in oocyte health (as was the case for PfCRT) may hinder downstream functional
assays that require healthy oocytes. Secondly, the presence of the active endolysosomal
trafficking motifs YoxxLos and ExXxxLasV2r in the sequence of PfCRT caused a significant
reduction in the proteinb6s f ux ladvis acytes. Thasxforr e s si o1
transporters that are to be characterised in X. laevis oocytes, the removal of putative trafficking
motifs that could direct the protein to internal membranes (i.e. to lysosomes, ER, and Golgi
compartments) is likely to be necessary. Furthermore, the identification of an unusual acidic
dileucine trafficking motif (ExxxLV) in PfCRT that is active in X. laevis oocytes suggests that
this motif may play an active role in the trafficking of other lysosome-resident transporters.
Hence, this motif may impede the successful expression of other lysosome-resident
transporters to be characterised in X. laevis oocytes. Lastly, the demonstration that the
orientation of PfCRT in X. laevis oocytes is such that its termini are cytosolic confirms that it

adopts the same orientation as it does in the DV of the parasite.
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Declaration

The work in this Chapter sought to investigate the structure-function relationship of PfCRT by
examining the role of several conserved residues within the protein. The work relied on the
generation of several PfCRT variants. Of the constructs detailed in this Chapter, | generated
31 and supervised Mr Mahakaran Sandhu and Mr Rui Dong, who generated another three
constructs each. The remaining six variants were purchased from GenScript. | characterised
all 43 of these PfCRTP%? variants and the four Loop 7 deletion PfCRT constructs using a
combination of western blot analyses, [*H]JCQ uptake assays, and immunofluorescence
assays. | also supervised Ms Vicky Zhang, who generated the aex3,4-PfCRTP® variant and
was involved in characterising the role of this variant and other transporter splice variants in
regulating full-length transporter expression. Ms Lydia Zhang was also involved in
characterising the a®ex3,4-PfCRTP% variant and assisted with generating the myc-tagged
variant of PfNT1 under my supervision. The data presented in Figure 4.18 and Figure 4.19,
therefore, represent our combined datasets. The alignment shown in Figure 4.8 was
generated by Dr Rowena Martin and Mr Courtney Winning and subsequently edited by myself
to highlight conserved residues within the CRT Family.
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4.1 Background

PfCRT has an essential role in parasite biology [114, 115] (Section 1.9); hence, there is
interest in PICRT as a putative drug target [467, 613, 614]. Indeed, inhibitors of PICRT are
effective at killing parasites in vitro [467]. However, until recently, no structure of PfCRT was
readily available. As such, most insights into the structure-function relationship of the protein
could only be gleaned from the available biochemical and structural studies on related DMT
Superfamily proteins [351, 352, 354, 355, 357, 359-362, 386, 387, 410, 415, 416, 615-621].

As described in Section 1.7.1, several proteins in the DMT Superfamily exist as oligomers.
Hence, it is thought that PfCRT may exist as a dimer and that the dimerisation of PFCRT may
be mediated by conserved helix-packing motifs in TMDs 5 and 10 [348] or conserved residues
in Loop 7; however, it is not known whether PfCRT functions as an obligate dimer. Moreover,

the role of Loop 7, a large loop that is conserved within the CRT Family, is poorly understood.

In this Chapter, the ability of PFCRT to form dimers was investigated using protein preparations
from P. falciparum parasites and X. laevis oocytes. Immunoprecipitation experiments using
protein preparations from oocytes co-expressing C-terminally myc-tagged and HA-tagged
variants of PfCRT were used to determine whether the protein forms dimers when expressed
in the X. laevis oocyte system. Direct measurements of CQ uptake into oocytes co-expressing
PfCRTP% and PfCRT®P” were conducted to examine whether PfCRT functions as an obligate
dimer. Investigations into regions of PfCRT that might be involved in dimerisation was
conducted via mutation of residues in the key glycine and threonine residues of the helix-
packing motifs in TMDs 5 and 10 to determine their role(s) in protein stability and function (as
measured by the ability of these variants to transport CQ). Similar experiments were performed
to investigate four conserved cysteine residues (C289, C301, C309, and C312) and a
conserved helix-packing motif within Loop 7 of the protein. Compared with PICRT, DMT
proteins outside of the CRT Family possess a significantly shorter Loop 7. Hence, a series of
PfCRT variants that lacked all, or part of Loop 7 was investigated by replacing this loop with a
shorter spacer sequence. These variants were screened to determine whether Loop 7 perturbs

the structure and function of PfCRT.

A recently reported splice variant of PfCRT (a&x3,4-PfCRTP%; Section 1.10) was investigated
using the X. laevis oocyte system. This splice variant, if translated, would give rise to a PfCRT
protein lacking TMDs 2i 5 and part of TMD 6. The predicted protein structure is similar to the
ancestral DMT proteins that contain 5 TMDs; here, t h eex3#& PfCRTP% protein would be
comprised of TMDs 7-10 as per a 5 TMD member of the superfamily (Section 1.7.1) along
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with an additional TMD 1 and partial TMD 6. The resulting protein could function as an obligate
dimer capable of mediating the transport of drugs or of the natural substrate of PfCRT. Hence,
the ability of a codon-harmonised version of the aex3,4-PfCRTP% coding sequence to produce
functional PfCRT protein in X. laevis oocytes was investigated using western blot analyses,
[*H]CQ uptake assays and immunofluorescence assays.

