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Abstract 

Malaria is a major global health concern, with half of the world’s population being at risk of 

infection. Among the Plasmodium species that infect humans, P. falciparum causes most fatalities. 

Chloroquine (CQ) was the drug of choice for decades and considered safe, affordable and easy-to-

use until resistance emerged. No other antimalarial drug has been able to avoid emergence of 

resistance as long as CQ, and although resistance against P. falciparum is widespread, CQ is still 

effective against P. vivax. However, the exact mechanism of CQ resistance is not known. It is of 

high importance to understand the mechanism of resistance to drugs such as CQ, especially since 

resistance is starting to emerge for the currently used artemisinin-based combination therapies 

only a few years after their introduction. CQ is suggested to accumulate in the parasite’s digestive 

vacuole due to its weak base properties, where it exerts its antimalarial action.  

Several transporters are involved in intracellular distribution of antimalarial drugs. Among them 

are the P. falciparum chloroquine resistance transporter (PfCRT) and the P. falciparum multidrug 

resistance 1 transporter (PfMDR1). Both are located in the digestive vacuolar membrane but 

transport substrates in opposing directions. While the PfCRT variant harboring the K76T mutation 

transports substrates out of the digestive vacuole (DV), PfMDR1 transports substrates into the DV. 

PfMDR1 contains five polymorphisms that are suggested to be involved in altered drug transport, 

although the exact role of each amino acid mutation remains unknown. To gain more insight into 

the transport functions of PfMDR1, variants with different mutation patterns were analyzed using 

the fluorescent substrate Fluo-4. We found a crucial role for asparagine (N) at residue 1042 in Fluo-

4 transport, while substitution with aspartic acid (D) abolished all transport. In addition, we showed 

an association of the PfMDR1 N1042D mutation with increased mefloquine but decreased quinine 

sensitivity. Furthermore, competition studies of Fluo-4 with the antimalarial drugs chloroquine, 

mefloquine and quinine showed distinct transport inhibition patterns for parasites of different 

genetic background. This can be used as a tool to evaluate parasite susceptibility to antimalarial 

drugs. 

Next, we investigated the mechanism of resistance to CQ in more detail. We showed that parasite 

survival is higher in CQ-resistant strains compared to CQ-sensitive strains in the initial 10 hours 
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after exposure to equally lethal CQ concentrations. Moreover, dark cytosolic structures appeared 

in CQ-sensitive strains that were later confirmed as hemozoin-containing compartments 

surrounded by a membrane bilayer. Leakage of hemozoin crystals out of the DV was ruled out since 

lysis of the digestive vacuolar membrane did not occur during that time frame. These data suggest 

that CQ resistance is not linked to reduced drug concentrations in the DV alone, and additional 

regulatory mechanisms in the parasite must play a crucial role during CQ exposure. 

To pursue these findings, a commercially available fluorescent tagged CQ analogue, LynxTag™-

CQGREEN (CQGREEN), was examined for its suitability in studying CQ transport and intracellular drug 

accumulation. While CQGREEN was half as effective in parasite killing of CQ-sensitive strains 

compared to unmodified CQ, no significant changes in parasite killing were observed in CQ-

resistant strains. However, live cell imaging showed that CQGREEN accumulated in the parasite 

cytosol and not the DV. These results show for the first time a potential target for a CQ analogue 

outside the digestive vacuole. Moreover, intracellular CQGREEN uptake rates were reduced in CQ-

resistant strains compared to CQ-sensitive strains. This, too, suggests that CQ-resistant strains 

must have evolved a regulatory mechanism to decrease intracellular CQ accumulation. 

The results presented in this thesis expand our understanding of substrate transport by PfMDR1. 

Furthermore, a novel phenotype was described for CQ-sensitive strains upon drug exposure that 

was not seen in CQ-resistant strains. These data suggest that altered regulatory mechanisms play 

a role in CQ resistance and are likely located in the parasite cytosol. 
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Abrégé 

Avec la moitié de la population mondiale à risque d’infection, le paludisme est un problème 

important de santé mondiale. Parmi les espèces de Plasmodium qui infectent les humains, P. 

falciparum provoque la majorité des décès. Pendant des décennies, la chloroquine (CQ) a été le 

médicament privilégié. Elle était considérée sécuritaire, abordable et facile à utiliser jusqu'au jour 

où la résistance a émergé. À ce jour, aucun autre médicament antipaludique a été en mesure 

d'éviter l'émergence de la résistance aussi longtemps que la chloroquine. Le mécanisme exact de 

la résistance à la CQ n'est pas encore connu. Actuellement, la résistance aux antipaludiques 

commence à émerger aussi dans les thérapies combinées à base d'artémisinine at ceci seulement 

quelques années après leur introduction sur le marché. Il est donc important de comprendre le 

mécanisme de la résistance aux antipaludiques, particulièrement dont la chloroquine. Il a été 

proposé que la CQ s'accumulait dans la vacuole digestive du parasite en raison de ses propriétés 

de faible base, où elle déploie son action antipaludique. 

Plusieurs transporteurs sont impliqués dans la distribution intracellulaire des médicaments 

antipaludiques dont le P. falciparum chloroquine resistance transporter (PfCRT) et le P. falciparum 

multidrug resistance 1 transporter (PfMDR1). Tous les deux sont situés dans la membrane de la 

vacuole digestive, mais ils transportent des substrats dans des directions opposées. Alors que la 

variante PfCRT porteuse de la mutation de la chloroquine K76T transporte la CQ hors de la vacuole 

digestive (VD), PfMDR1 transporte des substrats dans la VD. PfMDR1 contient cinq 

polymorphismes proposés comme étant impliqués dans le transport altéré de la drogue. Le rôle 

exact de chaque mutation dans ces acides aminés reste inconnu. Les variantes polymorphiques 

composées des divers types de mutations ont été analysées en utilisant le substrat fluorescent 

Fluo-4 pour identifier les fonctions de transport de PfMDR1. Nous avons trouvé un rôle primordial 

de transport de Fluo-4 au niveau de l'asparagine (N) localisée au résidu 1042, alors que la 

substitution de cet acide aminé par un acide aspartique (D) abolissait tous les transports. Nous 

avons aussi montré une association de la mutation PfMDR1 N1042D avec une sensibilité accrue 

pour la méfloquine. De plus, des études de compétition de Fluo-4 avec les antipaludiques tels que 

la chloroquine, méfloquine et quinine ont montré des profils d'inhibition de transport distincts 
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pour les parasites d'origines génétiques différentes. Ceci peut être utilisé comme un outil pour 

évaluer la sensibilité des parasites aux médicaments antipaludiques. 

Ensuite, nous avons étudié le mécanisme de la résistance à la chloroquine plus en détail. Nous 

avons montré que la survie des parasites était plus élevée chez les parasites CQ-résistants (CQR) 

par rapport aux parasites CQ-sensibles (CQS) dans les premières 10 heures après exposition à des 

concentrations de CQ également létales. Par ailleurs, des structures cytosoliques sombres ont été 

observées dans les parasites CQS. Des compartiments contenant de l’hémozoïne entouré d'une 

membrane bicouche ont été ensuite confirmés. L’hypothèse de perforations de la VD entraînant 

la fuite ultérieure des cristaux des hémozoïnes n’a pas été retenue car lyse de la membrane 

vacuolaire digestive n'a pas eu lieu au cours de ce laps de temps. Ces données suggèrent que la 

résistance à la CQ n'est pas seulement liée à des concentrations de médicament réduites dans la 

VD. Des mécanismes de régulation supplémentaires dans les parasites semblent jouer un rôle 

primordial lors de l'exposition à la CQ. 

Par ailleurs, un analogue fluorescent de la chloroquine disponible dans le commerce LynxTag™-

CQGREEN (CQGREEN) a été examiné étant approprié pour l’étudie du transport de la CQ et de 

l'accumulation intracellulaire du médicament. La CQGREEN était à moitié efficace pour tuer les 

parasites CQS que la CQ non modifiée, mais nous n’avons pas observé de changement significatif 

dans la destruction des parasites CQR. De plus, l'imagerie des cellules vivantes a permis de montrer 

que la CQGREEN s’accumulait dans le cytosol des parasites et non dans la VD. Ces résultats montrent 

pour la première fois une cible potentielle d’un analogue à la CQ hors de la VD. Les quantités 

d'accumulation intracellulaire de CQGREEN ont été réduites chez les parasites CQR par rapport aux 

parasites CQS et ainsi suggère que les parasites CQR semblent avoir développés un mécanisme 

régulateur pour diminuer l'accumulation de CQ intracellulaire. 

Les résultats présentés dans cette thèse élargissent notre compréhension du transport de substrat 

de PfMDR1. Un nouveau phénotype a été observé et décrit uniquement chez les parasites CQS lors 

de l'exposition au médicament. Ces données suggèrent que des mécanismes de régulation 

modifiés, probablement situés dans le cytosol des parasites, jouent un rôle dans la résistance à la 

CQ. 
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General Introduction 

Malaria is a common and potentially life-threatening disease in many tropical and subtropical 

regions. It is caused by parasites of the Plasmodium genus and transmitted through female 

Anopheles mosquitoes. Elimination of Plasmodium parasites was successful in several regions with 

low transmission rates, but they are still endemic in more than 100 countries, putting half of the 

world’s population at risk of infection. Most of the severe malaria cases are associated with P. 

falciparum infections. If left untreated, the disease can lead to serious complications, including 

death. In 2014, roughly 600,000 people succumbed to malaria infections, averaging one death 

every 50 seconds. 

Extensive use of single drug treatment regimens has resulted in widespread resistance of P. 

falciparum to commonly used antimalarial drugs. To date, artemisinin-based combination 

therapies (ACTs) are the treatment of choice in most countries. ACTs are still effective in Africa and 

South America, but resistance has started to emerge in Southeast Asia only a few years after their 

introduction. It is imperative to find new solutions to combat drug resistance and make antimalarial 

treatment a viable option.  

Chloroquine (CQ) was the drug of choice for decades until resistance emerged. No other 

antimalarial drug has avoided resistance in parasites as long as CQ. Moreover, studies on parasite 

populations in the field revealed that P. falciparum parasites in formerly CQ-resistant regions have 

reverted back to sensitivity [1]. Genetic modifications may enhance the parasite’s survival in the 

human host during CQ pressure but most likely lead to a fitness disadvantage compared to wild-

type parasites. This could explain why CQ resistance took decades to manifest itself in the field and 

is unfavorable to maintain in the absence of drug pressure. However, the exact mechanism(s) of 

CQ resistance are not known. 

Two transporters are involved in CQ resistance: the P. falciparum chloroquine resistance 

transporter (PfCRT) and the P. falciparum multidrug resistance 1 transporter (PfMDR1). A single 

amino acid mutation in PfCRT at residue 76 from lysine to threonine (K76T) enhances resistance to 
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CQ [2]. The transporter PfMDR1 contains five polymorphisms that are linked to increased 

resistance to various antimalarial drugs, including CQ, but their exact role has not been elucidated. 

The aim of this thesis is to better understand drug resistance mechanisms in intact P. falciparum-

infected red blood cells (RBCs). The first objective was to determine which PfMDR1 amino acid 

mutation(s) influence substrate transport. For this, P. falciparum strains with varying amino acid 

mutations were analyzed for their ability to transport the fluorescent dye Fluo-4. Furthermore, 

stably transfected parasites harboring an asparagine (N) or aspartic acid (D) at position 1042 were 

used to verify the importance of this residue. In addition, the role of residue 1042, which is located 

in the substrate binding pocket, in altered drug sensitivity was analyzed.  

CQ accumulates in all P. falciparum parasites but to higher extent in CQ-sensitive (CQS) strains 

compared to CQ-resistant (CQR) strains. However, increasing extracellular CQ concentrations to 

obtain similar intracellular drug concentrations was not sufficient to achieve equivalent levels of 

parasite killing [3, 4]. The second objective of this thesis was to investigate the effects of varying 

CQ concentrations on CQS and CQR strains. A novel phenotype was described for CQS strains that 

was not seen in CQR strains and was further characterized in this thesis. 

Due to its weak base properties, CQ accumulates in acidic compartments such as the parasite’s DV, 

where it gets trapped in its diprotonated form. However, these assumptions are based on diffusion 

models, while affinity of CQ to molecules, such as ferriprotoporphyrin IX (FPIX), was not taken into 

account. A fluorescently tagged CQ analogue, called LynxTag™CQGREEN, is commercially available 

and can be used to analyze its intracellular distribution in live parasites. The third objective of this 

thesis was to investigate the suitability of CQGREEN for live cell imaging of intact P. falciparum-

infected RBCs and determine its efficacy and intracellular localization. 

These studies provide new insight into CQ’s mode of action. They demonstrate that CQR strains 

have regulatory mechanisms that remain unclear. Furthermore, this thesis delivers evidence for a 

pivotal role of PfMDR1 residue 1042 in substrate transport. This work will contribute to a better 

understanding of CQ resistance in P. falciparum and lead to the development of new strategies for 

effective malaria treatment. 
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1.1 General Overview 

 

1.1.1 History and prevalence of malaria 

Malaria remains the most significant parasitic disease and threat to the human population 

worldwide. It claims the lives of more children than any other infectious disease and kills more than 

600,000 people each year [5]. Although the disease was eliminated in North America and most 

parts of Europe in the past century, malaria is still endemic in over 100 countries. Approximately 

3.4 billion people live in malaria risk areas, which represents half of the world’s population [5]. It is 

estimated that about 300 million people worldwide are infected with malaria. In general, all people 

in a high-transmission area are infected with at least one species of Plasmodium parasites that are 

likely to be below PCR detection limits [6]. 

Research on the malaria parasite started approximately 140 years ago, when Alphonse Laveran 

first spotted a microgametocyte exflagellating in a blood sample [7]. The parasitic life cycle was 

described by Ronald Ross in 1897, when he discovered the Plasmodium vector to be the Anopheles 

mosquito [8]. Four Plasmodium species commonly infect humans: P. falciparum, P. vivax, P. 

malariae, and P. ovale. The latter is further subdivided into the two subspecies P. ovale curtisi and 

P. ovale wallikeri that are sympatric but are non-recombining [9]. P. vivax causes the majority of 

infections due to its wide distribution. It can be found throughout the tropics, subtropics, and 

temperate zones, whereas the most fatal species, P. falciparum, is generally confined to the 

tropics. P. malariae is widespread throughout sub-Saharan Africa, Asia and South America, but has 

only low prevalence and mild clinical manifestations. P. ovale infections are mainly limited to West 

Africa, Southeast Asia and some South Pacific islands. P. malariae and P. ovale combined are 

responsible for only 5% of worldwide malaria infections. Interestingly, data from 2004 suggest that 

a fifth malaria parasite, P. knowlesi, which usually infects macaque monkeys can also infect 

humans. Cases have been confirmed from Malaysia, Thailand, Myanmar and the Philippines [10]. 

Although it has been known for over 50 years that some monkey malaria strains could infect 

humans under laboratory conditions, it is now well established that P. knowlesi is an emerging 

zoonotic human pathogen. 
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Among all Plasmodium spp. that infect humans, P. falciparum causes the highest fatality rates. The 

mortality associated with falciparum malaria is approximately 0.1%, if effective drugs are readily 

available. In other cases, uncontrolled parasite multiplication leads to heavy parasite burdens, 

which result in vital-organ dysfunction, acidosis and severe anemia. Jaundice, pulmonary edema, 

and acute renal failure are commonly seen in adults. In these cases, the mortality rises, despite 

treatment, to 15-20% [6]. Death in severe malaria cases usually occurs within 48 hours of 

presentation, which correlates with one erythrocytic life cycle. 

 

1.1.2 Life cycle of Plasmodium spp. 

P. falciparum is transmitted to humans by female mosquitoes of the Anopheles genus, which are 

mainly found in warm climate zones around the world. An infected mosquito harbors the 

sporozoite stage of Plasmodium parasites in its salivary glands and injects the sporozoites together 

with the saliva into the skin of a human host (Figure 1.1). While sexual reproduction of the parasites 

takes place in the mosquito, two asexual propagation cycles occur in an infected human. Within 

the first hour, the injected sporozoites are transported via the blood stream to liver cells. After one 

week of exo-erythrocytic schizogony, each infected hepatocyte liberates approximately 30,000 

merozoites [6]. The released liver-merozoites then infect RBCs. During the 48-hour erythrocytic 

cycle, the parasites undergo three different stages with distinct characteristics. After RBC invasion, 

the merozoite converts into a ring-shaped parasite for 24 hours. Within the following 12 hours, the 

ring stages develop into trophozoites. This stage contains the replication of DNA, which begins 26 

h post invasion (p.i.) and ends approx. 37 h p.i. [11]. From 36 to 48 hours p.i., the trophozoites 

develop into schizonts. Depending on the parasite strain, each schizont harbors an average of 16 

to 24 merozoites [12, 13]. Each host cell harbors large numbers of mature merozoites that are 

synchronously released and immediately capable of invading new RBCs. The burst of huge numbers 

of RBCs and release of merozoites with their toxic by-products are the major factors for high fever 

attacks. Severe pathogenesis of the disease is usually attributed to parasite burden and 

sequestration of mature forms in the vascular bed of several organs, including brain and lungs. This 

asexual erythrocytic cycle is the main target of currently used antimalarial drugs. They either 
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interfere with the cell metabolism and, therefore, reduce the parasite’s growth, or they inhibit the 

detoxification of heme, which, in turn, kills the parasite. However, the mechanism of action of most 

antimalarials remains controversial. 

 

 

Figure 1.1   P. falciparum life cycle. An infected female mosquito transmits sporozoites into the human host, which 
migrate to the liver and undergo schizogony during the hepatocyte stage. The released merozoites then infect red 
blood cells (RBCs) and transform within 48 hours from ring stages into trophozoites and finally schizonts. The RBCs 
release new merozoites, which start another erythrocytic replication cycle. Eventually, some blood stage parasites 
differentiate into male or female gametocytes. Once a naive female mosquito takes a blood meal from the infected 
human host, the gametes mature in the mosquito’s gut, where the male microgametocytes undergo nuclear division 
by a process called exflagellation and mate with the female macrogametes. New genetic recombination takes place in 
the motile zygote, now called the ookinete. It migrates to the mosquito midgut and grows into the oocyst, which 
extends to the insect’s hemocoel. Depending on climate conditions such as humidity and temperature, the oocyst 
matures in 10-21 days and produces hundreds of sporozoites that finally cause the oocyst to rupture. The released 
sporozoites disperse throughout the insect’s body and reach the salivary glands. When the mosquito takes its next 
blood meal, the sporozoites are injected with the saliva into the new mammalian host. (from [14]) 
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If the RBC infection is only partially controlled by the immune system or drug treatment, the 

residing parasites will continue proliferating and subsequently result in the re-appearance of 

clinical symptoms, termed recrudescence. All Plasmodium spp. cause recrudescence, while only P. 

vivax and P. ovale harbor the property to cause a recurrence or true relapse from dormant liver 

stage hypnozoites that can be released months or years after the first round of erythrocytic 

infection is resolved. 

 

1.1.3 Emergence of drug resistance 

Most drugs used in antimalarial treatment are active against the erythrocytic stages. These drugs 

include chloroquine (Resochin®), artemether-lumefantrine (Coartem®), Sulfadoxine-

pyrimethamine (Fansidar®), mefloquine (Lariam®), quinine, quinidine, doxycycline used in 

combination with quinine, clindamycin used in combination with quinine, and artesunate. In 

addition, primaquine is active against hypnozoites and prevents relapses but should not be used 

by pregnant women or people with glucose-6-phosphate dehydrogenase deficiency. A list of 

region-specific recommended treatment for uncomplicated or severe P. falciparum malaria is 

available through the World Health Organization, based on local resistance patterns of P. 

falciparum parasites. CQ in combination with primaquine is recommended in the Americas, while 

artemisinin-based combination therapies (ACT) are recommended for uncomplicated malaria in 

the African, Eastern Mediterranean and South-East Asian regions. 

P. falciparum parasites have evolved resistance to almost all available antimalarial drugs, including 

mefloquine (MQ), halofantrine (HF), lumefantrine (LF), pyrimethamine, chloroquine, sulfonamides, 

and artemisinin (ART) and derivatives [6]. CQ resistance occurs in most malaria-affected areas, and 

resistance to sulphadoxine-pyrimethamine is spreading rapidly. Resistance to MQ is mainly 

confined to areas where it has been used extensively, such as Thailand, Cambodia and Vietnam, 

and arose within six years of systematic deployment [15]. Cases of resistance to ACTs have been 

reported for regions of the Thai-Myanmar and Thai-Cambodian border [16, 17], raising concerns 

of further spread of resistance to this treatment since this is the last antimalarial treatment 

currently on the market without widespread resistance. Recently, mutations in the kelch propeller 
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domain were identified as a molecular marker for artemisinin resistance [18]. This will provide a 

useful tool in monitoring the spread of artemisinin resistance worldwide. 

Low cost of antimalarial treatment is crucial in most malaria-affected countries, where annually 

less than US$10 per person are available for healthcare and malaria treatment should not cost 

more than 50 cents. Therefore, treatment that is highly effective, safe, and affordable is of major 

importance. CQ has been the drug of choice for decades and has saved the lives of more people 

than any other antimalarial drug. If the mechanism for CQ resistance is known, treatment failure 

could be circumvented and CQ administration re-established in countries with emerging ACT 

resistance. 

 

1.2 Chloroquine 

CQ was effective for decades before resistance emerged. CQ treatment was used extensively in 

Africa during the 1980s, with an estimated distribution of nearly 200 tons of CQ base in 1988 alone 

[19]. Although CQ resistance in P. falciparum is now found worldwide, it still has high efficacy 

against P. vivax [20]. Two main advantages of CQ compared to other antimalarials are its low 

production costs, which makes it affordable to people with low income, and its good tolerability. 

In addition, removal of CQ as treatment of choice in regions where resistance is common can 

reverse CQ-resistant (CQR) parasite populations back to CQ-sensitivity, making CQ treatment once 

again effective. 

 

Efficacy of CQ is stage-specific 

CQ is most effective on trophozoite stage parasites [21]. At this stage, hemoglobin degradation is 

a major factor in the parasite’s development. CQ uptake of the parasites is divided into two phases: 

a rapid saturable uptake phase and a slower non-saturable phase. CQ uptake within the parasite 

reaches a maximum level within 1 hour of exposure rather than continuing indefinitely [20]. 

Discrepancies have been reported for the parasite stage that is most vulnerable to CQ exposure. 

One study suggested that ring stage parasites are more sensitive to CQ than trophozoites or 
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schizonts, with an IC50 in trophozoites that was determined to be 6-fold higher compared to rings 

[22]. Furthermore, therapeutic concentrations of CQ only prevent the transformation of rings to 

trophozoites but did not affect the development from trophozoites to schizonts or from schizonts 

to new rings. Other researchers showed that trophozoites were the most sensitive to CQ exposure 

[21, 23, 24]. 

 

1.2.1 Effect of CQ in the digestive vacuole of malaria parasites 

CQ accumulates in the parasite’s digestive vacuole based on a pH gradient. The parasite cytosol 

has a pH of ~7.2, whereas the DV has a pH of ~5.2 [25]. Due to its intrinsic weak base properties, 

CQ is suggested to accumulate in the DV in its diprotonated form [3, 26-30]. It is debated whether 

intrinsic pH of the parasite cytosol and DV differ between CQS and CQR parasites, thereby 

influencing CQ uptake [31-33]. Using radiolabeled CQ, its uptake into the parasite was found to be 

dependent on the external CQ concentration and ranged from >1000-fold accumulation at low CQ 

external concentrations to 100-fold accumulation at high external CQ concentrations [3, 4, 34-39]. 

Furthermore, CQ accumulation was reduced by half in CQR compared to CQS strains [35, 40]. 

However, these studies could not differentiate between CQ accumulation in the parasite cytosol 

and the DV. Only CQ concentrations in the whole host-parasite system were determined. 

An in silico approach based on a physical compartmental model of a cell can be used to calculate 

CQ accumulation in the cytosol and DV, compared to external CQ concentration. Cellular traffic 

can be described with a set of coupled differential equations, accounting for substrate diffusion 

and active transport across membranes [41, 42]. CQ can reach concentrations in the DV that are 

>2000-fold higher than in the parasite cytosol at physiological pH (Figure 1.2). Since CQ, being a 

weak base, moderately raises the pH of the DV, CQ accumulation was calculated for increasing 

digestive vacuolar pH (pHDV) with decreasing cytosolic pH (pHcyt). At an estimated pHDV of 6.0 and 

pHcyt of 7.0, CQ concentrations are still 60-fold higher in the DV compared to the cytosol. Therefore, 

relatively small changes in pH of the DV that are thought to distinguish CQS and CQR strains should 

have little effect on CQ accumulation in the DV. 
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Figure 1.2   Accumulation of CQ in the parasite cytosol and DV. Calculations based on substrate diffusion and membrane 
trafficking show the fold accumulation of CQ in the parasite cytosol and DV at increasing pHDV with decreasing pHcyt. 
(personal communication) 

 

The first electron microscopy (EM) images of CQ-treated infected RBCs were taken in the late 

1980s [43]. The images showed swelling of the DV after 24 h CQ exposure in CQS strains but not 

CQR strains. Using a customized Nipkow spinning disk confocal microscope (SDCM), Gligorijevic 

and colleagues showed that CQR strains had significantly increased DV volumes compared to CQS 

strains, even in the absence of CQ exposure [44]. 

The hypothesis that a higher digestive vacuolar pH will lead to inefficient hydrolase activity and 

subsequent dysfunction of this organelle was originally proposed by Homewood and colleagues 

[45]. However, they assumed that the pH gradient is the only force that drives CQ to accumulate 

in the DV, while affinity of CQ for any molecules, either in the DV or in the cytosol, was neglected. 

Furthermore, it was observed that the alkalinizing effect of CQ in the DV was only achieved at 

concentrations of 1-2 orders of magnitude greater than the CQ IC50 [27]. This suggests that DV 

alkalinization does not primarily kill the parasites but may be a side effect of quinoline antimalarials. 

This was supported by findings of Geary and coworkers [3], who measured the uptake of 

radiolabeled CQ in CQR and CQS strains. They showed that the difference in alkalinization between 

CQS and CQR strains was not significant. Using the pH sensitive fluorescent dye acridine orange, 
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one study showed that intrinsic digestive vacuolar pH is significantly different between a CQS and 

a CQR strain [46]. However, later studies using various fluorescent pH indicators revealed that 

there is no significant difference in the resting pHDV between CQS and CQR strains, and CQ uptake 

was not influenced by induced changes in the pHDV of a CQS strain [31]. Thus, the influence of 

digestive vacuolar pH on CQ sensitivity or resistance remains unclear. 

 

1.2.2 Effect of CQ in the cytosol of malaria parasites 

Exposure of susceptible Plasmodium parasites to CQ not only alters the environment in the DV, but 

has also crucial effects on cytosolic pathways. The influence of CQ on cytosolic proteins or 

pathways is not known. While hemoglobin endocytosis is undisrupted, the processing of endocytic 

vesicles is impaired [47-53]. This leads to accumulation of vesicles containing undigested 

hemoglobin [48, 53, 54] and the formation of vacuoles [48, 49, 51]. Furthermore, monomeric 

hematin (ferriprotoporphyrin IX; FPIX) accumulates in the parasites [54-56], presumably through 

denaturation of hemoglobin [57, 58], while nucleation of FPIX into hemozoin crystals is inhibited 

[59, 60]. In vitro experiments were supported by studies using P. berghei in the malaria mouse 

model [59].  

CQ binds to FPIX. The primary effect caused by the CQ-FPIX complex is probably membrane 

impairment, which interferes with the docking of mature hemoglobin-laden endocytic vesicles 

[61]. Yayon and colleagues have proposed that CQ prevents fusion of hemoglobin-laden vesicles 

with the DV membrane [29], which might play a crucial role in the lethal effect of CQ. 

It is unclear whether the accumulation of vesicles containing undigested hemoglobin is caused 

directly by the CQ-FPIX complex or indirectly by altering a signaling pathway that triggers vesicle 

docking. Although accumulation of free FPIX is suggested to result in lysis of membranes after 

several hours of CQ exposure, intercalation of the CQ-FPIX complex into lipid bilayers may increase 

membrane fluidity [62] and cation permeability [63] long before the concentration of the complex 

is high enough to cause lysis. 
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1.2.3 Binding of CQ to FPIX 

CQ binds to FPIX in a covalent complex [30, 64-67]. Direct binding of CQ to hemozoin crystals and 

subsequent inhibition of crystal growth seems to be less important for its antimalarial properties, 

since it was demonstrated that CQ only binds with low affinity to β-hematin stored in hemozoin 

[49, 68]. FPIX is a toxic byproduct of hemoglobin digestion and either converted into hemozoin 

crystals in the DV or degraded in the cytosol through glutathione (GSH) [69-71]. Even if CQ fully 

inhibits the polymerization of FPIX this would only increase the FPIX load on detoxification through 

GSH by 50%, which should not overwhelm the system [20]. 

Furthermore, FPIX was described to form a complex with lipids, which promotes FPIX dimerization 

[59, 72, 73]. The size of hemozoin crystals found in P. falciparum infected RBCs is determined by 

the lipid composition and structure of the DV membrane [73]. In addition to lipids, histidine-rich 

proteins are suggested to facilitate hemozoin formation by binding to FPIX molecules, thereby 

promoting dimer formation [74]. Subsequently, lipids may shield the hydrogen bonds of FPIX side 

chains from competitive binding with water, stabilize the structures and, therefore, facilitate long 

chain formation of FPIX molecules held together by hydrogen bonds [74, 75]. Usually about 40% 

of these lipids are masked; this percentage increased significantly to 90% when CQ was added [59]. 

It is suggested that a neutral aminopeptidase is involved in unmasking lipids that promote FPIX 

dimerization [48]. Upon CQ treatment, neutral aminopeptidase activity is no longer associated with 

endocytic vesicles, which in turn results in the failure to unmask lipids, thereby reducing FPIX 

dimerization [48, 59]. This aminopeptidase is probably required in the initial step of hemoglobin 

digestion by initiating degradation of the inner membrane of hemoglobin-laden endocytic vesicles. 

QN and MQ are thought to prevent or reverse these CQ-induced effects [48, 54, 55], suggesting 

they play an opposing role. 

Molecular dynamics simulations suggest that CQ binds to FPIX in a 1:2 or 2:4 (CQ:FPIX) ratio and 

retains this ratio even at high CQ concentrations [76, 77]. Three important CQ-FPIX interactions 

were identified: i) a hydrogen bond between the oxide bridge of the µ-oxo form of FPIX and the 

protonated quinolinium nitrogen atom of CQ, ii) π-stacking between the quinolone ring of CQ and 

the porphyrin rings, and iii) electrostatic interactions between the 7-chloro substituent of CQ and 

the porphyrin methyl hydrogen atoms [77]. These data were observed in aqueous solution at pH 

7.4 [76, 77]. High field NMR experiments showed that the complex formation of the µ-oxo form of 
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FPIX, which is mainly found in aqueous solutions, changes significantly upon protonation of CQ 

[66]. Interestingly, the binding of the neutral CQ complex appeared to be more stable than binding 

of monoprotonated or diprotonated CQ. Thus, although the dibasic character of CQ is important 

for its accumulation in the DV, it is not necessarily important for high-affinity binding to µ-oxo 

dimer FPIX [66]. 

CQ was found to inhibit the degradation of FPIX by GSH [20, 70]. This is supported by findings that 

i) mercaptoethanol and dithitreitol, which also degrade FPIX, inhibit FPIX-induced lysis of RBC 

membranes [63], and ii) CQ enhances FPIX-dependent lysis of normal RBCs [78]. Ginsburg and 

coworkers strongly believe that the principal toxic effect of CQ lies outside the DV and is linked to 

the ability of CQ to bind to FPIX [79]. This was further supported by Combrinck and colleagues, who 

showed using transmission electron microscopy (TEM) techniques that CQ induced the 

redistribution of FPIX from the DV to the parasite cytoplasm [80]. Other researchers propose that 

CQ’s main target lies within the DV [81]. 

Non-polymerized FPIX can easily escape the DV and is rapidly degraded by GSH. In the presence of 

CQ, GSH gradually accumulates in the membranes and provides binding sites for the drug [20, 70]. 

As much as 70% of the FPIX generated through hemoglobin digestion was found to be detoxified 

by cytosolic glutathione [21]. It was demonstrated that reducing intracellular levels of GSH resulted 

in increased sensitivity to CQ, while increasing cellular levels of GSH resulted in CQ resistance. 

Furthermore, there is evidence that CQR strains contain higher GSH levels than sensitive strains 

[79]. This potential target site can be regulated by the parasite. Therefore, resistance through GSH 

regulation seems plausible. In addition, it was demonstrated that the inhibitory effect of CQ on 

GSH-dependent degradation of FPIX is competitive, and higher concentrations of CQ are needed 

for inhibition of FPIX degradation when GSH levels are increased [21]. 

High levels of FPIX may also increase the permeability of membranes to cations, which can lead to 

lysis of organelles and cells [63]. In the parasite, the DV membrane remains intact after CQ 

exposure and subsequent increases in FPIX [82]. Binding of CQ to FPIX enhances the solubility of 

FPIX in membranes [70], suggesting that it facilitates the release of FPIX from the DV. Treatment 

of P. falciparum-infected RBCs resulted in drug-induced binding of FPIX to parasite glycolytic 

enzymes in the cytosol, significantly reducing the activity of 6-phosphogluconate dehydrogenase 
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[83]. Controversies among researchers about the importance of CQ in the parasite cytosol reveal 

that CQ’s role in this compartment needs to be further elucidated. 

FPIX is also suggested to play a major role in saturable CQ uptake [36], while nonsaturable uptake 

may be associated with low affinity CQ binding to various cytosolic proteins [64, 84]. The saturable 

phase of CQ uptake correlates with the availability of FPIX, and inhibition of FPIX generation was 

shown to decrease the uptake of CQ [36]. This suggests that not only does pH play a role in CQ 

uptake, but also the binding/affinity of CQ to its target molecule. Furthermore, it was shown that, 

even though resistant and sensitive parasite strains have equal amounts of CQ binding sites, the 

apparent affinity for CQ binding to FPIX is reduced in CQR strains [36]. For this reason, CQ binding 

to FPIX cannot be attributed to proton trapping or active transport alone. 

 

1.2.4 CQ resistance 

CQR parasites accumulate less drug than susceptible parasites [2, 3, 34, 36, 85-89]. This was mainly 

demonstrated using [3H]CQ as a substrate. More recent publications have used fluorescently 

tagged CQ to assess its intracellular distribution, as well as its uptake and efflux in CQS compared 

to CQR strains [4, 90-92]. 

Three hypotheses could explain reduced CQ accumulation. The first hypothesis assumes that the 

cytosol-DV pH gradient is smaller in CQR parasites [29, 32, 45]. The second hypothesis proposes 

that the FPIX complex has a reduced affinity for CQ and, therefore, fewer toxic CQ-FPIX complexes 

accumulate. The third hypothesis suggests that the P. falciparum chloroquine resistance 

transporter (PfCRT) carrying the K76T mutation in CQR parasites causes CQ to be transported out 

of the DV and reduces the amount of CQ available to bind to its digestive vacuolar target. While 

the first hypothesis could not be convincingly demonstrated, multiple studies support the latter 

two [2, 34, 36, 39, 93-95]. 

PfCRT was the first malaria transporter in which a single amino acid mutation was linked to drug 

resistance. This was identified through the analysis of a genetic cross between a CQS and CQR 

parasite strain. PfCRT is a 45 kDa protein located on the DV membrane, transporting substrates 

out of the DV. A single amino acid mutation from lysine (K) to threonine (T) at residue 76 was found 
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to be the main player in CQ resistance, which can be reversed by the addition of verapamil [2]. 

These results are largely consistent with in vivo findings that indicated an association between the 

K76T mutation and CQ treatment failure, which has resulted in its widespread use as a molecular 

marker of CQ resistance [96]. 

The K76T amino acid substitution itself cannot fully explain the mechanism of resistance. CQR 

strains that were incubated with increasing CQ concentrations had to accumulate higher internal 

CQ concentrations compared to CQS strains to obtain the same efficacy in parasite killing [3, 4, 36, 

90, 97]. Furthermore, inconsistencies were found between the occurrence of the K76T mutation 

and resistance to CQ both in vitro and in vivo [98-102]. In addition, mutant PfCRT was found to be 

important in the IC50 shift between CQS and CQR strains but only responsible for 10-20% of the 

LD50 in CQR parasites [103]. This indicates that, even though the same CQ concentration is reached 

within the DV, CQR strains require a second mechanism that prevents CQ from efficiently binding 

to its target to cause lethal effects [97]. Reduced affinity of CQ for FPIX, the second hypothesis, is 

a plausible candidate. 

Co-expression network analysis of pfcrt and pfcrt-interacting genes in CQS and CQR recombinant 

progeny clones revealed functional and regulatory relationships that were either conserved (such 

as hemoglobin metabolism) or have diverged (DNA repair and histone acetylation) between CQS 

and CQR parasites [104]. Regulatory networks can affect multiple target genes, and their 

dysregulation remains undetected by genome sequencing. Thus, CQS and CQR strains may harbor 

more differences than previously thought. 

Resistance to CQ is partially reversible with the addition of verapamil (VP). It was suggested that 

VP prevents CQ efflux from the DV via PfCRT, thereby enhancing CQ’s antimalarial effect on the DV 

target [94, 105, 106]. Another possibility suggested by Bray and coworkers is that VP reverses CQ 

resistance by increasing the affinity of CQ for its target, not through altered PfCRT transport [36]. 

Furthermore, they proposed that altered affinity for CQ binding through chemosensitizers is likely 

due to an indirect effect that is dependent on the parasite’s membrane integrity. VP interacts with 

phospholipids of RBCs, likely due to differential expansion of the membrane bilayer [107]. Finally, 
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the increase in intracellular CQ concentrations after addition of VP is not enough to simply explain 

resistance reversal by inhibition of rapid CQ efflux. 

 

1.2.5 CQ and autophagy 

CQ has not only been used for malaria treatment, but was also studied for its effect on cancer cells. 

Elucidating CQ’s target site in cancer cells may help malaria researchers to find additional pathways 

that may be involved in CQ resistance of Plasmodium parasites. It has been reported that exposure 

of cancer cells to CQ resulted in cell death. Although CQ was shown to induce apoptotic cell death-

related proteins such as p53, it was not dependent on classical regulators of apoptosis [108-111]. 

In addition, CQ disrupted lysosomal functions by preventing the fusion of endosomes or 

autophagosomes with lysosomes, thereby inhibiting lysosomal protein degradation [112]. CQ-

induced death of tumor cells could only be reduced when both apoptosis and autophagy were 

inhibited [110]. Maclean and coworkers suggested that alterations in lysosomal functions trigger a 

p53-dependent cell death response [110]. On the other hand, Geng and coworkers suggested a 

p53-independent pathway through autophagic vacuole accumulation [113]. Although CQ-treated 

cells showed cleavage of apoptosis-related caspase-3 and caspase-9 as well as a caspase substrate, 

a broad-spectrum caspase inhibitor (Z-VAD-fmk) was unable to inhibit CQ-induced cell death [110, 

113]. However, caspase-independent programmed cell death (PCD) pathways such as 

programmed necrosis were not investigated in more detail.  

Autophagy can be determined by the effects of CQ on LC3, which is necessary for the formation of 

autophagosomes [110], and is modified into LC3-I and LC3-II. Rapid accumulation of LC3-II was 

detected in CQ-treated cells [110, 113], as well as cells treated with the caspase inhibitor Z-VAD-

fmk [114], indicating that both CQ and Z-VAD-fmk induce autophagy. The lysosome inhibitor 

bafilomycin-A1 (Baf-A1) also triggered autophagic cell death similar to CQ [115]. Baf-A1 inhibits 

vacuolar type H+-ATPases (V-ATPases) and prevents the acidification of organelles, such as 

lysosomes and endosomes, after an extended period of time (usually 12-24 hours of treatment 

with 100 nM Baf-A1). Short term treatment simply disrupted the acidification process of these 

organelles [116]. Furthermore, other agents that disrupt the acidification process also blocked 
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autophagosome-lysosome fusion. These include CQ diphosphate, nigericin, and ammonium 

chloride [116]. 

Recently, researchers started to investigate cell death pathways in Plasmodium parasites. 

Programmed cell death (PCD) in unicellular organisms seems paradoxical at first. However, there 

is now evidence for PCD in unicellular eukaryotes, including parasitic protozoa [117-119]. To date, 

non-apoptotic pathways, such as autophagic mechanisms that would enhance survival under 

ambient physiological conditions, have been included on the list of PCD pathways [120]. However, 

a considerable amount of crosstalk between apoptosis, necrosis and autophagic pathways is 

reported, suggesting that autophagy itself is not sufficient for cell killing but activates PCD 

pathways if survival mechanisms fail [121, 122]. 

Apoptotic cell death after CQ exposure of malaria parasites was excluded for several reasons. A 

central component of the apoptotic machinery are caspases. A protease family closely related to 

caspases, called metacaspases, was found in Plasmodium parasites [123, 124]. However, the 

caspase inhibitor Z-VAD-fmk was unable to prevent parasite death after CQ exposure [125]. 

Furthermore, other apoptotic features, such as chromatin condensation, DNA fragmentation, 

disruption of the plasma membrane and nucleus dissolution, were not observed [125-127]. 

Most researchers suggest an autophagic-like PCD in Plasmodium parasites upon CQ exposure [125, 

128]. This is in agreement with the observation that CQ interferes with hemoglobin digestion, 

which effectively leads to starvation of the parasite. Although autophagy is a strategic mechanism 

for cell survival, it can also lead to the death of the organism when rescue attempts are not 

effective. Autophagic vacole formation after CQ exposure of Plasmodium parasites was noted as 

early as 1967 [49, 51, 129]. Cytoplasmic vacuolization similar to autophagy was confirmed by 

electron microscopy [125]. However, cytoplasmic vacuolization does not only occur during 

autophagy but is also characteristic for other PCD pathways such as methuosis or necroptosis [130, 

131]. In plants, a vacuolar PCD was described that critically requires autophagy and its upstream 

regulator, a metacaspase [132]. The slow vacuolar death executed by metacaspase-dependent 

autophagy leads to self-disassembly of dying cells and the formation of functional structures 

outside of the cell corpses [133]. Thus, studying PCD in plants may provide further insight into 

various cell death mechanisms that could also be activated in protozoan parasites. 
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LD50-directed quantitative trait loci analysis in CQS versus CQR strains revealed differences in loci 

that encode proteins linked to autophagy pathways but no genes that are involved in apoptosis 

[103]. A set of genes involved in the induction of phagophore-formation are named ATG 

(autophagy-related genes). A Plasmodium homologue called PfATG8 was linked to autophagy and, 

more importantly, the autophagy cascade was altered in CQR parasites [103]. Researchers have 

only recently set out to elucidate the role of autophagy in CQ-induced programmed cell death. This 

is a promising field for the better understanding of CQ’s antimalarial mode of action and may reveal 

additional resistance mechanisms that have evolved in CQR parasites. 