4.2 Does PfCRT exist and function as a dimer?
4.2.1 The PfCRT dimer is present in P. falciparum parasites

Previous studies have indicated that PfCRT exists as a homodimer in P. falciparum parasites
[136, 180]. Hence, to investigate whether PICRT exists as a dimer within parasites, western
blot analyses of protein preparations from the Dd2 P. falciparum parasite strain were
undertaken to investigate whether oligomeric forms of PfCRT exist in P. falciparum. Two anti-
PfCRT antibodies were used d one raised to the N-terminus of the protein, and one raised to
the C-terminal peptide (CKKMRNEENEDSEGE) (Section 2.7.1). Both antibodies detect a
band of 42 kDa (Figure 4.1Ai D, lane 1) consistent with the size of full-length PfCRT [136,
347], and an additional band at ~90 kDa, consistent with the size of the predicted PfCRT
homodimer (Figure 4.1A1 B and D, lane 1). The intensity of the ~90 kDa band was consistently
weaker than the 42 kDa band, regardless of which anti-PfCRT antibody was used (Figure
4.1A1 D, lane 1; note that the dimer bands shown in Figure 4.1D were not observed until
longer exposure times were used to visualise the membrane represented in Figure 4.1C).
Moreover, two additional bands with a molecular weight of ~28 kDa were also detected when
the anti-PfCRT C-terminal antibody was used (Figure 4.1A and C).

To determine whether the bands were specifically detected by the anti-PfCRT antibody (and
not a non-specific band), pre-incubation of each antibody with its cognate peptide was
undertaken before western blotting. This step resulted in both the ~42 kDa and ~90 kDa bands
being completely outcompeted by the cognate peptide (Figure 4.1Bi D, lane 2). In addition,
partial competition of the lower bands at ~28 kDa was observed when the anti-PfCRT C-
terminal antibody was incubated with its cognate peptide (Figure 4.1Ci D, lane 2). Moreover,
pre-incubation of the anti-PfCRT C-terminal antibody with a peptide from the unrelated P.
falciparum formate-nitrite transporter (PfFNT) did not outcompete the bands at ~28 kDa, ~42
kDa, and ~90 kDa. This finding suggests that the competitive effect of pre- incubating the anti-
PfCRT-C antibody with its cognate peptide (i.e. the PfCRT-derived peptide) was specific.
These data are consistent with a recent study conducted by Baakdah and Georges [136], who

confirmed the presence of the homodimer within several P. falciparum strains, including the

210



Investigations into the Dimerisation and Structure-Function Relationship of PfCRT

A B C D
Anti-PfCRT-C Anti-PfCRT Anti-PfCRT-C Anti-PfCRT-C

1 1 2] 1 2 3 i 2 '3
~90 kDa ~90 kDa | —- ~90 kDa

~a2kDa | [

-28kDa | @B ~42 kDa | ~42 kDa . .

i === .

Figure 4.1: PfCRT dimers are detected in protein preparations from P. falciparum parasites.

(A) Western blot analyses of protein preparations from P. falciparum parasites using an anti-PfCRT
antibody raised to the C-terminal peptide region CKKMRNEENEDSEGE (anti-PfCRT-C). The protein
samples were separated under reducing conditions. The antibody has been previously shown to detect
two lower bands, both around ~28 kDa in size and a band at the size of full-length PICRT (~42 kDa). A
band of ~90 kDa is also detected at a lower intensity d the latter corresponds to the predicted size for
a homodimer of PfCRT. The data are representative of 3 independent experiments.

(B) Western blot analyses of protein preparations from P. falciparum parasites using the anti-PfCRT
antibody raised to the N-terminal peptide region that was validated for use in parasites [347]. The protein
samples were separated under reducing conditions. A band of the size of full-length PICRT (~42 kDa)
was detected, as well as an additional band of ~90 kDa, consistent with the predicted size of a
homodimer of PfCRT (lane 1). Preincubation of the antibody with the cognate peptide (lane 2) impeded
the detection of both PfCRT bands. The data are representative of 2 independent experiments.

(Ci D) Western blot analyses of protein preparations from P. falciparum parasites using the anti-PfCRT
antibody raised to the C-terminal peptide. Protein samples were separated under reducing conditions.
The image in C was captured at a shorter exposure time compared with D and hence was insufficient
for the detection of the higher molecular weight bands. The sizes of the bands shown in C and D are
indicated on the left side of the image in C. The antibody detected the previously described bands shown
in A (lane 1). Preincubation of the antibody with the cognate peptide impeded the detection of both
PfCRT bands (lane 2); however, pre-incubation of the antibody with a peptide derived from PfENT (lane
3) did not interfere with the detection of the PFCRT bands. The data are representative of 3 independent
experiments.
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CQ-resistant Dd2 strain as well as the CQ-susceptible reference strains 3D7 and HB3. In their
study, the size of the PfCRT monomer was ~42 kDa, and the homodimer was ~90 kDa.
Importantly, to detect PfCRT protein, Baakdah and Georges [136] used an anti-serum raised
to a C-terminal peptide of PfCRT, consisting of the last 24 residues of the protein
(KKMRNEENEDSEGELTNVDSIITQ), which overlaps with the region used to raise the anti-
PfCRT-C antibody used here (KKMRNEENEDSEGE). Moreover, the detection of PICRT-
specific bands that run at sizes lower than full-length PfCRT is consistent with the findings of
another study [470]. However, the identity of these bands is unknown & they could represent
PfCRT splice variants or degradation products.

4.2.2 Investigating PfCRT dimer formation in X. laevis oocytes

Having confirmed that PfCRT dimer bands are present in protein preparations from P.
falciparum parasites, preliminary western blot analyses were undertaken to investigate
whether PfCRTP%? exists as a dimer within total membrane protein preparations from
PfCRTP%-expressing oocytes. Duplicate samples from the same total membrane preparation
were separated by SDS-PAGE using different concentrations of the reducing agent, DTT (O
mM, 10 mM, 150 mM). Immunoblotting revealed the presence of two bands & one at ~42 kDa
(consistent with the size of the PFCRT monomer) and one at ~70 kDa, that was only present
in samples containing 0 or 10 mM DTT (Figure 4.2A; a Ponceau S stain of the membrane
revealing equal loading is shown in Figure 4.2B). Although the ~70 kDa band is smaller than
the PfCRT dimer band detected in protein preparations from P. falciparum parasites, it may
represent a homodimer whose stability is enhanced by disulphide bonds. The enhanced
stability may allow the protein to remain more compact under non-reducing conditions and

migrate at a faster rate, as has been previously observed for other membrane proteins [622].

To investigate whether the ~70 kDa band was representative of a bona fide PfCRT dimer in X.
laevis oocytes, immunoprecipitation experiments using epitope-tagged variants of PFCRT were
designed (refer to Figure 4.3 for strategy and expected outcomes). In addition, epitope-tagged
versions of the P. falciparum nucleoside transporter 1 (PfNT1) were generated for use as
controls in these experiments. PINT1 was chosen as it is of similar size to PFCRT 8 422 amino
acid residues compared to the 424 amino acid residues in PfCRT. In addition, PNT1 has been
previously characterised in the X. laevis oocyte system, where it was demonstrated to transport

several substrates, including hypoxanthine [138-140].
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4.2.2.1 Characterisation of epitope-tagged PfCRT and PfNT1 variants

A C-terminal HA-tagged PfNT1 variant was successfully expressed in oocytes in a prior study,
suggesting that epitope-tag insertion at the C-terminus does not alter the functional expression
of the protein in X. laevis oocytes [140]. Hence, C-terminal HA- and myc-tagged variants of
PfNT1 were generated and screened for their ability to transport hypoxanthine. No difference
in [®H]hypoxanthine uptake was measured into oocytes expressing PfNT1, PfNT1-HA, or
PfNT1-2xmyc (Figure 4.4A). However, the level of [*H]hypoxanthine uptake in all three oocyte
types was significantly different to non-expressing oocytes.

As shown in Section 3.7.1, C-terminal epitope-tagged PfCRTP? variants harbouring a single
HA or myc tag mediate [*°H]CQ transport to similar levels as non-tagged PfCRTP2, Preliminary
western blot analyses indicated that the detection of PfCRT protein from PfCRTP%-myc-
expressing oocytes was weak when an anti-myc antibody was used for detection (compared
with the N-terminal anti-PfCRT antibody; data not shown). Consequently, PFCRTP%-3xmyc and
PfCRTP%-4xmyc variants were generated, and the ability of both constructs to transport
[*H]CQ when expressed in X. laevis oocytes was determined. Indeed, no difference was
observed between the ability of PfCRTP%2-4xmyc and PfCRTP to mediate [*H]CQ transport
(Figure 4.4B). However, an unusual result was obtained when three myc epitope tags were
fused to the C-terminus of PfCRTP92 & the level of [*H]CQ uptake in oocytes expressing
PfCRTP®-3xmyc was the same as that measured into non-expressing oocytes (Figure 4.4B).
Notably, a PfCRT-specific band was detected in surface biotinylation preparations from
oocytes expressing either PfCRTP%, PfCRTP%-3xmyc, or PfCRTP%-4xmyc (Figure 4.4C
shows a representative image; the corresponding Ponceau S stain is shown in Figure 4.4D).
The sizes of the myc-tagged PfCRT proteins were measured as ~45 kDa and ~47 kDa,
respectively. The increase in size was consistent with the predicted sizes of the variants (based
on the size of the additional myc tags). Hence, the loss of [?H]CQ transport activity in oocytes
expressing PfCRTP®2-3 x my ¢ was not caused by the | oss
surface, suggesting the insertion of the 3xmyc epitope tag disrupts the activity of the

transporter.