 

 

1.3 The P. falciparum multidrug resistance-1 transporter, PfMDR1 

Several Plasmodium transporters are involved in antimalarial drug resistance. Most, including the 

Plasmodium falciparum multidrug resistance (MDR) transporter 1 (PfMDR1), belong to the 

superfamily of ATP-binding cassette (ABC) transporters. Another transporter that plays a major 

role in CQ efflux from the DV into the cytosol is PfCRT, which belongs to its own family of CQ 

resistance transporters [134]. The CRT protein family will not be discussed here. 

 

1.3.1 ABC Transporters 

ATP-binding cassette (ABC) transporters are widely distributed in eukaryotes and transport a wide 

variety of endogenous metabolites, such as sugars, amino acids, ions, phospholipids, proteins, and 

other small molecules, across intra- and extracellular membranes [135]. Some of these 

transporters export waste products or toxic compounds out of the cell, including drugs 

administered as cancer treatment. This has led to intensive research on the role of ABC 

transporters in anticancer therapy.  

48 ABC transporter genes are described in humans [136]. The alignment of amino acid residues in 

the nucleotide binding domain (NBD), the specific protein topology and drug specificity divide the 

ABC transporters into two main groups: i) the multidrug resistance associate proteins (MRP), and 
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ii) P-glycoprotein (Pgp) transporters, to which PfMDR1 belongs. Both MRP and Pgp transporters 

are widely distributed and are found in humans as well as Saccharomyces cerevisiae and various 

pathogens such as Entamoeba histolytica, Cryptosporidium parvum, Leishmania spp., Plasmodium 

spp. and Toxoplasma gondii [137]. Plasmodium parasites have several members of the ABC 

transporter family, which are thought to play a role in antimalarial drug resistance. 

 

Structure, function and diversity of ABC transporters 

The members of the ABC transporter superfamily typically have two homologous halves, each 

containing six transmembrane domains (TMDs) and a conserved cytosolic NBD, located in the 

cytosol. ATP hydrolysis occurs in alternating fashion between the two ATP binding sites but both 

are required for transport function [138]. It is assumed that the two NBDs act in concert as a single 

step rather than driving different steps in the substrate translocation cycle. Substrate binding 

enhances binding of ATP to the NBDs, thereby lowering the activation energy for a conformational 

change [139]. ATP binding was shown to provide sufficient energy to induce the key 

conformational changes involved in substrate transport [140]. Moreover, ATP binding can induce 

changes in the substrate binding properties of the TMDs in the absence of hydrolysis, where the 

substrate binding affinity is reduced while the affinity for a modulator at an allosteric site is not 

affected [141-143]. 

The NBD is a conserved region that contains an aromatic residue, the Walker A and B sites that are 

separated by a conserved signature motif, the D-loop and the H-loop [144]. The TMDs of different 

ABC transporter sub-families often consist of varying numbers of transmembrane alpha-helices 

and share little sequence identity. The TMD subunits form an enclosed aqueous pore in the 

membrane that appears open at the extracellular face and is closed intracellularly. The pore that 

is formed by the TMDs contains one or more substrate binding sites [145]. Detailed 

pharmacological studies have identified three interacting substrate binding sites for Pgp in 

mammalian cells [141, 142, 146]. Two drug molecules can bind simultaneously, and one substrate 

can stimulate the transport of the other [147-149]. 
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MDR transporters in cancer 

Cancer cells proliferate in an uncontrolled manner and, in some cases, metastasize. In humans, 

there are more than 100 types of cancer, typically named for the organs or tissue from which they 

originate, e.g., lung cancer or skin cancer. Tumors also have abnormal cell growth, called neoplasm, 

and are further subdivided into two groups. Malignant and invasive tumors are considered cancer, 

while benign tumors are not. The progression from normal cells to cancer cells involves multiple 

steps, known as malignant progression. This includes self-sufficiency in growth signals, evasion of 

PCD, limitless replicative potential, sustained angiogenesis, tissue invasion and metastasis [150]. 

Some cancers can be treated successfully using chemotherapy, while others exhibit resistance to 

treatment. Resistance can be further subdivided into intrinsic resistance and acquired resistance. 

Multidrug resistance (MDR) is a form of acquired resistance and can be mediated by Pgp or MRP 

transporters. They transport chemotherapeutic drugs out of the cell, leading to reduced 

accumulation of the drug within the cell and subsequently drug resistance. Although MRPs are 

similar to Pgps in terms of substrate specificity and action, they only share 15% amino acid 

homology [151]. Six isoforms of MRP were identified in humans, termed MRP1-6. It is known that 

MRP1 and MRP2 require drug conjugation with glutathione or glucuronic acid prior to efflux across 

the plasma membrane [152]. For Pgp, three isoforms are known: class I, II and III. Classes I and II 

confer multidrug resistance when transfected into sensitive cells, while class III Pgps are not 

associated with drug resistance [153]. Pgps play an important role in processes involved in cell 

homeostasis and are expressed in a large variety of tissues, such as the liver, kidney, colon, small 

intestine, pancreas, uterus, and in specialized capillary endothelial cells in the brain [151]. Pgp was 

shown to be capable of direct substrate transport [154]. 

 

1.3.2 Structure of PfMDR1 

The P. falciparum ABC family consists of 16 transporters that are categorized in eight subfamilies 

(B to I; A is missing in all Apicomplexa), according to the phylogenetic relationships of primary and 

secondary structures of the conserved NBDs [155, 156]. The largest subfamily is ABC B, which 

contains seven members, including PfMDR1 (PfABCB1). PfMRP1, PfMRP2 and PfMDR5 are localized 
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in the plasma membrane of all asexual parasite life stages [155]. While PfMDR2 and PfMDR5 were 

recently identified to influence antimalarial drug resistance, their effect was only marginal and 

their impact will have to be further assessed [157]. Other putative drug transporters of the ABC 

family are PfABCC1, PfABCC2, PfABCG2 and PfABCI3. Their exact functions remain to be 

determined. 

PfMDR1 has a size of ~162 kDa and is associated with the DV membrane throughout the asexual 

cycle of the parasite, with the ATP binding domain localized in the cytosol [145, 158]. PfMDR1 

mediates solute import into the DV rather than regulating solute efflux out of this compartment 

[159]. It remains unclear if PfMDR1 is also localized in the plasma membrane, although to a lesser 

extent when compared to the DV membrane. PfMDR1 contains five main amino acid mutation 

sites at residues 86, 184, 1042, 1034 and 1246. These mutation sites have been reported to 

influence resistance or sensitivity to various antimalarial drugs such as QN, MQ, CQ, LF, ART, HF, 

and amodiaquine (AQ) [160-167].  

PfMDR1 has two symmetric halves, each containing a TMD with three external loops (EL) and two 

internal helices (IH) that link six transmembrane regions with a NBD (Figure 1.3). Two hinges allow 

for different conformations of the transporter. One hinge is found in EL2 (residue 189-194) and 

EL3 (residue 311-315), and the other one in EL5 (residue 929-933) and EL6 (residue 1055-1059) 

[168]. The internal helices mediate communication between TMDs and NBDs. The intertwined 

interface between the two halves of the transporter interlock NBD1 with TM10/TM11/IH4 and 

NBD2 with TM4/TM5/IH2 [168]. This structural feature was shown to transmit a conformational 

change to the transmembrane domains, resulting in an outward-facing conformation and thereby 

activating substrate transport [169, 170]. 
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Figure 1.3   Predicted topology of PfMDR1. Polymorphisms of two drug sensitive parasites strains are indicated (top, 
3D7; bottom, HB3). NBD, nucleotide-binding domain. (modified after [159]) 

 

Apart from the suggested involvement in drug resistance, the endogenous function of PfMDR1 is 

not known. Its human homologue, MDR1, exports hydrophobic compounds and steroids and is 

associated with multidrug resistance in cancer cells by increasing the efflux of drugs [156]. It is 

currently unclear which physiological substances are transported by PfMDR1. Unlike other ABC 

proteins, MDR1 shows a high basal level of ATPase activity in the absence of drugs, which may be 

caused by physiological transporter functions. In general, MDR1 transporters hydrolyze ATP and 

transport only large, hydrophobic, uncharged or slightly positively charged molecules [171]. 

Antimalarial drugs bind directly to PfMDR1, which transports them into the DV [172]. 

 

1.3.3 PfMDR1 polymorphisms 

Differences in pfmdr1 functions can either occur as an increase in gene copy number or single 

nucleotide polymorphisms (SNPs). Changes in at least one of these two parameters have been 

associated with decreased susceptibility to a variety of antimalarial drugs, including QN, MQ, CQ, 

and ART. Altered amino acids at residues 86, 184, 1034, 1042, and 1246 have been reported to 
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play a role in drug resistance [161, 173-176]. The wild-type amino acids at these residues are N86, 

Y148, S1034, N1042, and D1246. For a better overview, these five mutation sites will be shortened 

to amino acid abbreviations only in the subsequent order of residues, e.g. N86, Y148, S1034, 

N1042, and D1246 will be shortened to NYSND, where applicable. To date, the N86Y mutation has 

been investigated in more than 40 publications and is likely involved in CQ, AQ, and LF resistance 

[162, 172]. The N1042D substitution was found to contribute mainly to low-level QN resistance 

[163]. Exposure of P. falciparum laboratory strains to MQ resulted in the amplification of the 

pfmdr1 gene and a simultaneous increase in resistance to MQ, QN, and HF [173]. However, in the 

absence of drug pressure, the parasites with multiple gene copies showed decreased survival 

fitness [177]. 

Changes in gene copy number alter the expression profile of trans-regulated genes and may 

fundamentally alter the parasite’s transcriptional network [178]. Using selection experiments on 

laboratory parasite strains, it is estimated that pfmdr1 duplications arise once in 108 parasites, and 

further amplification from two to three copies occurred in one in 103 parasites [177]. Worldwide, 

there are about 3 x 1016 malaria parasites in asymptomatic carriers, while symptomatic carriers 

contain between 5 x 1016 and 5 x 1017 malaria parasites [179]. Therefore, it is likely that gene 

modifications occur naturally in the field. Increased pfmdr1 gene copy numbers are supported by 

long monomeric A/T tracts or microsatellite repeat sequences on chromosome 5 that are prone to 

chromosome breakage [180]. A clinical study in Thailand showed that the transition from one to 

two pfmdr1 gene copy numbers resulted in the highest risk of treatment failure to MQ, as well as 

the largest shift in IC50 values in the sampled parasite populations [161]. However, further increase 

in gene copy numbers, e.g., from two to three pfmdr1 copies, showed no further pfmdr1 

expression or treatment failure [181]. 

The population structure of Plasmodium spp. depends on local epidemiological and demographic 

situations, such as the incidence of infected people, the vector transmission intensity, and 

inhabitant migration [182]. In addition, all drug-related mutations in a parasite population are 

based on previous treatment policies that vary between different countries. Therefore, resistant 

populations can affect adjacent malaria endemic regions. This led to the independent evolution of 

several mutation patterns in Asia, sub-Saharan Africa and South America (Figure 1.4). A brief 
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overview of the history of drug policies, treatment failures, and emergence of resistances is 

required before going into more detail about the variant pfmdr1 mutation patterns on these 

continents. 

 

 

Figure 1.4   PfMDR1 mutation patterns worldwide. The letters refer to the amino acids at positions 86, 148, 1034, 1042, 
and 1246. The wild-type is NYSND, while all letters in red indicate the amino acid mutations at the given position. 
Smaller fonts depict minor mutation variations in this area. ↑CN, increase of pfmdr1 gene copy number. (modified 
from [183]) 

 

Mutation patterns in Southeast Asia 

In a long-term study by Mungthin and coworkers, pfmdr1 mutation patterns were investigated in 

field isolates from Thailand during a 15-year period [184]. Antimalarial treatment policies were 

revised periodically in Thailand due to the rapid spread of multidrug resistance in P. falciparum. 

Although considered to be a low transmission area, the genetic diversity of Plasmodium is relatively 

high [182]. CQ was introduced in 1965, and was partially replaced by sulfadoxine-pyrimethamine 
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in 1974. Subsequently, QN and MQ were the treatment of choice between 1980-1986 and 1986-

1995, respectively [185]. The introduction of a 3-day artesunate-mefloquine combination therapy 

in 1995 was expected to stabilize the multidrug-resistance problem in Thailand. However, 

emerging resistance to ACTs has been reported for the Thai-Myanmar and Thai-Cambodian 

borders [16, 17]. 

The prominent pattern for pfmdr1 polymorphisms in Thailand at residues 86, 184, 1034, 1042, and 

1246 was found to be NFSND instead of the wild-type pattern that harbors a tyrosine at amino acid 

position 184 (NYSND), with a drastic prevalence increase from 40% to 95% from 1988 to 2003 

[184]. In addition, increased pfmdr1 copy numbers were observed. A study of Thai patients from 

1995 to 2002 revealed selection for the N86Y polymorphism (YYSND) after treatment with 

artemether-lumefantrine [186]. Patient samples from 2003 to 2008 showed N86Y as the major 

point mutation, with a prevalence of 18%, which was associated with increased susceptibility to 

MQ and QN. At the same time, increased pfmdr1 gene copy numbers resulted in higher resistance 

to MQ, QN and ART [161, 187, 188]. The diversity of mutations in PfMDR1 resulting in drug 

resistance emphasizes the necessity to monitor the evolution of drug-resistant Plasmodium spp. in 

Asia. Moreover, declining endemicity could lead to a more fragmented parasite population 

structure with greater genetic isolation between endemic foci. This will reduce gene flow and 

spread of resistances between the populations, but also enhance the rate of evolution of multiple 

resistant phenotypes [189]. Previously, increased gene copy numbers were only reported for field 

isolates in Thailand and Cambodia but not elsewhere [190]. Increasing gene copy numbers provide 

a simple way for the parasite to increase gene expression without requiring a functional change in 

the nucleotide sequence. 

 

Mutation patterns in South America 

Most malaria cases in South America are reported from the Amazon region, where migrant 

populations, great distances, and poor access to diagnosis and treatment are major barriers for 

malaria control [191]. In the past ten years, malaria prevalence in Brazil alone has increased 3-fold, 

to nearly half a million cases each year. P. falciparum drug resistance has spread quickly for CQ, 
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sulfadoxine-pyrimethamine and to some extent QN [192]. As vector control is not a realistic 

approach in this area, early diagnosis and effective treatment are essential tools for control 

strategies. In the 1990s, nearly 100% of patient samples were resistant to CQ, and 3% to QN. In 

addition, there was evidence of decreasing sensitivity to MQ and HF [191].  

Interestingly, the pfmdr1 mutant alleles S1034C, N1042D and D1246Y, mainly in combination with 

Y184F (NFCDY), are especially prevalent in South America and rarely found in isolates from other 

continents. In contrast to parasite populations from other malaria endemic areas, the majority of 

drug resistant parasites in South America carries multiple SNPs. A study conducted in Venezuela 

found the pattern NFSDY and NFCDY at frequencies of 37% and 63%, respectively, with wild-type 

amino acid asparagine at position 86 in all samples [193]. The NFCDY pattern was found in 97% of 

field samples from a Brazilian study [194]. In addition, increases up to four pfmdr1 gene copies 

were detected in 12% of the samples from Venezuela [193]. 

 

Mutation patterns in sub-Saharan Africa 

While the combination of artesunate and MQ has been used with success in Southeast Asia, most 

countries in sub-Saharan Africa have preferred either artemether-lumefantrine or artesunate-

amodiaquine for first line therapy. Two African clinical trial reports provided evidence for the 

selection of distinct pfmdr1 alleles after artemether-lumefantrine treatment [162, 195].  

In Zanzibar, post-treatment prevalence of N86 was significantly increased, a finding supported by 

similar evidence from Uganda, where parasites were selected for the NFSND haplotype [162]. No 

increase in pfmdr1 gene copies was found, suggesting that gene amplification is less important in 

African parasite populations. In Tanzania, AQ monotherapy selected for the YFSNY haplotype, 

whereas artemether-lumefantrine retained the wild-type (NYSND) haplotype [195]. Here, too, no 

increase in pfmdr1 gene copy number was reported. This suggests that the N86Y mutation has an 

indirect fitness disadvantage in parasite populations not under drug pressure. Although this 

mutation could result in increased survival of parasites in the drug-treated human host, molecular 

analysis of the transmission potential demonstrated that parasites harboring the N86Y mutation 
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have up to 4-fold impaired transmission to Anopheles mosquitoes [196] and, therefore, a 

remarkable fitness loss compared to unaffected parasite populations. 

Up to 80% of field isolates from Burkina Faso carry the YYSND or YFSND mutations [197]. Mutation 

pattern YFSND was detected in 30% of Ghanaian isolates and wild-type NFSND in 42% of the 

samples [198]. In Madagascar, the most prevalent PfMDR1 mutation patterns were YFSNY (28%), 

wild-type NFSND (23%), YFSND (18%) and YYSND (15%). Interestingly, isolates from Madagascar 

showed a significant association of CQ resistance with the PfMDR1 N86Y mutation in parasites that 

carry wild-type PfCRT [199]. 

 

1.3.4 PfMDR1 amino acid polymorphisms and their influence on substrate binding 

PfMDR1 mutation sites show distinct features involved in drug resistance. An amino acid mutation 

at position 86 was suggested to increase resistance to CQ and LF but enhance sensitivity to MQ, 

ART and QN. While asparagine at position 86 in the wild-type transporter may be glycosylated, 

replacement with tyrosine (N86Y) abolishes the potential glycosylation site. However, the 

importance of glycosylation in P. falciparum remains to be determined, as the parasite’s ability for 

N-glycosylation is low [200]. An alternative explanation is that the N86Y mutation in PfMDR1 brings 

the tyrosine side chain in TM1 closer to residue K1054 in TM11. These two TMDs are crucial for 

correct positioning of the transmembrane domains in human Pgp and change the transporter’s 

affinity in a drug-specific manner [169, 201]. Similar observations were made for the N86Y 

mutation in PfMDR1, resulting in a significant change in drug affinity [202]. 

Allelic exchange in pfmdr1 shows a critical role for residue 184 in PfMDR1 transport kinetics, while 

drug specificity appears to be unaffected [160, 202]. This amino acid mutation is located in TM3 

and is weakly associated with antimalarial drug resistance in field studies [161, 203-205]. 

The amino acid residue 86 in EL1, and residues 1034 and 1042 in TM11, are located in the putative 

drug  binding pocket of PfMDR1. Spatial analysis revealed that residues 1034 and 1042 alternate 

between facing the cytosol in the open state conformation and the DV in the closed state 

conformation [168]. Interactions with residue N1042 are described for MQ, QN and CQ. While CQ 
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was found to have electrostatic interactions with residue 1042, the single H-bond donor in its 

substrate binding pocket was unable to establish a H-bond with the functional residues. On the 

other hand, CQ displayed extensive van der Waals interactions with polar amino acids in the drug 

binding pocket [166]. MQ was the only tested drug that showed differences in its ability to form H-

bonds between wild-type N1042 and mutant N1042D. The replacement of asparagine with aspartic 

acid at position 1042 abolished the ability of mefloquine to form a H-bond with this residue [166].  

Residue 1246 is located in NBD2, which is essential for ABC transporter function. However, 

mutation from aspartic acid to tyrosine (D1246Y) by itself was not found to inhibit PfMDR1 ATPase 

activity but only in conjunction with serine at residue 1034 (1034S) or aspartic acid at residue 1042 

(1042D) [206]. Moreover, a functional impact on substrate transport was suggested to be substrate 

specific and dependent on their ability to bind to residues at TM11 in the drug binding pocket 

[202]. 

 

1.3.5 Involvement of PfMDR1 in drug resistance and sensitivity 

Research focusing on pfmdr1 mutations and their role in drug resistance remains controversial 

(Table 1.1). While some studies suggest that mutations or amplification of this gene are associated 

with increased CQ resistance [207], others propose that mutations or polymorphisms are 

associated with CQ sensitivity [207-209]. There is a general agreement that mutations in pfmdr1 

are associated with altered sensitivity to MQ and ART derivates in vitro, although the exact role of 

gene polymorphisms is still under debate [160, 204]. 
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Table 1.1   Single nucleotide polymorphisms in PfMDR1 

amino acid mutation increased sensitivity increased resistance 

N86Y CQ, LF MQ, ART, QN 

Y184F LF ― 

S1034C ― MQ 

N1042D ― MQ, ART, CQ 

D1246Y CQ MQ 
CQ, chloroquine. LF, lumefantrine. MQ, mefloquine. ART, artemisinin. QN, quinine. 