4.2.2.2 Immunoprecipitation of epitope-tagged PfCRT variants from X. laevis oocytes

To determine whether the PfCRT dimer band observed in total membrane protein preparations
from X. laevis oocytes represents a bona fide dimer or is caused by aggregation during the
immunoprecipitation protocol, an anti-HA resin was used to immunoprecipitate PFCRTP%-HA
from total membrane protein preparations from oocytes co-expressing PfCRTP%2-HA with
PfCRTP%-4xmyc. In addition, the anti-HA resin was used to immunoprecipitate the HA-tagged

213

of

Pf



Chapter 4

A B
Anti-PfCRT Ponceau S
0OmMDTT 10mMDTT 150mMDTT
- . 70 kDa

- - - 42 kDa

Dd2 ne Dd2 ne Dd2 ne Dd2 ne Dd2 ne Dd2 ne

Figure 4.2: A putative PfCRT dimer band in X. laevis oocytes.

(A) Preparations of total membrane proteins from PfCRTP42-expressing oocytes (Dd2) and non-expressing oocytes (ne) were run under non-reducing conditions (0
mM DTT) and reducing conditions (10 mM and 150 mM DTT) and blotted with the N-terminal PICRT antibody. Note that the samples from each oocyte type are
triplicates from a single total membrane protein preparation of 20 oocytes from the same frog. The gaps between each set of conditions indicate the absence of
additional replicate lanes that were not included in the analyses. A band of ~42 kDa, consistent with the size of a PFCRT monomer, was detected. An additional band
at ~70 kDa was detected that might represent a PfCRT dimer. The data are representative of 3 independent experiments.

(B) A Ponceau S stain of the membrane strips in A showing approximately equal loading in both lanes. The data are representative of 3 independent experiments.
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Immunoprecipitation | PFCRTP#2-HA will be pulled | If PFCRT only exists as a monomer, PfNT1-2xmyc will not be Lysates from the two oocyte types will be mixed fo PfCRTP2-4xmyc  will not be
down by anti-HA resin. PfCRT"2-4xmyc will not be co-immunoprecipitated with | determine whether any dimeric PfCRT bands that co-immunoprecipitated with
co-immunoprecipitated with PFCRT?2-HA. | PCRTP92-HA are detected are due to protein aggregation in PfNT1-HA
solution

If PTCRT exists as a dimer, then PfCRT-

4xmyc will be co-immunoprecipitated with

PfCRTPI2-HA.

Detected [*H]substrate [FHICQ [FHICQ [*H]CQ and [*H]CQ and [*H]hypoxanthine [*H]CQ and [*H]hypoxanthine
uptake [*H]hypoxanthine

Figure 4.3: An overview of the immunoprecipitation strategy used to determine if PFCRT exists as a dimer in X. laevis oocytes.

Epitope-tagged variants of PfCRTP42 and PfNT1 are co-expressed in X. laevis oocytes using a 1:1 ratio of cRNA (equivalent to 10 ng of PfCRTP92), |n each case, the
HA-tagged protein will be immunoprecipitated from total membrane preparations using an anti-HA resin and can then be detected via immunaoblotting using an anti-
HA antibody. An anti-myc antibody will be used to investigate whether PFCRTPY2-4xmyc or PfNT1-2xmyc co-immunoprecipitates with PfCRTP92-HA or PfNT1-HA.
Oocytes expressing PICRTPI2-HA serve as a positive control, from which it will be possible to confirm immunoprecipitation of the PfCRTP92-HA protein. In the test
condition where preparations are made from oocytes co-expressing PfCRTP42-4xmyc and PfCRTP92-HA, PfCRTPY2-4xmyc will co-immunoprecipitate with PFCRTPd2-
HA if PICRT forms dimers; however, this will not occur if PfCRT exists solely as monomers. In contrast, PINT1-2xmyc will not co-immunoprecipitate with PFCRTP92-
HA from oocytes co-expressing PFCRTPY92-HA and PfNT1-2xmyc. To determine whether a putative PfCRT dimer band is likely due to high levels of aggregation in
solution, total membrane preparations from oocytes co-expressing expressing PfCRTP42-HA with PfNT1 will be mixed with total membrane preparations from oocytes
co-expressing PICRTP92-4xmyc with PfNT1 prior to immunoprecipitation. Hence, co-immunoprecipitation of PfCRTP92-4xmyc will only occur ifs PFCRTP92-4xmyc and
PfCRTP92-HA aggregate in solution. As an additional negative control, immunoprecipitation of PENT1-HA from oocytes co-expressing PfNT1-HA with PFCRTPd2-4xmyc
should not result in co-immunoprecipitation of PFCRTP92-4xmyc. Pairwise substrate uptake assays will be used to confirm that the variants of PFCRTP42 and PfNT1 are
expressed; all oocytes expressing an epitope-tagged PfCRTP42 variant will exhibit detectable levels of [*H]CQ transport above non-expressing oocytes, while all oocytes
expressing a PfNT1 variant will exhibit detectable levels of [BH]hypoxanthine uptake above non-expressing oocytes.
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Figure 4.4: Characterisation of C-terminally epitope-tagged variants of PfNT1 and PfCRT.

(A) [BH]hypoxanthine uptake into oocytes expressing epitope-tagged variants of PINT1 was measured.
PfNT1-expressing oocytes were included for comparison, and the data normalised relative to PfNT1.
The data represent the mean + SEM of 5 independent experiments using oocytes from different frogs;
within each experiment, measurements were made from 10 oocytes per treatment. The asterisks denote
a significant difference in [3H]hypoxanthine uptake compared to that measured into PfNT1-expressing
oocytes: ***P < 0.001 (one sample t-test). The 95% confidence intervals for the difference between
[BH]hypoxanthine uptake into oocytes expressing the non-tagged PfNT1 and epitope-tagged PfNT1
variants include zero and are: PfNT1-HA (-11.7 to 23.9); PfNT1-2xmyc (-13.3 to 14.5).

(B) [BH]CQ uptake into oocytes expressing myc-tagged variants of PfCRTPY was measured. PfCRTPd2-
expressing oocytes were included for comparison, and the data normalised relative to PFCRTP42, The
data represent the mean + SEM of 5i 9 independent experiments using oocytes from different frogs;
measurements were made from 10 oocytes per treatment within each experiment. The asterisks denote
a significant difference in [3H]CQ uptake compared to that measured into PFCRTP42-expressing oocytes:
*»**P < 0.001 (one sample t-test). The 95% confidence intervals for the difference in [?H]CQ uptake
between oocytes expressing the non-tagged PfCRTP42 and epitope-tagged PfCRTP variants are as
follows: PfCRTP92-myc (-11.2 to 9.2); PfCRTP92-3xmyc (-96.7 to -90.5); PFCRTP92-4xmyc (-3.8 to 12.5).
Note that the 95% confidence intervals for the difference between non-tagged PfCRTP% and either
PfCRTP92-myc or PFCRTP42-4xmyc include zero.

(C) A western blot showing the detection of myc-tagged PfCRTP using biotinylated preparations. A
band of ~42 kDa was detected in samples from oocytes expressing PfCRTP92, while bands of ~45 kDa
or ~47 kDa were detected in samples from oocytes expressing PfCRTP92-3xmyc or PfCRTP%2-4xmyc,
respectively. The data are representative of 2 independent experiments using oocytes from different
frogs; within each experiment, preparations were made from 40 oocytes per treatment.

(D) A Ponceau S stain of the membrane shown in C showing approximately equal loading and pull-
down across all samples.
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protein from total membrane protein preparations prepared from oocytes expressing: (1)
PfCRTP®-HA, (2) PfCRTP®-HA with PfNT1-2xmyc, (3) PFCRTP%-4xmyc with PfNT1-HA, or (4)
a 1:1 mixture of total membrane protein preparations from oocytes co-expressing PfNT1 with
either PFCRTP9-HA or PfCRTP%2-4xmyc with PfNT1. This last treatment was performed as an
aggregation control [386] to test for aggregation of the proteins in solution. As explained in
Figure 4.3, PICRTP%-4xmyc will only co-immunoprecipitate with PfCRTP%“-HA from this
sample if the two proteins aggregate during the immunoprecipitation process. Western blot
analysis of the immunoprecipitates using the anti-myc antibody revealed a band corresponding
to ~47 kDa, consistent with the size of PfCRTP%-4xmyc (a representative image is shown in
Figure 4.5A, lane 2). The band was strongly present in preparations from oocytes co-
expressing PfCRTP¥-HA with PfCRTP%“-4xmyc but was only weakly detected in the
aggregation control (Figure 4.5A, lane 4) in some experiments. Hence, the detection of
PfCRTP®-4xmyc from immunoprecipitates prepared from oocytes co-expressing PfCRTP42-
4xmyc and PfCRTP%-HA (Figure 4.5A, lane 4) is likely due to the existence of a physiological
PfCRT dimer and not due to the aggregation of PfCRTP%-4xmyc and PfCRTP%-HA. Moreover,
PfNT1-2xmyc was not detected in preparations from oocytes co-expressing PFCRTP%-HA with
PfNT1-2xmyc (Figure 4.5A, lane 3), nor was PfCRTP%-4xmyc detected at significant levels in
preparations from oocytes co-expressing PfCRTP%-4xmyc with PfNT1-HA (Figure 4.5A, lane
5). This finding indicates the immunoprecipitation of PFCRTP%-4xmyc was not due to an
interaction between the myc and HA tags and shows that the aggregation of unrelated proteins
during the lysate preparation was unlikely. Blotting of the immunoprecipitates using the anti-
HA antibody detected PfCRTP9-HA in all relevant oocyte types (Figure 4.5A, lanes 6-9) and
PfNT1-HA (Figure 4.5A, lane 10), which is approximately the same size as PfCRTP%“-HA.