 

The PfMDR1 N86Y mutation is suggested to be favorable for resistance to both CQ and the related 

drug AQ but is concomitantly associated with increased sensitivity to MQ and HF. In addition, 

increased resistance to QN and increased sensitivity to MQ was found to be related to pfmdr1 gene 

mutation N1042D alone, or the combination of mutations S1034C, N1042D, D1246Y [172]. Most 

studies are limited to single geographical areas, where specific polymorphisms can be isolated 

events. Thus, to obtain a global picture about pfmdr1 polymorphisms and drug resistance, multiple 

samples from various regions and continents would need to be analyzed. 
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1.4 Conclusion 

This literature review provides insight into the current understanding of CQ’s mode of action. 

Furthermore, controversies that have been reported were discussed. Although some properties of 

CQ have been characterized, CQ’s mechanism(s) in P. falciparum parasites that lead to irreversible 

cell damage remain unclear. The following chapters describe new findings observed between CQS 

and CQR parasites, which will advance our understanding of CQ resistance in P. falciparum. 

Furthermore, this literature review summarizes the current view for the role of PfMDR1 in drug 

resistance. While several PfMDR1 mutations have been reported to play a role in drug resistance, 

these findings were mainly reported from patient isolates. Chapter 2 of this thesis describes a 

molecular tool to study PfMDR1 mutations. Live cell imaging techniques allow in-depth studies of 

antimalarial drug transport by PfMDR1 in P. falciparum strains of different genetic background, 

thereby providing insight into the altered transport properties of drug-sensitive and –resistant 

parasites.  
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2.1 Abstract 

Background: The Plasmodium falciparum multidrug resistance 1 transporter, PfMDR1, contains 

five amino acid polymorphisms that are suggested to be involved in altered drug transport from 

the parasite’s cytosol into the digestive vacuole (DV). Transport of a substrate into another 

intracellular compartment influences the drug availability at its site of action, therefore making the 

parasite more susceptible or resistant to a drug. Fluo-4 is a known fluorescent substrate that can 

be used as a molecular tool to investigate transport dynamics of PfMDR1 in many parasite strains.  

Methods: Six P. falciparum strains with varying PfMDR1 mutations were loaded with Fluo-4 AM. 

Accumulation of the fluorophore in the DV was measured using confocal microscopy. The role of 

a key amino acid mutation was verified using selected parasite clones harboring point mutations 

at PfMDR1 amino acid position 1042. Equal expression of PfMDR1 was confirmed by Western blot.  

Results: Fluo-4 was transported by PfMDR1 into the DV of most drug-sensitive and -resistant 

parasites. Asparagine at PfMDR1 position 1042 was crucial for Fluo-4 transport, while the N1042D 

substitution abolished Fluo-4 transport. Competition studies of Fluo-4 with chloroquine, quinine 

and mefloquine were performed on parasites harboring asparagine at PfMDR1 position 1042. A 

distinct Fluo-4 transport inhibition pattern for each tested antimalarial drug was observed in 

parasite strains of different genetic background. 

Conclusion: This study demonstrates that Fluo-4 can be used to investigate PfMDR1 transport 

dynamics in both drug-sensitive and -resistant parasites. Furthermore, direct evidence of altered 

substrate transport in PfMDR1 was linked to a single amino acid mutation in the substrate binding 

pocket. This system offers a great tool to investigate the role of substrate transport by PfMDR1 

and the mutations necessary to support transport, which would lead to new insights for the 

development of novel antimalarial drugs. 
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2.2 Introduction 

Emerging resistance to commonly used antimalarial drugs is a major setback in the fight against 

malaria worldwide [210]. Understanding the molecular mechanisms behind drug resistance is of 

high importance in ongoing efforts to control this disease.  

Early on, researchers found a correlation between antimalarial resistance and the Plasmodium 

falciparum multidrug resistance 1 transporter (PfMDR1) [160, 209]. PfMDR1 is a P-glycoprotein 

homologue (Pgh1) and belongs to the ATP binding cassette (ABC) transporter superfamily. It is a 

162 kDa protein with two nucleotide binding domains (NBD) and twelve transmembrane domains 

(TMDs), with a putative substrate binding pocket in TMD11 [202]. The transporter is located in the 

membrane of the digestive vacuole (DV) [158], transporting substrates from the parasite’s 

cytoplasm into the DV [159]. 

Two factors have been suggested to play a role in altered drug susceptibility to specific antimalarial 

drugs: PfMDR1 polymorphisms and pfmdr1 gene duplications. Resistance has been associated with 

one or more variations at five amino acid positions in the PfMDR1 transporter, with wild-type 

PfMDR1 containing the amino acids N86, Y184, S1034, N1042, D1246. Increased pfmdr1 copy 

numbers have been linked to mefloquine (MQ), lumefantrine (LF), halofantrine (HF), quinine (QN) 

and artemisinin (ART) resistance [161, 175, 211], while PfMDR1 amino acid mutations S1034C, 

N1042D, D1246Y were found to enhance parasite susceptibility to MQ, HF and ART, independent 

of gene copy number [160, 163]. 

Additional evidence for altered drug transport in wild-type versus mutant PfMDR1 was shown 

through expression of different pfmdr1 variants in Xenopus laevis oocytes. Wild-type PfMDR1 

transported chloroquine (CQ) and QN but not HF, while mutant PfMDR1 transported HF but not 

QN or CQ [202]. Furthermore, residue 184 altered transport kinetics independent of drug binding 

specificity [212]. 

Computational models of PfMDR1 describe a substrate binding pocket that includes residues 86, 

1034 and 1042 [166, 168]. The binding of several antimalarial drugs was investigated using docking 

simulations within the PfMDR1 substrate binding pocket. Among the tested drugs, MQ was the 
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only candidate whose ability to form a H-bond with residue 1042 was completely abolished 

through the N1042D substitution [166]. 

Apart from antimalarial drug transport, it was shown that several PfMDR1 variants could transport 

the fluorescent substrate Fluo-4 into the DV of the parasite [159]. In contrast, Fluo-4 transport was 

abolished in drug-sensitive HB3 parasites harboring the PfMDR1 variant N86, F184, S1034, D1042, 

D1246. In a follow-up paper, the pump rate of PfMDR1 (F/Y86, Y184, S1034, N1042, D1246) was 

determined for Dd2 parasites using live cell imaging of intact infected erythrocytes [213]. 

In this study, drug-sensitive and -resistant P. falciparum strains of different genetic background 

and varying PfMDR1 polymorphisms were used to investigate the mutation(s) required for Fluo-4 

transport. In addition, P. falciparum clones of different genetic background that harbor a single 

PfMDR1 amino acid mutation at position 1042 were analyzed. Aspartic acid (D) at position 1042 

was found to abolish Fluo-4 transport into the DV. This could be restored by replacing aspartic acid 

at position 1042 with asparagine (N). Furthermore, the N1042D substitution resulted in increased 

sensitivity to MQ. Using Fluo-4 as a competitive substrate offers a powerful tool to investigate the 

role of PfMDR1 in transport of currently used antimalarial drugs for both drug-sensitive and -

resistant parasites. 

 

 

2.3 Material and Methods 

2.3.1 Parasite strains and culture conditions 

Three CQS (3D7, D10, HB3) and three CQR (Dd2, FCR3, FCB) P. falciparum strains, as well as stably 

transfected P. falciparum clones, derived from the parental lines GC03 and 3BA6, were used in this 

study. Strains GC03 and 3BA6 are progeny of the HB3 x Dd2 genetic cross [214] and harbor the 

PfMDR1 variant from HB3 but differ in their PfCRT phenotype and genotype (Table 2.1). PfMDR1 

mutants derived from GC03 and 3BA6 were produced by Sidhu and colleagues through partial 

pfmdr1 gene replacement that substituted aspartic acid (D) at position 1042 with asparagine (N) 

while leaving amino acids at residues 1034 and 1246 unchanged. The resulting clones were SNDGC03 

(S1034, N1042, D1246 in a GC03 genetic background), SND3BA6 (S1034, N1042, D1246 in a 3BA6 
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genetic background) as well as the recombinant controls SDDGC03 and SDD3BA6 [163]. All strains 

were cultured continuously, as described by Trager and Jensen [215], with modifications. Briefly, 

parasites were propagated at 5% hematocrit in culture medium containing RPMI 1640 (Life 

Technologies, Burlington, ON, Canada) supplemented with 25 mM HEPES, 2 mM L-glutamine, 

gentamicin (20 µg/ml) (Life Technologies, Burlington, ON, Canada), 100 µM hypoxanthine (Sigma-

Aldrich, Oakville, ON, Canada), 0.5% AlbuMAX I (Life Technologies, Burlington, ON, Canada). 

Parasites were maintained at 37°C with an atmosphere of 5% CO2, 3% O2 and 92% N2. A+ red blood 

cells were obtained from the Interstate Blood Bank (Memphis, TN, USA). Giemsa-stained blood 

smears were prepared daily to monitor parasite growth. For synchronization, parasites were 

treated with 5% D-sorbitol (BioShop Canada, Burlington, ON, Canada) for 10 min at 37°C; sorbitol 

was removed and parasites were washed once before putting them back into culture. To obtain 

highly synchronous parasite cultures, this treatment was repeated after 6-8 h. 

 

2.3.2 DNA isolation and sequence analysis 

The full length sequence of pfmdr1 and partial sequence of pfcrt was verified for all strains. Parasite 

strains were grown to ≥5% parasitemia and DNA was extracted using the QIAamp DNA Blood Mini 

Kit (Qiagen, Toronto, ON, Canada) according to manufacturer’s instructions. DNA was amplified in 

overlapping PCR fractions using HotStarTaq DNA polymerase (Qiagen, Toronto, ON, Canada). To 

account for the AT-rich nucleotide content in the P. falciparum genome, dNTPs (Invitrogen Canada, 

Burlington, ON, Canada) were mixed at 75% AT and 25% GC. For PCR, 2 mM MgCl2, 300 µM dNTPs 

and 300 nM primers were used. For each reaction mix, 20 ng genomic DNA was used. PCR reactions 

consisted of an initial activation step of 94°C for 3 min, followed by 35 cycles of 94°C for 60 sec, 

49–61°C (adjusted for each primer pair) for 30 sec, and 72°C for 1 min. Primers used for pfmdr1 

gene sequencing are described in [213]. Primers used for sequencing of the pfcrt gene region 

containing the main mutation sites were: pfcrt_F: 5'-GGAGGTTCTTGTCTTGGTAAATG, pfcrt_R: 5’-

TGGTAGGTGGAATAGATTCTCTTATAAA. Samples were sent for sequencing to Genome Quebec, 

Canada and analyzed using the BioEdit software [216].  
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2.3.3 Protein expression 

To determine PfMDR1 protein levels, 20 µg whole cell protein lysate were loaded in each lane of 

an 8% acrylamide gel containing SDS. The proteins were transferred onto a PVDF membrane, which 

was then blocked O/N at 4°C with 5% milk (w/v) and 0.05% Tween-20 (ACP Chemicals, St-Leonard, 

QC, Canada) in phosphate buffered saline (PBS). The membrane was further incubated with a 

1:2,000 dilution of primary anti-PfMDR1 (kindly provided by Prof. Cowman, Walter and Eliza Hall 

Institute, Victoria, Australia) or anti-PfHSP70 antibody (GenWay Biotech, San Diego, CA, USA) 

(1:2,000) in PBS-T + 5% milk for 1 h (RT), then washed and incubated with HRP-conjugated anti-

rabbit IgG secondary antibody (Abcam, Toronto, ON, Canada) (1:20,000) for 1 h (RT). 

Immunoreactive bands were detected with ImmunStar WesternC Chemiluminescent Kit (Bio-Rad 

Laboratories, Mississauga, ON, Canada) using a myECL Imager (Thermo Scientific, Burlington, ON, 

Canada). To confirm equal protein loading, chemiluminescence intensities of PfMDR1 were 

calculated for each parasite clone relative to the respective PfHSP70 chemiluminescence using 

ImageJ 1.47q (National Institutes of Health, USA). 

 

2.3.4 Growth inhibition assay 

All drugs were obtained from Sigma-Aldrich Canada (Oakville, ON, Canada) and dissolved in dH2O, 

except for DHA, which was dissolved in DMSO. Growth inhibition assays were performed as 

described previously [217], with modifications. Briefly, synchronized ring stage parasites were 

diluted to final parasitemia of 0.5% and hematocrit of 2%. A total of 100 µl culture medium per 

well was prepared in a 96-well plate assay, with a drug dilution series of 1:3, ranging from 1 µM to 

0.15 nM. Plates were incubated at 37°C, 5% CO2, 3% O2 and 92% N2 for 72 h, then frozen and stored 

at -80°C. Plates were thawed at room temperature and 100 µl 2x lysis buffer (20 mM Tris pH 7.5, 

5 mM EDTA, 0.008% saponin, 0.08% Triton X-100, 0.2 µl SYBR Green I/ml) was added to each well. 

Plates were incubated in the dark for at least 1 h. Fluorescence intensity was determined using a 

Synergy H4 plate reader (Fisher Scientific, Nepean, ON, Canada) with 485 nm excitation and 520 

nm emission wavelengths. IC50 values were determined by fitting concentration response curves 

with a custom-made procedure for IGOR Pro 6.2 based on an R script kindly provided by Le Nagard 

and used as described [218, 219]. 
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2.3.5 Live cell imaging 

Synchronized trophozoite stage parasites were loaded with 5 µM Fluo-4 AM (Life Technologies, 

Burlington, ON, Canada) in Ringer’s solution (122.5 mM NaCl, 5.4 mM KCl, 1.2 mM CaCl2, 0.8 mM 

MgCl2, 11 mM D-glucose, 10 mM HEPES, 1 mM NaH2PO4, pH 7.4) for 50 min at 37°C. If treated with 

tariquidar (TQ) (MedKoo Biosciences, Chapel Hill, NC, USA) parasites were pre-incubated at 37°C 

with 100 nM TQ for 10 min before adding 5 µM Fluo-4 AM as described. Cells were then washed 

twice with Ringer’s solution and transferred to a microscope chamber. Parasites were kept at 37°C 

during microscopy using a stage-top incubator (Tokai Hit, Shizuoka-ken, Japan). A series of four 

images per parasite was taken using a Zeiss LSM710 confocal microscope (Carl Zeiss, Oberkochen, 

Germany) equipped with a water-corrected objective (C-apochromat 63x/1.20 W Korr M27) and a 

488 nm laser (12.5 mW, 2% intensity). The range of emitted fluorescence was measured from 493-

622 nm. Images were analyzed using ImageJ 1.47q (National Institutes of Health, USA). 

 

 

2.4 Results and Discussion 

2.4.1 PfMDR1 transports Fluo-4 into the digestive vacuole. 

A genetic linkage between Fluo-4 accumulation in the DV and the PfMDR1 transporter was 

previously described [159]. Although variations in Fluo-4 accumulation were observed between 

parasite strains harboring different PfMDR1 mutations, the crucial amino acid mutation(s) 

responsible for Fluo-4 transport remained to be determined. To identify PfMDR1 mutation(s) 

crucial for Fluo-4 transport, several drug-sensitive and -resistant P. falciparum strains of different 

genetic backgrounds were tested for accumulation of Fluo-4 in the DV. Three CQ-sensitive (CQS) 

and three CQ-resistant (CQR) strains harboring different PfMDR1 mutations were selected for 

these experiments (Table 2.1). While PfMDR1 has been suggested to play a role in CQ resistance, 

the key genetic indicator for CQS versus CQR parasites is attributed to the amino acid mutation 

K76T in the P. falciparum chloroquine resistance transporter (PfCRT) [94]. This was taken into 
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consideration in this study and the relevance of PfMDR1 polymorphisms is discussed for strains 

harboring either lysine (K76) or threonine (K76T) in PfCRT. 

 

Table 2.1   Main PfCRT and PfMDR1 mutations of P. falciparum parasites used in this study 

 PfCRT  PfMDR1 

 76  86 184 1034 1042 1246 

strains        

HB3 K  N F S D D 

3D7 K  N Y S N D 

D10 K  N Y S N D 

Dd2 T  Y/F Y S N D 

FCR3 T  Y Y S N D 

FCB T  Y Y S N D 
        

clones        

GC03 K  N F S D D 

SDDGC03 K  N F S D D 

SNDGC03 K  N F S N D 

3BA6 T  N F S D D 

SDD3BA6 T  N F S D D 

SND3BA6 T  N F S N D 

 

Of the five mutation sites in PfMDR1 known to play a role in drug resistance, the parasite strains 

used for these experiments contained mutations at amino acid positions 86, 184 and 1042, which 

are mainly found in African and Asian isolates [175, 204, 220, 221]. To determine if mutations at 

these residues influence transport of Fluo-4 by PfMDR1, accumulation of Fluo-4 in the DV was 

measured in live parasites using confocal microscopy. All parasite strains, except HB3, showed high 

accumulation of Fluo-4 in the DV (Figure 2.1A+B). Fluo-4 accumulation in the DV was impeded by 

pre-incubation of the parasites with tariquidar (TQ), a specific inhibitor of Pgp transporters [222], 

including PfMDR1 (Figure 2.1B). Importantly, Fluo-4 accumulation in the DV was shown to be 

independent of the PfCRT K76T mutation, suggesting that the PfCRT mutation alone has no effect 

on Fluo-4 accumulation. 
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Figure 2.1   Fluo-4 fluorescence in P. falciparum parasites. Parasites were incubated with 5 µM Fluo-4. A, Representative 
images of P. falciparum-infected erythrocytes. Scale bar, 5 µm. B, Mean Fluo-4 fluorescence ratio (DV/cytosol) ± SEM. 
When treated with the Pgp inhibitor tariquidar (TQ), fluorescence ratio was reduced, indicating that Fluo-4 transport 
occurred exclusively through PfMDR1. Total n ≥ 67 for each strain, done in three independent experiments. 
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2.4.2 Fluo-4 transport is associated with PfMDR1 N1042.  

Strain HB3, which does not accumulate Fluo-4 in the DV, harbors two PfMDR1 amino acid 

mutations, Y184F and N1042D, which are not found in the other tested P. falciparum strains (Table 

2.1), suggesting that one of these two residues is responsible for the altered Fluo-4 transport seen 

in HB3 parasites. It has previously been demonstrated for the human homolog of PfMDR1 that the 

Y184F mutation does not influence drug specificity [212]. Furthermore, this residue only mildly 

increased drug resistance in comparison to other PfMDR1 mutation sites [168]. In contrast, amino 

acid position 1042 is thought to be part of the transporter binding pocket and forms electrostatic 

interactions with amodiaquine (AQ), CQ, MQ (only in the presence of asparagine), HF, vinblastine 

and vincristine [163, 166, 168]. Therefore, the role of PfMDR1 mutations at position 1042 were 

investigated in more detail.  

To analyze the influence of PfCRT on Fluo-4 transport, existing parasite clones containing either 

lysine (K) or threonine (T) at residue 76 in PfCRT were selected and compared. For this, stably 

transfected P. falciparum clones derived from the parental lines GC03 and 3BA6 were used, where 

GC03 harbors the K76 PfCRT genotype and is CQ sensitive, and 3BA6 contains the PfCRT K76T 

mutation that confers CQ resistance (Table 2.1). Both GC03 and 3BA6 contain the PfMDR1 

sequence N86, Y184F, S1034, N1042D, D1246, identical to the HB3 strain. Experiments verified 

that neither GC03 nor 3BA6 were able to accumulate Fluo-4 in the DV, as expected. As a control, 

clones SDDGC03 and SDD3BA6, harboring the same mutations as GC03 and 3BA6, revealed that the 

PfMDR1 N1042D mutation did not transport Fluo-4 into the DV (Figure 2.2A+B). Fluo-4 transport 

was only established with the introduction of asparagine at residue 1042 for both clones (SNDGC03 

and SND3BA6). Transport was independent of the PfCRT K76T mutation, since Fluo-4 transport was 

equally impaired in GC03 and 3BA6 parental lines as well as the SDDGC03 and SDD3BA6 controls, and 

only seen in the clones SNDGC03 and SND3BA6. Transport specificity for PfMDR1 in clones SNDGC03 

and SND3BA6 was confirmed through pre-incubation of the samples with the Pgp inhibitor TQ 

(Figure 2.2B + Suppl. Figure S2.5). These results indicate a pivotal role for asparagine at PfMDR1 

residue 1042 in Fluo-4 transport, independent of PfCRT.  
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Figure 2.2   Fluo-4 fluorescence in P. falciparum clones with different PfMDR1 and PfCRT mutations. Parasites were 
incubated with 5 µM Fluo-4 AM in Ringer’s solution for 50 min at 37°C, then washed with Ringer’s solution and 
transferred onto a microscope chamber. A, Single images of different P. falciparum clones. Scale bar, 5 µM. B, Mean 
Fluo-4 ratio of the digestive vacuole (DV) compared to the cytosol. When treated with tariquidar (TQ), parasites were 
pre-incubated with 100 nM TQ for 10 min at 37°C before adding Fluo-4 AM for 50 min. Total n ≥80 for each strain, 
done in three independent experiments on different days. Error bars represent SEM. ***, p <0.0001. C, Western blot 
of synchronized trophozoite stage parasites using anti-PfMDR1 antibodies. Anti-PfHSP70 was used as a loading control. 
PfMDR1 protein expression levels were normalized to PfHSP70 and measured in triplicate ± SEM. 