4.2.2.3 Characterising transport mediated by PICRT and PINT1 in X. laevis oocytes co-
expressing both transporters.

In conjunction with the immunoprecipitation experiments in Section 4.2.2.2, measurements of
[*H]CQ uptake were made in oocytes co-expressing 10 ng of PFCRTP%-HA or PfCRTP%2-4xmyc
with either a PfCRTP% or PfNT1 variant (Figure 4.5B). Pairwise measurements of [*H]CQ
uptake were made into oocytes expressing 10 ng of either PfCRTP%-HA or PfCRTP%2-4xmyc.
The level of [*H]CQ uptake into all oocytes co-expressing 10 ng of PfCRTP%-HA with a PfNT1
variant was the same as that into oocytes expressing 10 ng of PFCRTP%-HA alone. Likewise,
no difference in [*H]CQ uptake was measured into oocytes expressing 10 ng of PfCRTP-
4xmyc with a PfNT1 variant compared to oocytes expressing 10 ng of PfCRTP%-4xmyc.
Oocytes co-expressing 10 ng of PfCRTPY-HA with 10 ng of PfCRTP%-4xmyc exhibited a
slightly higher but not significant level of [?H]CQ uptake compared with oocytes expressing 10

ng of either variant; however, this level of [°H]CQ uptake was not significantly different from
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Figure 4.5: PfCRT forms dimers in X. laevis oocytes.

(A) Immunoprecipitates from oocytes co-expressing various combinations of epitope-tagged PfCRTPd2
and PfNT1 variants were analysed via immunoblotting with the anti-myc antibody (left side) and anti-HA
antibody (right side). A band of ~47 kDa was detected using the anti-myc antibody (lane 2, weak
detection in lane 4) consistent with the size of PfCRT Pd2-4xmyc. A band of ~43 kDa was detected using
the anti-HA antibody (lanes 6i 10), consistent with the sizes of both PfCRTP%2-HA and PfNT1-HA. The
data are representative of 4 independent experiments using oocytes from different frogs.

(B) [*H]CQ uptake into oocytes expressing various combinations of epitope-tagged PfCRTP92 and PfNT1
variants was measured. The data were normalised to the 10 ng PfCRTPJ92-HA control and are
representative of 4 independent experiments, using oocytes obtained from different frogs, within which
measurements were made from 10 oocytes per treatment. The asterisks denote a significant difference
in [BH]CQ uptake relative to that measured into oocytes expressing 10 ng PICRTPI2-HA: ***P < 0.001
(one sample t-test). The 95% confidence intervals for the difference in [BH]CQ uptake between oocytes
expressing 10 ng PfCRTPY92-HA and oocytes co-expressing PfCRT variants include zero and are as
follows: PfCRTPY92-4xmyc (-13.1 to 41.4); PfCRTP92-HA + PfCRTP%-4xmyc (-6.8 to 92.4); PfCRTP4-HA
+ PINT1-2xmyc (-25.5 to 32.2); PfCRTP%2-HA + PfNT1 (-40.9 to 44.8); PICRTP92-4xmyc + PfNT1 (-43.7
to 62.3); PICRTP92-4xmyc + PfNT1-HA (-41.9 to 57.9). Note the large 95% confidence interval for the
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comparison between oocytes expressing 10 ng PfCRTPY2-HA and oocytes co-expressing PfCRTPd2-HA
+ PfCRTP42-4xmyc suggests that there is possibly a non-zero difference in [3H]CQ uptake.

(C) [BH]hypoxanthine uptake into oocytes expressing various combinations of epitope-tagged PfCRTPd2
and PfNT1 variants was measured. The data were normalised to the 10 ng PfNT1-HA control and are
representative of 4 independent experiments, using oocytes obtained from different frogs, within which
measurements were made from 10 oocytes per treatment. The asterisks denote a significant difference
in [*H]hypoxanthine uptake relative to that measured into oocytes expressing 10 ng PfNT1: ***P < 0.001
(one sample t-test). The 95% confidence intervals (presented as lower and upper limits) for the
difference in [*H]hypoxanthine uptake between oocytes expressing 10 ng PfNT1 and oocytes co-
expressing PfNT1 variants include zero in each case, and are as follows: PINT1-HA, (-9.3 to 18.6);
PfNT1-2xmyc (-10.0 to 11.0); PfCRTP42-HA + PfNT1-2xmyc (-20.3 to 11.2); PfCRTP9-HA + PfNT1 (-
21.3 to 5.1); PICRTP92-4xmyc + PfNT1 (-38.0 to -0.32); PfCRTP92-4xmyc + PfNT1-HA (-24.0 to 9.3).
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that measured into oocytes expressing 20 ng of PfCRTP%-HA. Similar results were obtained
when [*H]hypoxanthine uptake was measured into oocytes expressing PfNT1 variants: all
oocytes expressing a variant of PINT1 had similar levels of [H]hypoxanthine uptake compared

to oocytes expressing 10 ng of PfNT1 (Figure 4.5C).

4.2.3 Investigating whether PfFCRTP92 functions as an obligate dimer
4.2.3.1 Measuring [*H]CQ uptake into oocytes co-expressing PFCRT"% and PfCRT3"’

Given the evidence that PfCRT may exist as a dimer when expressed in X. laevis oocytes, it
may function as an obligate dimer, characteristic of bacterial members of the DMT Superfamily
(Section 1.7.1), such as EmrE [416, 620]. Thus, an experiment was designed to determine
whether the dimerisation of PfCRT is necessary for its function. The experiment tested whether
the level of [*(H]CQ transport mediated by PfCRTP% is affected by co-expression with PFCRT3P7,
which does not transport [*H]CQ. Assuming that the dimerisation of the protein is required for
transport, oocytes co-expressing PfCRT3P” and PfCRTP would produce PfCRTP7-PfCRTP"?
heterodimers, PfCRTP% homodimers, and PfCRT®P” homodimers (Figure 4.6 shows the

experimental strategy and expected outcomes).

Consider the scenario where [?H]CQ transport is measured into oocytes expressing x ng of
PfCRTP® and compared to oocytes that co-express x ng of PFCRTP% and x ng of PfCRT3P’
(Figure 4.6A). If PICRT functions as a monomer, it would be expected that the level of [?H]CQ
uptake measured into oocytes co-expressing PfCRTP% and PfCRT3P” would not be different
from that measured into PfCRTP%-expressing oocytes. In contrast, if PFCRT functions as an
obligate dimer, co-expression of PFCRTP9 and PfCRT37 should reduce the level of PFCRTP42-
mediated [*H]CQ transport relative to oocytes expressing only PfCRTP%, Indeed, if only the
PfCRTP% homodimers can mediate [*H]CQ transport, a substantial reduction in [*H]CQ uptake
would be observed, resulting in ~50% of the transport relative to PFCRTP%-expressing oocytes.
However, if both the PfCRTP¥ homodimer and PfCRT®P’-PfCRTP% heterodimers are
functional, the level of [*H]CQ uptake observed may vary significantly. For example, if the
PfCRT3P7-PfCRTPY? heterodimers function at the same capacity as the PfCRTP% homodimer,
then the highest level of transport that could be achieved would be 150% of the level measured
into the PfCRTP%-expressing oocytes. In contrast, if the CQ transport mediated by the
PfCRTSP7-PfCRTPY? heterodimers is relatively inefficient, then the level of CQ transport

measured could be closer to 50% of that measured in PFCRTP%-expressing oocytes.
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A. Expected outcomes when comparing between oocytes expressing the same amount of PFCRTP42 cRNA

x ng PfCRTP¢2cRNA

100% CQ transport activity

B. Expected outcomes when

2x ng PfCRTP42cRNA

x ng PFCRT?P? cRNA

\

Relative to oocytes expressing
X ng of PFCRTD4ZcRNA

0% CQ transport activity

x ng PfCRTP42cRNA + x ng PFCRT?*P” cRNA

N\

Relative to oocytes expressingx ng of PFCRT242cRNA
If PFCRT functions as a monomer: 100% CQ transport activity

If PfCRT functions as a dimer:
+ 50% CQ transport activity if only the PFCRTP2 homodimeris functional

+ 150% if heterodimers have the same transport activity as the PFCRTP42 homodimer

comparing between oocytes expressing the same amount of total PFCRT cRNA

2x ng PfCRT3P?” cRNA

100% CQ transport activity

Relative to oocytes expressing
2x ng of PFCRTP42 cRNA

0% CQ transport activity

x ng PFCRTP¥2cRNA + x ng PfCRT?*®" cRNA

Relative to oocytes expressing2x ng of PFCRTD42cRNA

If PfCRT functions as a monomer: 50% CQ transport activity

If PfCRT functions as a dimer:
+ 25% CQtransport activity if only the PFCRT?¥ homodimeris functional

+ 75% if heterodimers have the same transport activity as the PFCRTP92 homodimer

Figure 4.6: A schematic depicting the possible outcomes when PfCRTP%? and PfCRT3"7 are co-expressed in a 1:1 ratio.
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(A) The expression of an amount, x ng, of PFCRTP9 cRNA in oocytes results in 100% PfCRT-mediated [*H]CQ transport activity. In contrast, no significant PfCRT-
mediated [H]CQ transport activity is detected when x ng of PFCRT3"7 is expressed. Co-expression of x ng of PFCRTP42 cRNA with x ng of PFCRT3P7 cRNA could result
in several outcomes. Assuming that the probability of forming dimers is random and that dimerisation is complete, 50% of the PFCRTP92 protein would form homodimers,
and 50% would form heterodimers with PICRT3P?, If PfCRT is an obligate dimer, then the predicted level of CQ transport activity would be 50%, provided that the
heterodimers are non-functional. If the heterodimers were fully functional, the predicted level of CQ transport activity would be < 150%; however, if PFCRT functions
as a monomer, no change in [*H]CQ transport activity would be observed.