 

In addition to PfMDR1 polymorphisms, increased pfmdr1 gene copy numbers and PfMDR1 

expression levels have also been suggested to play a role in drug resistance or susceptibility [161, 

211, 223]. To verify that Fluo-4 accumulation in the DV of the clones SNDGC03 and SND3BA6 was not 

linked to increased PfMDR1 expression, PfMDR1 protein levels were analyzed for these parasite 
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clones (Figure 2.2C). No significant increase in PfMDR1 expression was detected for the GC03 and 

3BA6 parental lines or their clones harboring the D1042N substitution (p > 0.05). Therefore, Fluo-

4 accumulation in the DV of these clones was only associated with the mutation at PfMDR1 residue 

1042. 

 

2.4.3 Effect of N1042D polymorphism on drug susceptibility.  

Since transport of Fluo-4 was dependent on specific PfMDR1 polymorphisms, it follows that the 

N1042D substitution in the PfMDR1 substrate binding pocket may not only alter the binding and 

transport of Fluo-4, but also influence other substrates, such as antimalarial drugs. To determine 

if the amino acid substitution at residue 1042 resulted in altered drug sensitivity or resistance of 

the parasite clones, growth inhibition assays were performed. A change in a given drug’s IC50 would 

indicate a role for PfMDR1 amino acid position 1042 in its transport. CQ IC50 values for the CQS 

clones were found to be 47 ± 2.6 nM for GC03, 46 ± 2.2 nM for SDDGC03 and 49 ± 2.8 nM for SNDGC03, 

while CQ IC50 values for CQR clones were 262 ± 5.7 nM for 3BA6, 204 ± 9.4 nM for SDD3BA6 and 274 

± 5.6 nM for SND3BA6 (Table 2.2). This suggests that an amino acid mutation at PfMDR1 residue 

1042 does not affect susceptibility or resistance to CQ. CQ resistance could be reversed in CQR 

strains through the addition of 1 µM verapamil, while no significant difference in CQS strains was 

observed (p > 0.05), as expected. Similarly, CQS clones were more susceptible to quinacrine (QC) 

with IC50 values of 11 ± 0.3 nM for GC03, 13 ± 0.3 nM for SDDGC03 and 14 ± 0.4 nM for SNDGC03 

compared to the higher QC IC50 values of 43 ± 3.4 nM for 3BA6, 41 ± 1.0 nM for SDD3BA6 and 42 ± 

2.3 nM for SND3BA6. Here again, as for CQ, an amino acid mutation at PfMDR1 residue 1042 did not 

affect susceptibility or resistance to QC. The same was found for dihydroartemisinin (DHA). CQS 

clones were four-fold less sensitive than CQR clones (4 ± 0.1 nM versus 1 ± 0.1 nM) and this 

resistance was not reversible by the addition 1 µM verapamil. Therefore, the PfMDR1 N1042D 

mutation alone does not appear to be a major determinant for altered CQ, QC or DHA susceptibility 

in these parasites (Table 2.2). 

Interestingly, the N1042D mutation did provide changes in drug susceptibility for the antimalarial 

drugs QN and MQ. A significant decrease in QN IC50 values was observed in the GC03 and 3BA6-
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derived clones SNDGC03 and SND3BA6 compared to the parental lines GC03 and 3BA6 or their 

recombinant controls SDDGC03 and SDD3BA6 (p < 0.005) (Table 2.2), which is in agreement with 

previous findings [163]. The opposite effect was observed for MQ. For the clones SNDGC03 and 

SND3BA6, the D1042N substitution led to an approx. three-fold increase in resistance to MQ (Table 

2.2). MQ IC50 values increased from 6 ± 0.9 nM in GC03 to 19 ± 0.6 nM in SNDGC03, and from 5 ± 

0.3 nM in 3BA6 to 14 ± 0.5 nM in SND3BA6. This was a significant increase in MQ IC50 values for the 

clones SNDGC03 and SND3BA6 compared to the parental lines (p = 0.0003 for GC03 vs SNDGC03; p = 

0.0001 for 3BA6 vs SND3BA6).  Similar increases in MQ resistance (approx. 3-fold) have been found 

in field isolates from Africa and Asia [224, 225]. A three-fold increase in MQ resistance was also 

confirmed in vitro through allelic exchange of pfmdr1 [160]. Therefore, the PfMDR1 mutation 

crucial for MQ resistance in vitro is likely to play a role in increased MQ resistance in the field. 

Nevertheless, growth inhibition experiments do not fully elucidate the altered transport of MQ by 

PfMDR1. For this reason, co-incubation antimalarial drugs with Fluo-4 can provide additional 

insight into PfMDR1 transport properties. 

 

 

Table 2.2   IC50 values of P. falciparum parasites used in this study 

 CQ CQ + VP DHA DHA + VP QC QC+ VP QN MQ 

3D7 24 ± 5.6 17 ± 1.2 n.d. n.d. n.d. n.d. 14 ± 2.7 8 ± 1.2 

Dd2 169 ± 3.9 53 ± 6.5 n.d. n.d. n.d. n.d. 31 ± 6.4 27 ± 4.0 

GC03 47 ± 2.6 46 ± 2.1 4 ± 0.1 4 ± 0.1 11 ± 0.3 18 ± 0.4 55 ± 7.3 6 ± 0.9 

SDDGC03 46 ± 2.2 47 ± 0.6 4 ± 0.1 3 ± 0.2 13 ± 0.3 15 ± 0.7 54 ± 5.1 7 ± 0.6 

SNDGC03 49 ± 2.8 47 ± 2.2 4 ± 0.1 3 ± 0.1 14 ± 0.4 17 ± 0.3 54 ± 1.6 19 ± 0.6 

3BA6 262 ± 5.7 41 ± 1.8 1 ± 0.1 1 ± 0.1 43 ± 3.4 47 ± 2.2 48 ± 3.2 5 ± 0.3 

SDD3BA6 204 ± 9.4 63 ± 1.5 1 ± 0.0 1 ± 0.1 41 ± 1.0 39 ± 0.5 51 ± 1.6 6 ± 0.7 

SND3BA6 274 ± 5.6 69 ± 5.6 1 ± 0.1 1 ± 0.0 42 ± 2.3 39 ± 0.4 55 ± 5.2 14 ± 0.5 

All values are given in nM. CQ = chloroquine; VP = verapamil; DHA = dihydroartemisinin; QC = quinacrine; QN = quinine; 
MQ = mefloquine; n.d. = not determined. Values were determined from at least three independent experiments, carried 
out on three separate days. 
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2.4.4 Substrate competition of antimalarial drugs with Fluo-4 to determine drug transport by 
PfMDR1. 

PfMDR1 is involved in the transport of substrates, including various antimalarial drugs, from the 

cytosol into the DV [163, 202], but the role of PfMDR1 polymorphisms in drug resistance is not fully 

understood. Mutations at residue 86 have been suggested to allosterically influence the TMD11 

drug binding site [202], while PfMDR1 residues 1034 and 1042 are located in a proposed binding 

pocket. Electrostatic interactions with both asparagine and aspartic acid at position 1042 have 

been demonstrated in silico for CQ, QN and MQ [166, 168]. While CQ was unable to form a 

hydrogen (H)-bond with either asparagine or aspartic acid at residue 1042, asparagine at residue 

1042 was able to form a H-bond with MQ [166]. No information is available on H-bond formation 

of QN with residue 1042.  

Further insight into the importance of PfMDR1 in drug transport can be achieved through 

competition studies using two potentially competitive substrates, e.g., fixed amounts of Fluo-4 and 

increasing drug concentrations. For this purpose, two parasite strains were chosen to evaluate 

potential differences in antimalarial drug transport in sensitive (3D7) and resistant (Dd2) parasites. 

3D7 is sensitive to CQ, QN and MQ (Table 2.2), while Dd2 is resistant to these drugs. HB3 was not 

used, since it does not transport Fluo-4 into the DV. The measured changes of Fluo-4 accumulation 

in the DV in the presence of antimalarial drugs were compared for 3D7 and Dd2 parasites. 

For 3D7 parasites, increasing CQ concentration led to a strong decrease in Fluo-4 accumulation in 

the DV (Figure 2.3A). While TQ is a noncompetitive inhibitor of MDR1 through inhibition of the 

ATPase activity [226], CQ is thought to bind to the transporter’s substrate binding pocket and is 

likely a competitive inhibitor of Fluo-4. Pre-incubation of 3D7 parasites with 250 nM CQ resulted 

in decreased Fluo-4 accumulation in the DV, where only 5% ± 1.0% of the Fluo-4 fluorescence in 

the absence of drug was measured. In Dd2 parasites, pre-incubation with 250 nM CQ reduced Fluo-

4 fluorescence in the DV by half (48% ± 3.0%).  

MQ reduced Fluo-4 transport into the DV to 45% ± 2.0% in 3D7 parasites and only 82% ± 6.0% in 

Dd2 parasites (Figure 2.3A). For MQ, decreased Fluo-4 transport in 3D7 compared to Dd2 cannot 

be attributed to a PfMDR1 amino acid mutation at position 1042 alone since both strains harbor 
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wild-type N1042. However, Dd2 parasites harbor an amino acid mutation at PfMDR1 residue 86, 

which was described to influence MQ sensitivity in African field isolates [207, 221, 227] and, 

therefore, may alter MQ transport through PfMDR1 as seen in the experiments presented here. 

QN was less effective than CQ or MQ and only decreased Fluo-4 fluorescence in the DV to 59% ± 

2.9% in 3D7 parasites and not significantly in Dd2 parasites (92% ± 3.4%) (Figure 2.3A). The 

differences between 3D7 and Dd2 parasites at the level of Fluo-4 reduction may be linked to 

PfMDR1 residue 86, which is suggested to influence CQ susceptibility [228]. It is conceivable that 

N86Y can allosterically influence the drug binding site at TMD11, as suggested in {Ferreira, 2011 

#1044}. In this study, residue 86 was not examined in detail.  
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Figure 2.3   Competition of Fluo-4 transport with antimalarial drugs. A, Parasites were pre-incubated with different 
concentrations of chloroquine (CQ), mefloquine (MQ) or quinine (QN), or left untreated before adding Fluo-4. B, 
Parasites were pre-incubated as described with 250 nM of CQ, MQ or QN. Experiments were done in triplicate in 
independent experiments. Error bars represent SEM. *, P < 0.05; ***, P < 0.0001. 
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Fluo-4 competition with antimalarial drugs was also tested on the parasite clones SNDGC03 and 

SND3BA6. Using a single drug concentration of 250 nM, Fluo-4 accumulation was decreased in the 

DV of SNDGC03 and SND3BA6 parasites to 33% ± 1.9% and to 39% ± 3.0% for CQ, to 61% ± 3.1% and 

to 65% ± 4.8% for MQ, and to 58% ± 3.9% and to 91% ± 4.4% for QN, respectively. Almost all tested 

antimalarial drugs decreased Fluo-4 accumulation in the DV in both SNDGC03 and SND3BA6 clones, 

except QN (Figure 2.3B). This again suggests that the influence of antimalarial drugs on substrate 

transport by PfMDR1 is not only dependent on PfMDR1 polymorphisms but also on the varying 

genetic background of the parasite strain.  

The influence of the N1042D substitution on Fluo-4 transport is explained in a proposed model 

(Figure 2.4). Fluo-4 is intrinsically negatively charged and, therefore, replacement of a neutral 

asparagine at residue 1042 with a negatively charged aspartic acid alters the local environment, 

making it less favorable to Fluo-4. TQ does not influence Fluo-4 affinity for the substrate binding 

pocket but prevents adenosine triphosphate (ATP) hydrolysis of PfMDR1. Since both NBDs act in 

concert [229], complete inhibition of ATPase activity is already achieved when one nucleotide 

binding site is blocked. 

 

 

Figure 2.4   Model of Fluo-4 transport. The docking of substrates in the PfMDR1 binding pocket is influenced by the 
size, charge and polarity of local amino acids. Asparagine (N) and aspartic acid (D) are both polar, hydrophilic and small 
in volume. While N is an amide and uncharged, D is acidic and negatively charged. A, for parasites containing the 
PfMDR1 N1042 polymorphism, the intrinsically negatively charged Fluo-4 gets transported from the cytoplasm into 
the digestive vacuole (DV) where it accumulates. B, in the presence of PfMDR1 N1042D, which adds a negative charge 
to the binding pocket, Fluo-4 does not get transported by PfMDR1 and no Fluo-4 accumulation is detected in the DV. 
C, Fluo-4 transport is abolished through the addition of the Pgp inhibitor tariquidar (TQ), which does not alter the 
substrate binding but prevents ATP hydrolysis and therefore the conformational change that is necessary for substrate 
dislocation. 
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Detailed transport kinetics for parasite strains of different origin will provide additional information 

on substrate transport by PfMDR1. Using Fluo-4 as a competitive substrate circumvents the issue 

of direct labeling of antimalarial drugs with a fluorescent tag that may alter their transport 

properties. Therefore, Fluo-4 is a powerful tool to selectively study transport kinetics of PfMDR1 in 

intact P. falciparum-infected erythrocytes. 

 

 

2.5 Conclusion 

This study provides direct evidence for reduced PfMDR1-driven substrate transport through the 

single amino acid mutation N1042D, located in the substrate binding pocket. The relevance of this 

amino acid mutation may have been underestimated and needs further investigation. 

Furthermore, it is now possible to test additional mutations within the binding pocket of PfMDR1 

to verify their potential role in drug transport. Accordingly, using Fluo-4 in a drug competition assay 

is a powerful tool to better examine drug transport kinetics via PfMDR1. This newly acquired 

information can help elucidate the role of PfMDR1 in drug transport, which has remained 

controversial for decades. For example, while earlier investigations have suggested a link between 

MQ resistance and asparagine at PfMDR1 amino acid position 86 in isolates from Thailand and 

West Africa [205, 207], others have associated wild-type PfMDR1 and increased gene copy 

numbers with MQ resistance [209, 230]. More recent publications have found strong evidence for 

a role for N1042 in MQ resistance in Thai isolates [99, 231], suggesting that the importance of this 

mutation has been underestimated in previous field studies. The importance of N1042 for MQ 

resistance was similarly demonstrated in vitro through combined amino acid substitutions that 

generated a parasite strain harboring the mutations S1024C, N1042D, D1246Y [160]. This newly 

generated strain was approx. three-fold more susceptible to MQ exposure compared to the 

parental strain [160]. The results presented here support a potential role of PfMDR1 N1042 in 

parasite resistance to MQ. Further investigations will help elucidate the significance of this 

polymorphism on substrate transport. 
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2.7 Chapter-related Supporting Information 

 

 

Suppl. Figure S2.5   Inhibition of Fluo-4 transport through tariquidar. P. falciparum clones were pre-incubated with 100 
nM tariquidar for 10 min at 37°C, then 5 µM Fluo-4 AM was added for 50 min. Fluo-4 accumulation in the digestive 
vacuole was abolished. Experiments were done in triplicate. These images are supplementary to the data obtained for 
Figure 2.3B. Scale bar, 5 µm. 
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Connecting Statement I 

 

In the first manuscript, a pivotal role of PfMDR1 residue 1042, located in the substrate binding 

pocket, was demonstrated for Fluo-4 transport. Furthermore, the N1042D mutation was shown to 

increase parasite susceptibility to MQ but not CQ or QN. In addition, competition studies of Fluo-4 

with MQ, CQ and QN revealed distinct inhibition patters for parasite strains of drug-sensitive or -

resistant background. Highest changes in Fluo-4 transport inhibition between a drug-sensitive and 

-resistant strain were seen with increasing CQ concentrations. 

In the following chapter, differences between CQS and CQR strains will be further elucidated. The 

exact mechanism of CQ resistance is not understood. The importance of various factors, such as 

the role of the PfCRT K76T mutation, polymorphisms in the PfMDR1 transporter, or altered CQ 

affinity to FPIX are discussed. Researchers agree that CQR strains accumulate less CQ than CQS 

strains. In addition, some studies suggest that CQR strains tolerate higher intracellular CQ 

concentrations than CQS strains. Therefore, molecular and phenotypic differences between CQS 

and CQR strains will be investigated using CQ concentrations that are equivalent to the IC50 values 

of each strain. 
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3.1 Abstract 

Chloroquine (CQ) treatment failure in Plasmodium falciparum parasites has been documented for 

decades. The exact mechanism of parasite killing in CQ-sensitive (CQS) versus CQ-resistant (CQR) 

parasites is not fully understood. In this study, we analyze the onset of cellular responses in 

synchronized CQS and CQR parasite strains when exposed to CQ concentrations equivalent to their 

respective IC50 concentrations. We found that parasite survival is higher in CQR parasites when 

compared to CQS parasites in the initial 10 h of CQ exposure. Additionally, live cell imaging showed 

that dark cytosolic structures start to appear in CQS but not CQR parasites within 1 h of CQ 

exposure that were later confirmed as hemozoin (Hz) crystals. Electron microscopy (EM) revealed 

that the cytosolic Hz was always confined in compartments surrounded by a membrane bilayer 

and not found freely within the cytosol. Leakage of Hz crystals from the digestive vacuole (DV) was 

ruled out, since pre-incubation with Fluo-4 AM prior to CQ exposure showed that the DV 

membrane remained intact. To determine the origin of these compartments, CQS parasites were 

loaded with Fluo-4 AM, which accumulates in the DV. Subsequent treatment with CQ showed co-

localization of Fluo-4 with Hz-containing cytosolic compartments, indicating that they originate 

from the DV. Our findings suggest that CQS but not CQR parasites form cytosolic Hz-containing 

compartments on exposure to CQ. CQR parasites tolerate higher levels of extracellular CQ and 

require prolonged CQ exposure before parasite killing events are triggered. We conclude that CQ 

resistance is not linked to reduced intracellular CQ concentration alone and additional regulatory 

mechanisms most likely play an important role for parasites coping with CQ exposure. 
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3.2 Author Summary 

Malaria continues to be a major threat to humanity; more than 300 million people live in risk areas. 

Chloroquine (CQ) was the drug of choice to treat malaria for more than 30 years until resistance 

emerged. Since then, researchers have mainly focused on understanding the mechanisms of CQ 

resistance by studying genetic mutations. When the K76T mutation in the P. falciparum 

chloroquine resistance transporter (PfCRT) was found to be linked to CQ resistance, an important 

aspect of CQ resistance was revealed. However, recent findings suggest that additional 

mechanisms are most likely involved. Here, we show that CQ-sensitive (CQS) parasites display 

phenotypic features subsequent to drug exposure that are absent in CQ-resistant (CQR) parasites, 

even when CQR parasites are exposed to equally lethal CQ concentrations. While 61% of CQS 

parasites formed cytosolic hemozoin-containing compartments within 4 h after CQ exposure, only 

9% of CQR parasites developed similar structures. The formation of cytosolic hemozoin-containing 

structures in CQS parasites after CQ exposure has not been previously described. Its absence in 

CQR parasites may be a key contributor to their increased survival. 
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3.3 Introduction 

Reducing the worldwide malaria burden is a top priority of global health organizations. Although 

extensive malaria control measures have decreased the number of malaria cases worldwide [232], 

much remains unknown about drug resistance mechanisms, hampering control strategies to 

adequately contain this disease. Treatment failures with currently used antimalarial drugs due to 

resistance is the biggest concern, since a very limited number of new drug combinations is readily 

available. For this reason, it is imperative to understand the mechanisms of drug resistance to 

currently used antimalarials. 

Chloroquine (CQ) belongs to one of the most effective, low-cost antimalarial drug classes available, 

and resistance to this drug required decades to evolve [233, 234]. CQ passes through biological 

membranes in its uncharged form and accumulates due to its weak base properties in the 

parasite’s acidic digestive vacuole (DV) [3]. CQ has been shown to bind to ferriprotoporphyrin IX 

(FPIX), a product that is released during proteolysis of hemoglobin [235]. High concentrations of 

FPIX are potentially toxic to the parasite, since FPIX has the ability to permeabilize membranes, 

eventually leading to cell lysis [63, 78, 236]. To overcome this, the parasite biocrystalizes FPIX 

dimers into inert hemozoin (Hz) crystals [237]. Binding of CQ to FPIX inhibits hemozoin production 

[21, 53, 56, 79, 97, 238], resulting in an increase of toxic FPIX in the DV that is able to permeabilize 

the DV membrane and release DV content into the cytosol, thereby triggering parasite death. 

Resistance to CQ has mainly been attributed to a point mutation in the Plasmodium falciparum 

chloroquine resistance transporter (PfCRT) at amino acid position 76 [2, 95, 239], although other 

PfCRT mutations may also play a role [240]. PfCRT containing the K76T mutation is able to transport 

CQ out of the DV, away from its site of action [90], limiting the concentration of CQ molecules 

available to bind to FPIX and consequently reducing cell damage. However, CQ-resistant (CQR) 

parasites have been shown to tolerate higher CQ levels in the DV, which cannot be explained by 

CQ concentration-dependent toxicity effects alone. When CQ-sensitive (CQS) and CQR parasites 

are exposed to varying concentrations of extracellular chloroquine to obtain equal CQ-

concentrations found in the DV, CQR parasites still have higher IC50 values than CQS parasites [4]. 
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Therefore, a more detailed understanding of the mechanism of CQ-triggered parasite death is of 

high importance. 

In this study, we investigated phenotypic differences in CQS and CQR parasites after CQ exposure. 

Our work focused on alterations in CQS and CQR parasites when exposed to equally effective CQ 

concentrations based on their IC50 values.  We found that, within hours of CQ exposure, multiple 

Hz-containing compartments were observed in the cytosol of CQS but not CQR parasites. These 

Hz-containing compartments originate from the DV and are independent from the disruption of 

the DV membrane, which most likely occurs at a later stage during CQ treatment. Our novel 

findings suggest that, when exposed to CQ, CQS and CQR parasites display different cellular 

responses during the same time frame. 