(B) The expression of an amount, 2x ng, of PFCRTP% in oocytes results in 100% PfCRT-mediated [3H]CQ transport activity. In contrast, no significant PFCRT-mediated
[(H]CQ transport activity is detected when 2x ng of PfCRT3P7 is expressed. Co-expression of x ng of PFCRTP92 with x ng of PfCRT3P7 could result in several outcomes.
Assuming that the probability of forming dimers is random and that dimerisation is complete, 50% of the PfCRTP9? protein would form homodimers, and 50% would
form heterodimers with PICRT3P7, If PICRT is an obligate dimer, then the predicted level of CQ transport activity would be 25%, provided that the heterodimers are
non-functional. If the heterodimers were fully functional, the predicted level of CQ transport activity would be < 75%. If PfCRT functions as a monomer, given that only
PfCRTP%2 s capable of mediating [3H]CQ transport, ~50% of the PfCRTP%2-mediated [3H]CQ transport activity (relative to oocytes expressing 2x ng of PfCRTP92) would
be observed.
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To test these hypotheses, [*H]CQ uptake was measured into oocytes microinjected with 1:1
ratios of PfCRTP% to PfCRT®” using a range of cRNA concentrations (0.625 ng, 1.25 ng, 2.5
ng, 5 ng, 10 ng) and compared with oocytes that had been microinjected with the same amount
of PfCRTP92 cRNA (Figure 4.7A, Table 4.1, refer to Figure 4.6A for expected outcomes).
Consistent with a previous study [347], and the results presented in Chapter 3, a positive
correlation was observed between the amount of PFCRTP% cRNA microinjected and the level
of [?H]CQ uptake measured into oocytes expressing different amounts of PFCRTP% cRNA only
(Pearson correlation coefficient = 0.9836, P = 0.0025). A similar correlation was observed in
oocytes co-expressing PFCRTP% with PFCRT®P7 at a 1:1 ratio (Pearson correlation coefficient
=0.9942, P = 0.0005).

At low levels of cRNA (0.625i 2.5 ng), there was no difference in [*H]CQ transport activity
between PfCRTP%-expressing oocytes and oocytes co-expressing PfCRTP% and PfCRT3P?
(note that the amount of PfCRTP%2 cRNA microinjected was the same in both oocyte types).
This is consistent with PfCRTPY functioning as a monomer 8 no additional [*H]CQ uptake
was detected to suggest the functionality of PfCRTP¥-PfCRT3P7 heterodimers. In contrast,
small but statistically significant differences (P < 0.05) between the two oocyte types were
observed when greater amounts of cRNA were microinjected (5 ng or 10 ng) with the co-
expressing oocytes showing slightly lower levels of [*H]CQ uptake (respectively 82 + 1.3% and
53 + 3.6% compared with 100% and 71 + 4.2%). However, these reductions in [*H]CQ uptake
are smaller than what would be expected (18 + 1.3% for the 10 ng PfCRTP% comparison, and
18 + 5.5% for the 5 ng PICRTP% comparison) if PFCRTPY functioned as an obligate dimer (i.e.
a 50% reduction; Figure 4.6A). As shown in Chapter 3, the expression of PfCRT results in
the death of X. laevis oocytes prior to the day of the experiment, and this phenomenon is linked
to the level of PICRT expression. Oocytes co-expressing PfCRTP% and PfCRT®P’ died at a
greater rate, most likely since these oocytes were microinjected with twice the amount of
PfCRT-encoding cRNA as their PFCRTP control counterparts. This observation could explain
the slight differences observed between the two oocyte types d the greater death rate could
have skewed the surviving population of co-expressing oocytes towards the medium to low

expressing oocytes.

Given this scenario, calculations were made using the data presented in Figure 4.7A to
compare oocytes that were microinjected with the same amount of total PfCRT cRNA rather
than oocytes microinjected with the same amount of PFCRTP% cRNA. Suppose one considers
the scenario where PICRTP% functions as an obligate dimer, then one would expect oocytes
co-expressing PfCRTP® and PfCRT®P” to exhibit ~50% of the level of PfCRT- mediated [*H]CQ

transport that is measured into PFCRTP%2-expressing oocytes (refer to Figure 4.6B for
223



Chapter 4

Figure 4.7: Investigating whether PfCRTP42 functions as an obligate dimer.

(A) [BH]CQ uptake into oocytes microinjected with varying quantities of PfCRTP42 cRNA (0.6257 10 ng) was measured and compared to that measured into oocytes
microinjected with PfCRTP42 + PfCRT3DP7 (1:1 ratio, same range of cRNA). The PfCRT-mediated [3H]CQ uptake data was calculated by subtracting the average of the
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