 

 

3.4 Material and Methods 

3.4.1 Parasite strains and culture conditions 

CQS (3D7, HB3) and CQR (FCB, Dd2) parasite strains were cultured continuously, as described by 

Trager and Jensen [215], with modifications. Briefly, parasites at 5% hematocrit were propagated 

in RPMI 1640 (Life Technologies, Burlington, ON, Canada) supplemented with 25 mM HEPES, 2 mM 

L-glutamine, gentamicin (20 µg/ml) (Life Technologies, Burlington, ON, Canada), 100 µM 

hypoxanthine (Sigma-Aldrich, Oakville, ON, Canada), and 0.5% AlbuMAX I (Life Technologies, 

Burlington, ON, Canada). Parasites were maintained at 37°C under an atmosphere of 5% CO2, 3% 

O2 and 92% N2. A+ red blood cells were obtained from the Interstate Blood Bank (Memphis, TN, 

USA). Giemsa-stained blood smears were prepared daily to monitor parasite growth. For 

synchronization, parasites were exposed to 5% D-Sorbitol (BioShop Canada, Burlington, ON, 

Canada) for 10 min at 37°C; sorbitol was removed and parasites were washed once before being 

put back into culture. To obtain highly synchronous parasite cultures, this treatment was repeated 

6-8 h later. 
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3.4.2 Growth inhibition assays 

All drugs were obtained from Sigma-Aldrich Canada (Oakville, ON, Canada) and dissolved in dH2O. 

Growth inhibition assays were performed as described previously [217], with modifications. 

Synchronized ring stage parasites were diluted to a final parasitemia of 0.5% and a hematocrit of 

2%. A total of 100 µl culture medium per well was prepared in a 96-well plate assay, with a drug 

dilution series of 1:3, ranging from 1 µM to 0.15 nM. Plates were incubated at 37°C, 5% CO2, 3% 

O2 and 92% N2 for 72hrs, then frozen and stored at -80°C. Plates were thawed at room temperature 

and 100 µl 2x lysis buffer (20 mM Tris pH 7.5, 5 mM EDTA, 0.008% saponin, 0.08% Triton X-100, 

0.2 µl SYBR Green I/ml) was added to each well. Plates were incubated in the dark for at least 1 h. 

Fluorescence intensity was determined using a Synergy H4 plate reader (Fisher Scientific, Nepean, 

ON, Canada) with 485 nm excitation and 520 nm emission wavelengths. IC50 values were 

determined by fitting concentration response curves with a custom made procedure for IGOR Pro 

6.2 based on an R script kindly provided by Le Nagard and used as described [218, 219]. 

 

3.4.3 Parasite killing 

Synchronized ring stage parasites were prepared in triplicates at 1% parasitemia and 2% 

hematocrit in 100 µl culture medium in a 96-well plate. They were left untreated (control) or 

exposed to concentrations of CQ 10x, 20x or 30x their IC50 values (Table 3.1) and incubated for 

various lengths of time. After incubation, parasites were washed with cell culture medium (as 

described above) to remove CQ and resuspended in 100 µl culture medium. Parasites were 

incubated for 48 h at 37°C, 5% CO2, 3% O2 and 92% N2, after which the plates were frozen at -80°C. 

Analysis was performed with SYBR Green I detection as described above. 

 

3.4.4 Fluo-4 AM loading of parasites 

For analysis of DV membrane integrity, synchronized early trophozoite stage parasites were loaded 

with 5 µM Fluo-4 AM (Life Technologies, Burlington, ON, Canada) in Ringer’s solution (122.5 mM 

NaCl, 5.4 mM KCl, 1.2 mM CaCl2, 0.8 mM MgCl2, 11 mM D-glucose, 10 mM HEPES, 1 mM NaH2PO4, 
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pH 7.4) for 50 min at 37°C. Cells were then washed twice with Ringer’s solution and transferred 

onto poly-L-lysine (Sigma-Aldrich, Oakville, ON, Canada) coated cover slips in a microscope 

chamber containing 10 µM CQ in Ringer’s solution. Parasites were kept at 37°C in a stage-top 

incubator (Tokai Hit, Shizuoka-ken, Japan) for the entire experiment. Ringer’s solution was replaced 

every 60 min with or without 10 µM CQ for treated and control groups, respectively. The same 

parasites were imaged every 15 min using a time series on a Zeiss LSM710 confocal microscope 

(Carl Zeiss, Oberkochen, Germany) equipped with a water-corrected objective (C-apochromat 

63x/1.20 W Korr M27) and 488 nm laser (12.5 mW, 0.8%). Images were analyzed using ImageJ 

1.47q (National Institutes of Health, USA). 

To investigate whether the Hz-containing cytosolic vesicles are DV-derived, trophozoite stage 3D7 

parasites were loaded with 5 µM Fluo-4 AM in Ringer’s solution for 60 min at 37°C. To remove 

excess Fluo-4, parasites were washed twice with Ringer’s solution. Parasites were subsequently 

incubated with 500 nM CQ in Ringer’s for 3 h at 37°C to trigger the formation of cytosolic Hz-

containing compartments. Cells were then transferred onto a microscope chamber containing 500 

nM CQ in Ringer’s solution. A constant temperature of 37°C was maintained during imaging using 

a stage-top incubator. Images were taken with the Zeiss LSM 710 confocal microscope and 488 nm 

laser (12.5 mW, 3.0%) and analyzed using the ZEN 2010 software (Carl Zeiss MicroImaging, 

Oberkochen, Germany). 

 

3.4.5 Parasite enrichment 

Synchronous parasite cultures with 5% parasitemia were harvested and trophozoite stage 

parasites purified using an Easycoll (Cedarlane Laboratories, Burlington, ON, Canada) density 

gradient. In a 15 ml tube, a gradient of 4 ml 80% Easycoll, 3 ml 70% Easycoll, 3 ml 60% Easycoll and 

3 ml 40% Easycoll was prepared. The gradient percentage was adjusted using warm Ringer’s 

solution. Approx. 500 µl parasite culture was resuspended in 2 ml Ringer’s solution and layered on 

top of the gradient. Tubes were centrifuged at 5000 rpm (Thermo Fisher Scientific, Mississauga, 

ON, Canada) for 45 min at 24°C with low acceleration and decelerated without brake. Trophozoite 
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stage parasites accumulated at the interphase between 60% and 70%. The parasites isolated from 

this phase were washed twice with Ringer’s solution and typically enriched to 62-93% parasitemia. 

 

3.4.6 Electron microscopy 

The enriched trophozoite pellet was resuspended in 500 µl fixation solution containing 50 mM 

cacodylic acid (Carl Roth, Karlsruhe, Germany), 1% paraformaldehyde (Applichem, Darmstadt, 

Germany), 2.5% glutaraldehyde (Merck KGaA, Darmstadt, Germany), 2.5 mM MgCl2 and 50 mM 

KCl, pH 7.2. The sample was centrifuged at 3000 rpm for 20 min at 4°C, the supernatant aspirated 

and another 500 µl fixation solution was added overnight at 4°C. Fixation solution was removed 

and the pellet was washed three times with 50 mM cacodylic acid, pH 7.2. The samples were 

stained with 2% OsO4 in 50 mM cacodylic acid, pH 7.2 at 4°C for 2 h, then washed with H2O, stained 

with 0.5% aqueous uranyl acetate at 4°C overnight and washed with H2O. Samples were 

dehydrated and embedded in epon 812 (Serva, Heidelberg, Germany). Ultrathin sections of 50-70 

nm thickness were analyzed using a JEM-2100 TEM (JEOL, Eching, Germany) at 200 kV. Images 

were taken using a 4K camera from Tietz Video and Image Processing Systems (TVIPS, Gauting, 

Germany). 

 

3.4.7 JC-1 activity assay 

Synchronized 3D7 and Dd2 trophozoites were washed with Ringer’s solution and incubated for 4 

h with 480 nM CQ for 3D7 and 3.4 µM for Dd2 (corresponding to their respective 20x IC50 CQ 

concentrations) at 37°C in 500 µl Ringer’s solution at 5% hematocrit. In the final 30 min of 

incubation, 4 µM JC-1 (Life Technologies, Burlington, ON, Canada) was added. Cells were washed 

with Ringer’s solution and placed onto a microscope chamber. Fluorescence was measured using 

a Zeiss LSM 710 confocal microscope (Carl Zeiss, Oberkochen, Germany) and a 488 nm laser (12.5 

mW, 0.8%). Two emission spectra were used to distinguish JC-1 monomers (530 nm) and 

aggregates (590 nm). 
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3.5 Results 

3.5.1 IC50 determination of CQ for sensitive and resistant strains. 

Effects of CQ on CQS and CQR parasites were evaluated on all strains used in this study. Since the 

IC50 of a drug can vary among laboratories due to slight alterations in culture conditions, parasite 

handling and methods used, we first determined the CQ IC50 for the strains used in this study (Table 

3.1) by fitting concentration-response curves obtained with the SYBR Green I detection assay using 

a standardized method for data analysis [218]. The CQS strains 3D7 and HB3 had IC50 values of 24 

± 5.6 nM and 14 ± 1.2 nM, respectively. IC50 values for the CQR strains Dd2 and FCB were 169 ± 3.9 

nM and 166 ± 8.6 nM, respectively. Resistance to CQ could be reversed in the CQR strains by the 

addition of 1 µM verapamil (VP), while no significant difference was observed with VP in CQS strains 

(p > 0.05), as expected. All IC50 values are in good agreement with those obtained by other groups 

[217, 241-244]. Subsequent experiments using CQ were based on these IC50 values. 

 

Table 3.1   IC50 values of P. falciparum strains used in this study 

Strain CQ (nM) CQ + VP (nM) 

3D7 24 ± 5.6 17 ± 1.2 

HB3 14 ± 1.2 19 ± 1.6 

Dd2 169 ± 3.9 53 ± 6.5 

FCB 166 ± 8.6 41 ± 6.5 

Values obtained from three independent experiments ± SEM. 
CQ, chloroquine; VP, verapamil. 
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3.5.2 Effect of CQ on CQS and CQR parasite morphology. 

Synchronized early trophozoite stages of two CQS (3D7, HB3) and CQR (Dd2, FCB) strains were 

examined using differential interference contrast (DIC) microscopy to observe morphological 

changes 1-4 h after incubation with 500 nM CQ. In CQS strains, dark, rapidly moving structures 

appeared in the cytosol after CQ exposure, moving freely and non-directionally within the cytosol 

(Figure 3.1A). Parasites with dark cytosolic structures were detected using DIC microscopy shortly 

after CQ exposure and the number of these cytosolic structures steadily increased until it 

plateaued at approx. 3 h (Figure 3.1B). In CQR strains, very few of these cytosolic structures were 

observed (<10% after 4 h), even after the addition of high concentrations of CQ (30x CQ IC50) 

(Figure 3.1A, Suppl. Figure S3.6). 

To determine the rate of appearance of dark cytosolic structures in CQS and CQR parasites, 3D7 

and Dd2 parasites were exposed to a 20x IC50 CQ concentration for up to 4.5 h. 22% of 3D7 

parasites had dark cytosolic structures after 1 h of CQ exposure (Figure 3.1B), increasing to 43% 

after 2 h, 56% after 3 h and 61% after 4 h. At this point, the appearance of dark cytosolic structures 

seemed to abate, and further significant increases in these parasite structures were not observed. 

When the CQ concentration was lowered to 2x the IC50 value for 3D7 parasites, these structures 

still appeared but the number of cytosolic structures developing over time was reduced by about 

half (33% ± 0.9% after 4 h). 

In contrast, very few Dd2 parasites were observed with dark cytosolic structures (Figure 3.1B). Only 

2% of Dd2 parasites were found to have dark cytosolic structures after 1 h exposure to 20x IC50 CQ 

concentration. This increased to 6% after 2 h, 7% after 3 h and 9% after 4 h of CQ exposure. These 

values did not vary greatly when using a 2x IC50 CQ concentration. We conclude that the 

appearance of cytosolic structures is a feature specific to CQS parasites. 
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Figure 3.1   Detection of dark cytosolic structures after CQ treatment. Distinct dark structures appear in the cytosol of 
CQS P. falciparum parasites after CQ exposure. These structures were absent in CQR strains, even after high CQ 
concentration exposure. A, CQS (3D7, HB3) and CQR (Dd2, FCB) strains were incubated with 500 nM CQ or Ringer’s 
solution only (control) for 3 h. Dark structures (arrows) were found in the cytosol of CQS strains. Scale bar, 2 µm. B, 
3D7 and Dd2 parasites were incubated with various CQ concentrations and the percentage of parasites with dark 
cytoplasmic structures was determined at 30 min intervals. Results are from three independent experiments; total 
parasite numbers for 3D7, n = 4413; Dd2, n = 6135. Error bars represent SEM. C, electron microscopy (EM) images of 
Hz-containing cytoplasmic structures (15000 x magnification and digital zoom). 3D7 parasites were exposed to CQ for 
3 h, fixed and prepared for EM. Hemozoin crystals were detected in a cytosolic compartment. Enlargements of the 
images show the intracellular localization of the structures and the surrounding membrane (arrowhead). Scale bars: i, 
1 µm; ii, 200 nm; iii, 50 nm. 
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3.5.3 Ultrastructure analysis of CQ-exposed parasites. 

To better understand the composition of the cytosolic structures, CQS and CQR parasites were 

prepared for electron microscopy (EM) imaging. 3D7 and Dd2 parasites were exposed to CQ for 3 

h at 20x their IC50 concentration, or left unexposed as a control. Parasites were enriched using a 

Percoll gradient to allow for the structural preservation of the P. falciparum-infected erythrocyte. 

In addition, non-enriched treated and non-treated parasites were prepared to confirm that Percoll 

enrichment had no effect on the ultrastructure of the samples. No differences in parasite 

morphology due to sample preparation were observed (Suppl. Figure S3.7). 

As seen in live cell imaging, multiple dark compartments were observed in the cytosol of 3D7 

parasites using EM techniques (Figure 3.1C, Suppl. Figure S3.7). The EM images revealed 

compartments with a diameter of 150-200 nm that contained approx. 1-5 hemozoin crystals. This 

compartment was surrounded by a membrane bilayer, suggesting that it is an enclosed vesicular 

compartment. No Hz-containing compartments were observed in CQ-treated Dd2 parasites or in 

3D7 and Dd2 non-treated parasites (Suppl. Figure S3.8). 

 

3.5.4 The digestive vacuolar membranes of CQS and CQR parasites remain intact. 

The disruption of the DV membrane and leakage of DV contents into the cytosol has been 

hypothesized to be the main contributors to parasite death after CQ treatment [245]. Therefore, 

we investigated if the cytosolic Hz-containing compartments were linked to the leakage of DV 

contents into the parasite cytosol. 3D7 and Dd2 parasites were loaded with Fluo-4 AM, a 

fluorophore that accumulates in the DV [159, 213] and requires the transport activity of PfMDR1 

[246]. The loading of Dd2 and 3D7 parasites with Fluo-4 AM for 50 min prior to CQ exposure 

provided sufficient time for the fluorophore to accumulate in the DV. Since lengthy exposure time 

alone can lead to reduced fluorescence in the DV and increased fluorescence in the cytosol [246], 

leading to false interpretation of the results, the parasites used in our experiments were kept in 

the dark at 37°C and single images were taken every 15 min with low laser intensity (488 nm laser; 

12.5 mW; 0.8% laser power). No leakage of Fluo-4 into the cytosol of non-treated parasites was 

shown to occur under these conditions (Figure 3.2). 
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To determine if high CQ concentrations damaged the integrity of the DV membrane, leading to 

leakage of DV content into the cytoplasm, 3D7 and Dd2 parasites were preloaded with Fluo-4 AM 

and exposed to 10 µM CQ for up to 4.5 h. The increase of Fluo-4 signal in the cytosol of the parasite 

is a good indication of DV membrane permeability. Possible leakage of Fluo-4 fluorescence into the 

parasite cytoplasm was monitored using confocal microscopy. No increase in cytoplasmic Fluo-4 

fluorescence was seen in either CQS or CQR parasites, suggesting an intact membrane (Figure 

3.2A+B, Suppl. Figure S3.9). While slight fluctuations of digestive vacuolar Fluo-4 fluorescence were 

seen over time for both 3D7 and Dd2 parasites exposed to CQ, these fluctuations were also 

observed in non-exposed parasites, suggesting that this is likely related to active transporters in 

the parasites and not due to DV leakage. Within the cytosol of the parasites, no increase in cytosolic 

Fluo-4 fluorescence indicative of DV leakage was observed during this time frame. 
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Figure 3.2   Analysis of DV membrane integrity. 3D7 and Dd2 parasites were pre-incubated with 5 µM Fluo-4 AM in 
Ringer’s solution for 50 min and then placed in Ringer’s solution only (control) or Ringer’s solution containing 10 µM 
CQ. The same parasites were imaged in 15 min intervals. A, fluorescence intensity of Fluo-4 in the DV (diamonds) or 
cytosol (open circles) of the parasite. The ratio was calculated relative to background iRBC fluorescence. Results shown 
are from three independent experiments, total parasite numbers are: for 3D7, CQ treated n = 40, control n = 35; for 
Dd2, CQ treated n = 28, control n = 38. Error bars represent SEM. B, Fluo-4 fluorescence and DIC images of 
representative parasites are shown after 4 h CQ exposure. Scale bar, 5 µm. 
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3.5.5 Onset of parasite killing is delayed in CQR parasites. 

Next, we investigated the time course of CQ killing in CQS and CQR parasites. 3D7 and Dd2 parasites 

were exposed for 1, 2, 4, 6, 24 or 48 h with their respective 10x, 20x and 30x IC50 concentrations 

of CQ, or left untreated, to provide equivalent killing rates for CQS and CQR parasites. After CQ 

incubation, parasites were washed with culture medium to remove CQ and placed back into culture 

for 48 h. To confirm that one wash step was sufficient to remove CQ from the medium, parasites 

from the 0 h treatment group were also incubated with their respective CQ concentration and 

washed immediately. No changes in parasite survival were observed in this group (Figure 3.3). 

 

 

Figure 3.3   Parasite killing in CQS and CQR parasites. CQS (3D7) and CQR (Dd2) parasites were exposed to their 
respective 10x, 20x or 30x IC50 CQ concentrations for various lengths of time, or left untreated. Analysis was performed 
using the SYBR Green I detection assay. Percent survival relative to control was calculated for each time point. Results 
shown are from at least three independent experiments. Error bars represent SEM. 
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For all other time points, we show a decrease in parasite survival for all CQ concentrations used, 

albeit 3D7 killing occurred more rapidly than Dd2 killing. After 1 h of incubation, both 3D7 and Dd2 

parasites showed similar survival rates for 10x IC50 CQ concentrations (75% vs. 76%, respectively), 

20x IC50 CQ concentrations (36% vs. 51%, respectively), and 30x IC50 CQ concentrations (16% vs. 

14%, respectively). At 2 h onwards, this similarity diverged, and a rapid decrease in parasite survival 

was observed in 3D7 parasites (<10% survived) for all CQ concentrations used. This lack of killing 

was only observed in Dd2 parasites after 10 h CQ exposure (Suppl. Figure S3.10). This result 

suggests that CQR parasites can tolerate high CQ concentrations for a longer time than CQS 

parasites. 

 

3.5.6 Mitochondrial membrane potential in CQS and CQR parasites. 

Apoptotic cell death is indicated by the loss of mitochondrial membrane potential (ѱm). This has 

been shown in P. falciparum-infected erythrocytes using the fluorophore JC-1 [91, 247-249]. In the 

presence of a mitochondrial ѱm, JC-1 aggregates and emits light at a longer wavelength (590 nm) 

compared to its monomer (530 nm). To investigate if the appearance of cytosolic Hz-containing 

compartments is linked to cell death, 3D7 and Dd2 parasites were incubated for 4 h in 20x IC50 CQ 

concentrations. JC-1 was added during the last 30 min of incubation and parasites were imaged 

using confocal microscopy. 3D7 and Dd2 parasites had a strong fluorescence signal for JC-1 

aggregates at 590 nm (Figure 3.4A). In addition, an intact Δѱm was also found in 3D7 parasites in 

the presence of cytosolic Hz-containing compartments. This result is consistent with our 

hypothesis that appearance of hemozoin-loaded compartments occurs prior to triggering classical 

cell death pathways. 
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Figure 3.4   Measuring mitochondrial membrane potential after CQ treatment. A, JC-1 staining after 4 h of incubation 
with 20x IC50 CQ concentrations for 3D7 and Dd2 showed an intact mitochondrial membrane potential for both strains 
even when Hz-containing structures (arrows) were detected in the cytosol of 3D7 parasites. Scale bar, 5 µm. B, CQS 
3D7 parasites and CQR Dd2 parasites were exposed to their respective 20x IC50 CQ concentrations. The percentage of 
parasites with strong (indicating an intact membrane potential), weak or no JC-1 fluorescence at 590 nm was analyzed. 
3D7, n = 1939; Dd2, n = 2297. 
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3D7 and Dd2 parasites were also incubated with their respective 20x IC50 CQ concentrations for up 

to 6 h and the loss of mitochondrial ѱm was monitored (Figure 3.4B). 3D7 parasites showed almost 

no loss of Δѱm after 3 h of CQ treatment (98.3% ± 0.5% JC-1 positive parasites), which was slightly 

reduced to 93.5% ± 3.0% after 4 h of CQ treatment. CQ incubation of 3D7 parasites for 6 h led to 

further decrease of JC-1 positive parasites to 89.9% ± 2.6%. Considering that more than 90% of 

3D7 parasites have an intact Δѱm during the first 4 h of CQ treatment, a time point where more 

than 60% of the parasites had cytosolic Hz-containing compartments, these compartments appear 

to have formed before loss of Δѱm is initiated. 

Loss of Δѱm was also detected in some Dd2 parasites after exposure to 20x IC50 CQ concentrations 

(Figure 3.4B). After 2 h, 92.3% ± 2.4% of Dd2 parasites had an intact Δѱm. This was decreased to 

85.9% ± 4.8% after 4 h and to 84.3% ± 3.4% after 6 h of CQ incubation. Although a few more Dd2 

parasites showed a loss of ѱm compared to 3D7, both strains still had a high percentage of parasites 

with an intact Δѱm, providing further evidence that the loss of Δѱm does not occur at an early stage 

after CQ exposure. 

 

3.5.7 Origin of hemozoin-containing compartments. 

To address the source of the Hz-containing compartments, we used the fluorescent substrate Fluo-

4 AM that accumulates in the DV [159, 213]. CQS 3D7 parasites were initially loaded with 5 µM 

Fluo-4 AM for 50 - 60 min. The parasites were then washed twice to remove excess substrate and 

left untreated, or incubated with 500 nM CQ for 2 h, allowing ample time for the formation of Hz-

containing compartments. If these compartments originate from the DV, we hypothesize that they 

will contain the fluorescent substrate. Indeed, live cell imaging of the parasites showed 

fluorescently stained compartments containing hemozoin in the cytosol of 3D7 parasites after CQ 

exposure but not in control parasites (Figure 3.5). These data strongly suggest that the Hz-

containing compartments are derived from the DV. 
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Figure 3.5   Origin of hemozoin-containing compartments. 3D7 parasites were loaded with 5 µM Fluo-4 AM for 50 - 60 
min, then washed and left untreated (A), or incubated with 500 nM CQ for 2 h (B). Fluo-4 remained trapped in the DV 
of unexposed parasites for the duration of the experiment. CQ-treated parasites showed co-localization of the DV-
derived Fluo-4 staining (white arrows) with cytoplasmic hemozoin (black arrows). Scale bars, 5 µM. 
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3.6 Discussion 

We investigated responses of CQS and CQR parasites exposed to therapeutically relevant 

concentrations of CQ. Whole blood CQ concentrations of ≥500 nM are commonly attained in adults 

during prophylactic intake of 310 mg of CQ base/week [250]. While whole blood CQ concentrations 

of ≥100 nM are sufficient for clearance of P. malariae and P. ovale infections, a study revealed that 

more than 62% of Nigerian children with whole blood CQ concentrations of ≥500 nM were still 

harboring P. falciparum parasites [251].  

We observed the appearance of Hz-containing compartments during CQ exposure in the cytosol 

of CQS parasites (exposed to 250 – 750 nM CQ) but not in CQR parasites (exposed to 1.7 – 5.1 µM 

CQ). This difference may be an indicator for an altered short-term drug response in drug-sensitive 

versus -resistant parasites. The cytosolic compartments in CQS parasites were readily visible with 

live cell imaging using differential interference contrast (DIC) microscopy. Giemsa-stained 

preparations could not resolve these structures, since the deep purple color of the staining solution 

did not provide sufficient contrast in the parasite cytosol to detect the small dark structures. When 

the samples were methanol-fixed but left unstained after CQ treatment, dark cytosolic structures 

were readily visible (Suppl. Figure S3.11). 

To obtain more insight into the morphology of the dark cytosolic structures, EM was applied to CQ-

treated and –untreated 3D7 and Dd2 parasites. The appearance of compartmentalized hemozoin 

crystals correlated with the dark structures observed in DIC images. To confirm that the Hz-

containing compartments were not caused by Percoll enrichment of the parasites, non-enriched 

parasites were also examined. Hz-containing cytosolic compartments were detected in CQ-treated 

3D7 parasites using both sample preparation techniques, indicating that parasite enrichment had 

no influence on the ultrastructure of the parasites. 

Recent studies have suggested a model in which leakage of DV contents into the parasite cytosol 

is the causative agent of programmed cell death (PCD) [91, 245]. This was concluded from an 

experiment in which the fluorescent dye Fluo-4 was used to measure Ca2+ redistribution in CQ-

treated versus non-treated 3D7 parasites. Although Fluo-4 is a widely accepted free Ca2+ indicator 

in eukaryotic cells [252-255], it cannot be used as a Ca2+ indicator in P. falciparum since it is actively 
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transported into the DV of the parasite by PfMDR1 [159, 246]. The sudden leakage of Fluo-4 from 

the DV into the cytosol described in [245] may have occurred due to phototoxicity of the dye, which 

has previously been reported [246]. Our experimental setup for live cell imaging was carefully 

monitored to assure reduced phototoxic effects when using the Fluo-4 fluorophore. To allow 

sufficient time for Fluo-4 transport into the DV, we loaded CQS and CQR parasites with Fluo-4 AM 

50 min prior to CQ exposure. In addition, short exposure times and long recovery periods (15 min 

intervals) were used to reduce phototoxicity effects. No sudden redistribution of Fluo-4 from the 

DV into the cytosol was observed in either CQS or CQR parasites during the 4 h CQ treatment. 

Furthermore, high Fluo-4 accumulation in the DV was observed in parasites in the presence of dark 

cytosolic structures. This supports our hypothesis that Hz-containing compartments are not 

formed by leakage of DV contents into the cytosol. In addition, these results suggest that the 

cytosolic Hz-containing compartments are not part of a multilobular DV. 

Delayed parasite killing in CQR parasites was shown by incubating trophozoite stage parasites with 

CQ for various lengths of time. Even when exposed to CQ concentrations corresponding to 

equivalent IC50 values, CQR parasites were viable longer than CQS parasites. It has been suggested 

that equal intraparasitic CQ concentrations alone are not sufficient to kill CQR parasites compared 

to CQS parasites [4]. Our results confirm a possible regulatory mechanism found in CQR parasites 

that allows CQ to be less toxic for these parasites. We propose that CQR parasites not only regulate 

intracellular CQ levels and reduce CQ concentrations in the DV but may also delay the initiation 

and progression of cell death. 

It is still not fully understood how exposure to CQ leads to parasite killing, nor is anything known 

about differences in the cascade of events that may exist between CQS and CQR parasites. 

Furthermore, little is known about the regulation of cytosolic mediators that stabilize essential 

cellular pathways, which may also play a role in CQ resistance. To our knowledge, few papers have 

addressed cell death features after CQ exposure in P. falciparum [91, 125, 245, 256]. A major 

impediment is the lack of molecular tools available to study cell death in malaria parasites, e.g. P. 

falciparum-specific antibodies against regulatory proteins to such as caspase-3 to show the 

initiation of PCD. Another difficulty is the absence of typical apoptosis markers in the malaria 

genome, such as Apaf-1, Bax or other Bcl-2 proteins [91, 128, 257-259]. While other cell death 
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related features of CQ-exposed parasites have been described using EM images [48, 125, 245], 

there was no indication of the appearance of Hz-filled compartments within the cytosol of CQS 

parasites. Discovery of a novel feature that distinguishes CQS and CQR parasites may unravel new 

targets for drug development to reverse or circumvent CQ resistance. 

A distinct characteristic of classical apoptosis is the activation of caspases and subsequent loss of 

mitochondrial membrane potential [91, 260]. We used the well described mitochondrial 

membrane potential probe JC-1 to monitor this parameter. Even though 4 h of exposure to CQ 

resulted in irreversible cell death in >95% of CQS parasites, no considerable reduction of Δѱm was 

observed. Furthermore, no loss of Δѱm was detected in parasites with cytosolic Hz-containing 

compartments. This is consistent with the findings of Ch’ng and coworkers, who reported only a 

slight reduction of JC-1 positive parasites after 4 h CQ exposure but more loss during longer 

incubations [91]. This would suggest that the appearance of cytosolic Hz-containing compartments 

observed in our study occurs prior to classical apoptosis events, opening the door for in-depth 

research of cellular mechanisms in malaria parasites that seem to be initiated after CQ exposure 

but occur prior to cell death cascade activation.  

The specific accumulation of Fluo-4 in the DV allowed us to investigate whether the Hz-containing 

compartments are DV-derived. We used the fluorescent substrate Fluo-4 AM, which is actively 

transported into the DV by PfMDR1 [213] where it gets trapped and accumulates. Loading of CQS 

3D7 parasites with Fluo-4 AM for 1 h allowed sufficient time for Fluo-4 to accumulate in the DV. 

Subsequent wash steps removed excess Fluo-4 from the culture before parasites were exposed to 

CQ. Thus, fluorescent staining of Hz-containing compartments can only occur if the compartments 

form at the DV and take up digestive vacuolar contents, including Fluo-4. Our results demonstrate 

colocalization of Fluo-4 fluorescence with dark cytosolic structures, suggesting that these 

structures arise from the DV.  

Parasite resistance to CQ appears to be a complex biological mechanism that may not be attributed 

to one mutation alone. Discovery of the PfCRT K76T mutation [2, 94] has set a milestone to 

unraveling CQ resistance. However, studies have revealed that mutant pfcrt does not seem to be 

sufficient to confer CQR in all genetic backgrounds [243], and CQR must be determined by gene 
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loci other than pfcrt and pfmdr1 [98]. Furthermore, it has been shown that reduced CQ 

concentrations in the DV are not necessarily linked to CQR [4]. Additionally, higher intracellular CQ 

concentrations were required to kill CQR parasites when compared to CQS parasites [3, 4], 

suggesting an intracellular effector as the mechanism of resistance. Other researchers have 

proposed that a cytosolic target for CQ may be a possible source for chloroquine’s antimalarial 

mode of action [21]. Our results endorse the hypothesis of an existing intracellular resistance 

mechanism in addition to the PfCRT K76T mutation. 

In conclusion, we have shown the appearance of hemozoin structures in the cytosol of CQS but 

not CQR parasites upon the addition of CQ. Further studies are underway to elucidate the role of 

cytosolic Hz-containing compartments in CQS parasites after CQ exposure and their absence in 

CQR parasite strains. Understanding programmed cell death in Plasmodium and obtaining insight 

into how CQR parasites maintain homeostasis even under drug pressure could reveal a unique 

mechanism in CQR parasites that could be exploited to reverse CQ resistance, opening new 

possibilities to overcome treatment failure in CQR parasites. 
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3.8 Chapter-related Supporting Information 

 

 

 

Suppl. Figure S3.6   No formation of cytosolic Hz-containing compartments in CQR parasites. CQR parasite strains Dd2 
and FCB were exposed to 1 µM or 5 µM CQ for 4 h. No cytosolic Hz-containing compartments were observed. Scale 
bar, 5 µm. Experiments were done in triplicate on independent days. 
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Suppl. Figure S3.7  No differences in sample preparation for EM imaging were observed. 3D7 parasites were incubated 
with 500 nM CQ for 3 h and then either left non-enriched (A) or enriched using a Percoll gradient (B). Hz-containing 
compartments (white arrowheads) were detected in the parasite cytosol for both preparation techniques. DV, 
digestive vacuole. Scale bar, 500 nm. 
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Suppl. Figure S3.8  No cytosolic Hz-containing compartments were observed in untreated parasites. 3D7 (A) and Dd2 
(B) parasites were prepared for EM without CQ exposure (controls). DV, digestive vacuole. Scale bar, 1 µM. 

 

 

 

 

 



― 97 ― 
 

 

Suppl. Figure S3.9   No leakage of Fluo-4 into the cytosol within 4 h of CQ exposure. CQS 3D7 parasites were pre-
incubated with 5 µM Fluo-4 AM in Ringer’s solution for 50 min, then solution was replaced with Ringer’s only (control) 
or Ringer’s containing 10 µM CQ. The same parasites were imaged in 2 h intervals. No leakage of Fluo-4 into the 
parasite cytosol could be observed. Results are shown from three independent experiments. Scale bar, 5 µm. 
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Suppl. Figure S3.10   Determining the onset of irreversible cell damage. CQR Dd2 parasites were exposed to their 10x, 
20x or 30x IC50 CQ concentrations for the time indicated, or left untreated. Analysis was performed using the SYBR 
Green I detection assay. Percentage of survival relative to the control was calculated for each time point. Results are 
shown from three independent experiments. Error bars represent SEM. 
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Suppl. Figure S3.11   Hz-containing cytosolic compartments are visible in methanol-fixed unstained parasites. 3D7 
parasites were incubated with 500 nM CQ for 3 h and then fixed with methanol. Dark-stained Hz-containing 
compartments were easily observed in the parasite cytosol. i-iv, representative images. Scale bar, 5 µM. 
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Connecting Statement II 

 

In the previous chapter, a novel phenotype was described for CQ-exposed sensitive P. falciparum 

strains that was absent in resistant strains. The formation of hemozoin-containing compartments 

in the cytosol of CQ-sensitive strains prior to rupture of the digestive vacuolar membrane and 

subsequent leakage of free hemozoin crystals into the cytosol indicates the presence of regulatory 

mechanisms that must play a role. 

In the following chapter, a commercially available fluorescent tagged CQ analogue, LynxTag™-

CQGREEN (CQGREEN), was investigated for its suitability for live cell imaging of intact P. falciparum–

infected red blood cells. To date, only one study was published on CQGREEN and its effects on a 

Plasmodium protein [92]. This study focused on CQGREEN transport through PfCRT variants in 

microsomes derived from a yeast expression system. Therefore, a detailed analysis of CQGREEN and 

its intracellular localization in intact P. falciparum-infected RBCs will be described here. 
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4.1 Abstract 

Background: Chloroquine (CQ) was the drug of choice for decades in the treatment of falciparum 

malaria until resistance emerged. CQ is suggested to accumulate in the parasite’s digestive vacuole 

(DV), where it unfolds its antimalarial properties. However, discrepancies were observed between 

CQ accumulation in CQ-sensitive (CQS) and CQ-resistant (CQR) strains. Analysis of CQ transport and 

intracellular localization using a fluorescently tagged analogue could provide much needed 

information to distinguish susceptible from resistant parasite strains. Such a fluorescent tagged CQ 

analogue is commercially available and was assessed for its suitability.  

Methods: IC50 values were determined for both CQ and LynxTag-CQ™GREEN (CQGREEN) in two CQ-

sensitive and two CQ-resistant P. falciparum strains. Buffer solutions with varying pH were used to 

determine pH-dependent localization of CQGREEN in infected red blood cells. Furthermore, parasites 

were loaded with various concentrations of CQGREEN for up to 7 hours. Intracellular accumulation 

was investigated using live cell confocal microscopy. CQGREEN uptake rates were determined for the 

cytosol and DV in the presence or absence of verapamil.  

Results: In CQS strains, twofold higher IC50 values were determined for CQGREEN compared to 

unmodified CQ. No significant differences in IC50 values were observed for these drugs in CQR 

strains. Live cell imaging revealed that CQGREEN accumulated in the cytosol but not in the DV of most 

parasites, independent of the concentration used. Longer incubation periods for up to 7 hours did 

not influence intracellular localization of CQGREEN. Nevertheless, CQGREEN uptake rates in CQR strains 

were reduced by 50% compared to CQS strains. 

Conclusion: Accumulation of CQGREEN was mainly seen in the cytosol of parasites. However, IC50 

assays showed similar efficacy of CQGREEN and CQ in parasite killing of CQS and CQR strains. Reduced 

uptake rates of CQGREEN in CQR strains compared to CQS strains indicate parasite-specific responses 

to CQGREEN exposure. The relevance of CQGREEN as a molecular tool to study CQ resistance in P. 

falciparum remains to be determined. 
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4.2 Introduction 

For decades, chloroquine (CQ) was the safest, most affordable and effective drug against malaria, 

saving the lives of millions of people until resistance emerged [210]. To date, its mode of action is 

still not fully understood. To effectively use CQ as an antimalarial treatment in areas where CQ 

resistance has been reported, it is imperative to gain more insight into its mechanism of action. 

Some properties of CQ make it difficult to obtain valuable information. Its small size and uncharged 

form at neutral pH make it difficult to use for molecular biological experiments to determine its 

accumulation in intracellular compartments or its affinity to other proteins. 

CQ transport studies have mainly been performed using radiolabeled CQ [102, 261, 262]. The great 

advantage of this method is that the intrinsic properties of CQ remain unaltered. On the other 

hand, it is not possible to study intracellular distribution and trafficking of radiolabeled CQ in intact 

parasites. Therefore, fluorescently labeled CQ analogues present a new tool to evaluate 

intracellular activity of this drug. Two fluorescently labeled CQ analogues are commercially 

available: LynxTag-CQTM
BLUE and LynxTag-CQTM

GREEN (BioLynx Technologies, Singapore). While 

CQBLUE was mainly found to be fluorescent in the parasite cytosol [91, 245, 263], only one study 

has been published with CQGREEN, showing its accumulation in the DV of CQ-sensitive (CQS) P. 

falciparum parasites and yeast-derived microsomes expressing the P. falciparum chloroquine 

resistance transporter (PfCRT) [92]. 

For this study, we compared CQGREEN with unmodified CQ and investigated whether the 

fluorescently tagged CQ analogue can be used to obtain insight into intracellular CQ trafficking and 

localization. A better knowledge of the differences in CQ accumulation, distribution, uptake and 

efflux between CQS and CQ-resistant (CQR) strains is imperative to understand drug resistance. 

Our findings show that, although CQ and CQGREEN have similar parasite killing, discrepancies were 

seen between CQGREEN and unmodified CQ in their expected intracellular localization. Accumulation 

of CQGREEN was mainly seen in the cytosol of CQS and CQR strains. Our findings suggest that affinity 

of CQ, or its analogues, to cytosolic molecules are underestimated. 
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4.3 Material and Methods 

4.3.1 Parasite strains and culture conditions 

Two CQS (3D7, HB3) and two CQR (FCB, Dd2) strains were used for all experiments. Parasites were 

cultured continuously, as described by Trager and Jensen [215], with modifications. Briefly, 

parasites at 5% hematocrit were propagated in culture medium containing RPMI 1640 (Life 

Technologies, Burlington, ON, Canada) supplemented with 25 mM HEPES, 2 mM L-glutamine, 

gentamicin (20 µg/ml) (Life Technologies, Burlington, ON, Canada), 100 µM hypoxanthine (Sigma-

Aldrich, Oakville, ON, Canada), 0.5% AlbuMAX I (Life Technologies, Burlington, ON, Canada). 

Parasites were maintained at 37°C with an atmosphere of 5% CO2, 3% O2 and 92% N2. A+ RBCs were 

obtained from the Interstate Blood Bank (Memphis, TN, USA). Giemsa-stained blood smears were 

prepared daily to monitor parasite growth. For synchronization, parasites were treated with 5% D-

sorbitol (BioShop Canada, Burlington, ON, Canada) for 10 min at 37°C; sorbitol was removed and 

parasites were washed once before adding them back into culture. 

 

4.3.2 Growth inhibition assays 

Growth inhibition assays were performed as described previously [217, 264], with modifications. 

Cultures of 0.5% parasitemia and 2% hematocrit were incubated in 100 µl culture medium per well 

in a 96-well plate assay. CQ was obtained from Sigma-Aldrich Canada (Oakville, ON, Canada) and 

dissolved in dH2O. CQGREEN was obtained from BioLynx Technologies, Singapore. A drug dilution 

series of 1:3 was prepared, starting with 1 µM as highest substrate concentration. Plates were 

incubated at 37°C, 5% CO2 and 3% O2 for 72h, then frozen and stored at -80°C. 

Readouts of the assay were performed using the SYBR Green I detection method. For this, plates 

were thawed at room temperature and 100 µl 2x lysis buffer (20 mM Tris pH 7.5, 5 mM EDTA, 

0.008% saponin, 0.08% Triton X-100, 0.2 µl SYBR Green I/ml) was added to each well. Plates were 

incubated in the dark for at least 1 hour. Fluorescence intensity was determined using a Synergy 

H4 plate reader (Fisher Scientific, Nepean, ON, Canada) with 485 nm excitation and 520 nm 

emission wavelengths. IC50 values were determined by fitting concentration response curves with 
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a custom made procedure for IGOR Pro 6.2 based on a R script kindly provided by Le Nagard and 

used as described [218, 219]. 

 

4.3.3 Fluorescence of CQGREEN at varying pH 

To determine if fluorescence intensity of CQGREEN is altered at varying pH, buffer solutions (122.5 

mM NaCl, 5.4 mM KCl, 1.2 mM CaCl2, 0.8 mM MgCl2, 11 mM D-glucose) were prepared ranging 

from pH 5.0 – 8.0. Buffer solutions contained 10 mM HEPES for pH 7.0 - 8.0 or 10 mM MES for pH 

5.0 - 6.5. In a 96-well plate, 100 µl buffer solutions of varying pH containing 1 µM CQGREEN were 

prepared in triplicate. Fluorescence intensity was measured at 37°C using the Synergy H4 

fluorimeter (Bio-Tek, Winooski, VT, USA). Excitation spectra ranging from 400-520 nm were used 

with fixed emission at 540 nm, and emission spectra ranging from 500-630 nm were measured 

with fixed excitation at 488 nm. Quantification was done using Microsoft® Excel® 2013. 

 

4.3.4 Live cell imaging 

Intracellular CQGREEN accumulation at different concentration and pH was analyzed in intact 

parasitized RBCs. For this, 3D7 trophozoite stage parasites were incubated for 30 min at 37°C with 

25, 50, 500 nM or 2.5 µM CQGREEN in Ringer’s solution with pH 7.4 or buffer solutions with pH 7.2 

or 5.2. Images were taken using a 488 nm argon laser (12.5 mW, 0.8%) on a Zeiss LSM 710 confocal 

microscope (Carl Zeiss, Oberkochen, Germany) equipped with a water-corrected objective (C-

apochromat 63x/1.20 W Korr M27). Emission range was set to 500-600 nm. Localization of CQGREEN 

within the parasite under various pH conditions was determined using the ZEN 2010 software (Carl 

Zeiss MicroImaging, Oberkochen, Germany). 

For long-term incubation with CQGREEN, early trophozoite stage 3D7 parasites were incubated with 

100 nM, 300 nM and 500 nM CQGREEN for 7 h in culture medium at 37°C, 3% O2, 5% CO2. Parasites 

were then transferred onto a microscope chamber and imaged using a Zeiss LSM 710 confocal 

microscope (Carl Zeiss, Oberkochen, Germany), a 63x water corrected objective (C-apochromat 
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63x/1.20 W Korr M27) and a 488 nm laser (12.5 mW, 0.8%). Emission range was set to 500-600 

nm. A constant temperature of 37°C was maintained during the measurements using a stage-top 

incubator (Tokai Hit, Shizuoka-ken, Japan). Images were analyzed with the ZEN 2010 software (Carl 

Zeiss MicroImaging, Oberkochen, Germany). 

To analyze CQGREEN uptake of CQS and CQR strains, synchronized trophozoite stage parasites were 

washed in Ringer’s solution and transferred onto a microscope chamber. Parasites were allowed 

to settle for 5 min, then the solution was aspirated and replaced with new Ringer’s solution 

containing 500 nM CQGREEN. If verapamil (VP) (Life Technologies, Burlington, ON, Canada) was 

added, parasites were pre-incubated with 1 µM VP for 15 min at 37°C, then transferred onto a 

microscope chamber. For the time lapse measurement, 500 nM CQGREEN were added to the 

Ringer’s solution with or without 1 µM VP. Images were taken every 3 seconds for a time span of 

500 seconds using a Zeiss LSM 710 confocal microscope (Carl Zeiss, Oberkochen, Germany) and a 

63x water corrected objective (C-apochromat 63x/1.20 W Korr M27). Excitation was done using a 

488 nm laser (12.5 mW, 0.8%), and an emission range from 500-600 nm. Regions of interest (ROI) 

were set for the parasite cytosol, DV, infected RBC cytosol and uninfected RBC. Fluorescence of 

ROIs was determined for each time point using ImageJ 1.47q (National Institutes of Health, USA). 

Uptake rates were calculated for the cytosol and DV during the saturation phase and analyzed 

using IGOR Pro 6.2 by fitting influx to ƒ = y0 + a(1 – e-bx) and initial rates (v0) to y = mx + b, as 

described previously [90]. Graphs were created using IGOR Pro 6.2. 

 

 

4.4 Results  

4.4.1 IC50 determination of CQ and CQGREEN in CQS and CQR strains. 

To evaluate the efficacy of the fluorescently tagged CQ analogue CQGREEN, the half maximal 

inhibitory concentrations (IC50) were determined using the SYBR Green I detection assay and a 

standardized calculation method for data analysis in two CQS and two CQR P. falciparum strains 

(Table 4.1) [218]. The two CQS strains 3D7 and HB3 had a CQ IC50 of 24 ± 5.6 nM and 14 ± 1.2 nM, 
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respectively. The IC50 values were significantly higher in CQGREEN treated 3D7 (48 ± 2.8 nM) but not 

in HB3 (35 ± 7.9 nM). Treatment of the CQR strains FCB and Dd2 showed similar IC50 values for all 

tested drugs. IC50 values of 166 ± 8.6 nM for CQ, and 177 ± 43.0 nM for CQGREEN were determined 

in FCB. For Dd2, IC50 values of 169 ± 3.9 nM were obtained for CQ, and 174 ± 27.1 nM for CQGREEN. 

Resistance in CQR strains could be reversed with the addition of 1 µM VP, while no significant 

change was observed in CQS strains for treatment with CQ or CQGREEN in combination with 

verapamil. 

 

Table 4.1   IC50 values of CQ and CQGREEN for P. falciparum strains used in this study 

Strain CQ CQ + VP CQGREEN CQGREEN + VP 
CQ vs 

CQGREEN 

CQ + VP vs 

CQGREEN + VP 

3D7 24 ± 5.6 17 ± 1.1 48 ± 2.8 50 ± 3.2 p = 0.02 p < 0.01 

HB3 14 ± 1.2 19 ± 1.6 35 ± 7.9 36 ± 6.7 p = 0.06 p = 0.07 

FCB 166 ± 8.6 41 ± 6.5 177 ± 43.0 35 ± 8.7 p = 0.81 p = 0.61 

Dd2 169 ± 3.9 53 ± 6.5 174 ± 27.1 35 ± 6.2 p = 0.85 p = 0.12 

All values are given in nM ± SEM and represent three independent experiments with or without 1 µM verapamil (VP). 

 

4.4.2 Fluorescence intensity of CQGREEN is dependent on pH. 

The fluorescence intensity and excitability of a protein often differs at varying pH [265]. While some 

fluorophores have stable emission at different pH, others are more pH sensitive [266, 267]. This 

must be taken into account when comparing fluorescence intensity of a fluorochrome in 

intracellular compartments with different pH. CQGREEN consists of a CQ analogue tagged with a 

BODIPY fluorophore, which is relatively insensitive to solvent polarity and pH [268]. To determine 

if this fluorescently tagged CQ is pH dependent, CQGREEN fluorescence was tested using buffer 

solutions containing HEPES or MES to obtain pH values ranging from 5.0 – 8.0. These buffer 

solutions were used to evaluate possible changes in fluorescence intensity seen in the parasite 

cytosol, having a physiological pH of 7.2, and the DV, maintaining a pH of 5.2 [25]. Excitation spectra 

for CQGREEN showed constant fluorescence intensity at a fixed emission of 540 nm (Figure 4.1A). 

The CQGREEN excitation peak was determined at 508 nm. Since live cell imaging will be performed 



― 109 ― 
 

using a 488 nm laser for excitation, CQGREEN emission spectra were measured at different pH with 

a fixed excitation wavelength of 488 nm. CQGREEN emission intensity peaked at 522 nm and 

increased 1.6-fold from 13,698 RFU at pH 7.5 to 22,419 RFU at pH 5.5 (Figure 4.1B). Therefore, 

slightly higher CQGREEN fluorescence is recorded in acidic compartments compared to neutral 

compartments at equal intracellular CQGREEN concentrations. 

 

 

Figure 4.1   CQGREEN excitation and emission spectra at varying pH. Buffer solutions with varying pH ranging from 5 – 8, 
each containing 1 µM CQGREEN were prepared in triplicate and measured using a fluorimeter. Temperature was set to 
37°C during measurements. A, excitation spectra with fixed emission at 540 ± 4.5 nm. B, emission spectra with fixed 
excitation at 488 ± 4.5 nm. 

 

4.4.3 CQGREEN accumulates in the parasite cytosol. 

The weak base properties of CQ and its diprotonation at low pH result in its high accumulation in 

the parasite’s DV [81]. However, addition of a fluorescent group to CQ might alter the intracellular 

distribution of this molecule. In this study, the CQS strain 3D7 was treated with 25 nM, 50 nM, 500 

nM and 2.5 µM CQGREEN in Ringer’s solution or buffer solutions with pH 7.2 and pH 5.2, respectively. 

CQGREEN uptake and intracellular distribution was monitored in 5 min intervals for a total of 30 min 

using a confocal microscope and a stage-top incubator. Increasing CQGREEN concentrations resulted 

in stronger fluorescence signals, independent of the buffer solution used (Figure 4.2). The 

fluorescence signal was always stronger in the cytosol compared to the DV. Faint accumulation of 

CQGREEN in the DV was observed with any of the buffer solutions and CQGREEN concentrations. 
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Figure 4.2   Live cell imaging of CQGREEN treated parasites. Synchronized trophozoite stage 3D7 parasites containing 
Ringer‘s or equilibration buffer solution for pH 7.2 and 5.2 were prepared for confocal microscopy. Different CQGREEN 
concentrations were added and uptake was monitored for 30 min, and emission range was set to 500-600 nm. 
Fluorescence increased with higher CQGREEN concentrations but no accumulation of CQGREEN could be detected in the 
parasite’s digestive vacuole. Representative images of independent experiments. Scale bar, 5 µm. 

 

Although CQ is expected to accumulate in the parasite’s DV within minutes, addition of CQGREEN 

was extended for up to 7 h in 3D7 parasites at 37°C, 3% O2, 5% CO2, 92% N2. It was previously 

reported that incubation of the CQ analogue CQBLUE at 3 µM for 8 h resulted in nonspecific 

localization throughout the parasite cytosol, while accumulation of CQBLUE in the DV was detected 

using a concentration of 300 nM [91]. Therefore, for this study, CQGREEN concentrations from 100 - 

500 nM were used. Fluorescence signals obtained after 7 h incubation were very low for all tested 

CQGREEN concentrations (Figure 4.3). Accumulation of CQGREEN in the DV could be detected in very 

few parasites (approx. 5%) (Figure 4.3b+d). Furthermore, accumulation of CQGREEN in the DV was 

only seen in one parasite of a double-infected RBC (Figure 4.3b), suggesting that CQGREEN 

accumulation in the DV is not equally achieved in individual parasites. Moreover, the CQGREEN 
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fluorescence in the DV of the parasite in Figure 4.3b is only 2.8-fold higher compared to the cytosol, 

which is much lower than expected. 

 

 

 

Figure 4.3   Long term incubation of CQGREEN treated parasites. Early trophozoite stage 3D7 parasites were incubated 
with 100 nM, 300 nM or 500 nM CQGREEN for 7 h in culture medium at 37°C, 3% O2, 5% CO2, and then transferred onto 
a microscope chamber. Faint fluorescence accumulation of CQGREEN in the DV could be detected in few parasites 
(approx. 5%). Experiments were done in triplicate on independent days. Scale bar, 5 µm. 

 

4.4.4 No cleavage of the BODIPY moiety was observed in CQGREEN. 

Next, we investigated if the BODIPY moiety of CQGREEN is cleaved and remains in the cytosol while 

CQ reaches the DV, where it can exert its antimalarial properties. It was previously demonstrated 

that cleavage of fluorescent molecules through proteases changes the environment of the reactive 

center loop, resulting in a spectral shift of the fluorescence peak [269, 270]. To evaluate if a spectral 

shift of the fluorescence peak occurs in CQGREEN after exposure to parasite proteases, uninfected 

or 3D7-infected cultures with a parasitemia of 2.5%, 5% or 10% were loaded with 500 nM CQGREEN 

for 1 h. Parasites were then washed to remove excess CQGREEN in the supernatant and were lysed 

before measuring fluorescence. Since live cells were loaded with the dye, any detected signal 
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should be derived from CQGREEN molecules taken up by the parasites. As a control, parasites were 

with free acid BODIPY-FL were analyzed using the same conditions.  

 

 

Figure 4.4   CQGREEN and BODIPY-FL fluorescence. CQGREEN and free acid BODIPY-FL were measured in solution or after 
incubation with, and lysis of, uninfected and infected red blood cells (uRBCs and iRBCs, respectively). No shift of CQGREEN 
fluorescence towards the BODIPY-FL peak was observed in uRBCs and iRBCs. Experiment was done twice in triplicate. 

 

The fluorescence peak for the free acid BODIPY-FL control was measured at 512 nm, while the peak 

for CQGREEN was measured from 520 - 522 nm (Figure 4.4). This fluorescence shift is large enough 

to differentiate between free BODIPY and BODIPY conjugated to CQ. Treatment of uninfected RBCs 

(uRBCs) and infected RBCs iRBCs) with 500 nM BODIPY-FL for 1 h resulted in low fluorescence in 

all samples, indicating that BODIPY-FL is not readily accumulating in uRBCs or iRBCs. When 

parasites were treated with 500 nM CQGREEN, a proportional increase in CQGREEN fluorescence was 

observed with increasing parasitemia from 0% (uRBCs) to 10% (iRBCs), as expected. The 
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fluorescence peak was measured at 520 nm for CQGREEN in Ringer’s solution alone (control) and 

remained constant at 518-520 nm for all CQGREEN treated uRBC and iRBC samples. Thus, either no 

cleavage of the BODIPY tag in CQGREEN occurred or the cleaved BODIPY moiety was not retained 

within the RBCs and a fluorescent signal was only obtained from uncleaved CQGREEN. 

 

4.4.5 CQGREEN uptake differs between CQS and CQR strains. 

Researchers have mainly focused on CQ accumulation in the DV, suggesting that enhanced CQ 

efflux from the DV through PfCRT confers drug resistance [271, 272]. CQ uptake in intact iRBCs has 

mainly been described as passive diffusion and subsequent accumulation in the DV due to the 

drug’s weak base properties [32, 273]. Molecular mechanisms that influence CQ uptake and, 

therefore, reduce the drug influx in CQR strains compared to CQS strains may have been 

underestimated. CQGREEN offers the possibility to measure uptake in live cells. Although CQGREEN 

mainly accumulates and fluoresces in the parasite’s cytosol, with weak fluorescence in the DV, it 

was still possible to measure its uptake rate in both compartments. 

The rate of CQGREEN uptake was analyzed in two CQS strains (3D7 and HB3) and compared with two 

CQR strains (Dd2 and FCB). Fluorescence was measured from the parasite cytosol, DV, iRBC 

cytoplasm and uRBC. No increase in CQGREEN fluorescence beyond background levels was observed 

in the cytoplasm of infected or uninfected RBCs (Figure 4.5A). There was a rapid increase in 

fluorescence in the parasite cytosol and DV in the initial 150 seconds, followed by a slower, almost 

linear CQGREEN uptake. This is in agreement with previous studies, which showed that CQ uptake 

can be separated into a short period of very rapid uptake (< 30 sec) followed by a long, slower 

phase [3]. Addition of VP did not influence CQ uptake during the initial phase [274]. 

The rate of CQGREEN uptake into the parasite cytosol was approx. 2-fold higher in CQS strains 

compared to CQR strains (Figure 4.5B). For the DV, CQGREEN uptake rates were approx. 2.5-fold 

higher in CQS strains compared to CQR strains. CQGREEN uptake rates between CQS and CQR strains 

were statistically very significant for both the cytosol (p < 0.0001) and DV (p < 0.0001). Increased 

CQGREEN uptake rates for the DV of CQS strains suggest that active transport of CQ into the DV 
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occurred in addition to diffusion, which is absent in CQR strains. Addition of VP did not influence 

CQGREEN uptake in the parasite cytosol or DV in all CQR strains tested. 

 

 

Figure 4.5   CQGREEN uptake in CQS and CQR strains. Trophozoite stage parasites were incubated with CQGREEN and 
fluorescence was recorded every 3 seconds. A, fluorescence was measured in the parasite cytosol, DV, infected RBC 
(iRBC) cytoplasm and uninfected RBC (uRBC). No accumulation of CQGREEN was observed for the uRBC and iRBC 
cytoplasms. Uptake rates were calculated for the parasite cytosol and DV during the saturation phase (black curve), 
which was followed by a linear uptake phase. B, CQR strains showed a slower uptake rate compared to CQS strains. 
Addition of VP did not influence the CQGREEN uptake rate of CQR strains. Experiments were done on three independent 
days. 
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4.5 Discussion 

The exact mechanisms responsible for CQ resistance have eluded researchers for decades. It has 

long been described that CQR strains accumulate less CQ in the DV than CQS strains [89]. 

Nevertheless, CQR strains are still able to tolerate higher intracellular CQ concentrations than CQS 

strains [3, 4, 102]. Researchers have advocated that inhibition of hemozoin formation by CQ is not 

sufficient to explain its effect on parasite killing [23]. Furthermore, a possible role of CQ in the 

parasite’s cytosol is proposed [79]. A fluorescently labeled CQ analogue could provide insight into 

the intracellular distribution of CQ that is not attributed to diffusion alone. This study set out to 

examine CQ uptake in live parasites using CQGREEN. 

IC50 values were compared in CQS and CQR strains after exposure to CQ or CQGREEN. A decrease in 

the efficacy for CQGREEN may suggest that the CQ analogue does not reach its site of action, or binds 

to its target less efficiently. In CQS strains, CQ was twice as effective as CQGREEN. However, similar 

IC50 values were determined for CQ and CQGREEN in CQR strains. In a previous study by Loh and 

colleagues, IC50 values for CQGREEN were approx. 5-fold higher in 3D7 compared to CQ, and nearly 

doubled for the CQR strain K1 [92]. Thus, the parasites used for this study seemed to be more 

sensitive to CQGREEN exposure than reported in earlier publications. In both studies, drug resistance 

could be reversed by the chemosensitizer VP, suggesting that CQGREEN has a similar mode of action 

than CQ. 

Although CQGREEN seemed slightly less effective than CQ in the IC50 assays, its BODIPY fluorescent 

tag makes it suitable for live cell imaging. This was confirmed by fluorimeter readings, where a 

strong fluorescence emission signal for CQGREEN was measured at a 488 nm excitation wavelength. 

Spectral scans showed a 1.6-fold increase in fluorescence at acidic pH, which should be taken into 

account when calculating the ratio between cytosolic and digestive vacuolar fluorescence. 

However, no accumulation of CQGREEN in the parasite’s DV compared to the cytosol could be 

observed during live cell imaging at any of the tested CQGREEN concentrations, ranging from 25 nM 

to 2.5 µM. Considering that the CQGREEN IC50 was determined at 24 nM, any of the tested 

concentrations for live cell imaging should have killed the parasites and, therefore, theoretically 

have shown accumulation in the DV. Buffer solutions with varying pH showed that charge did not 
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play a role in the intraparasitic CQGREEN distribution. This was important to show since protonation 

of CQ, or its analogues, influence their membrane permeability [275, 276]. Although one study 

reported accumulation of CQGREEN in the DV [92], this was not observed here. 

Fluorimeter measurements were performed to exclude a loss of fluorescence at low pH. Slightly 

higher fluorescence was observed for CQGREEN at acidic pH compared to neutral pH. Therefore, if 

CQGREEN accumulates in the DV, a fluorescent signal can be obtained. The absence of fluorescence 

signal in the DV suggests that CQGREEN either does not accumulate in the DV or the fluorescence is 

quenched through the presence of heavy metals such as iron [277]. Fluorescence quenching 

through FPIX, which harbors ferric iron (Fe3+) in its center, has been reported in P. falciparum 

infected RBCs loaded with acridine orange [278, 279]. 

If CQGREEN does not accumulate in the DV, two possibilities may occur: i) cleavage of the fluorescent 

BODIPY moiety from CQ may occur in the parasite cytosol. This would allow CQ to accumulate in 

the DV, while the BODIPY moiety remains in the cytosol. In this case, the fluorescence signal does 

not specify the subcellular localization of CQ. ii) the BODIPY moiety alters the intrinsic properties 

of the protein and, therefore, prevents its accumulation in the DV. A simple way to elucidate 

whether the BODIPY moiety gets cleaved is determining fluorescence properties of conjugated 

versus free acid BODIPY-FL. Since there is a fluorescence shift between free acid BODIPY-FL alone 

(peak at 512 nm) and the BODIPY-tagged CQGREEN (peak at 520 nm), cleavage of the BODIPY moiety 

from CQGREEN during the cellular uptake would result in a fluorescence shift back to 512 nm when 

parasites are treated with CQGREEN. For this study, intact P. falciparum-infected RBCs were treated 

with CQGREEN to analyze the potential cleavage of the BODIPY moiety. Although a proportional 

increase in fluorescence with higher parasitemia was measured, no shift in the fluorescence peak 

was observed. Thus, CQGREEN remained intact and functional in live parasites prior to parasite lysis 

for fluorescence measurements. 

Despite the unexpected localization of CQGREEN accumulation in the parasite cytosol instead of the 

DV, uptake rates were analyzed in two CQS and two CQR strains. Although the fluorescent signal 

obtained from the DV was weak compared to the cytosol, it was sufficient to calculate the uptake 

rate for this compartment. Interestingly, CQS strains had approx. 2-fold higher CQGREEN uptake rates 
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for the cytosol and 2.5-fold higher rates for the DV compared to CQR strains. Addition of verapamil 

to the CQR strains did not alter CQGREEN uptake rates, suggesting that PfCRT does not play a role in 

its uptake. This is consistent with the hypothesis that PfCRT is involved in CQ efflux but not its 

uptake [90]. Decreased CQ uptake rates in CQR strains compared to CQS strains may be explained 

through reduced availability or affinity to an intracellular target, such as free heme [280]. Thus, 

accumulation of CQ in the DV may contribute to parasite killing but additional drug targets in the 

parasite cytosol could also play a role. 

 

 

4.6 Conclusion 

Live cell imaging using fluorescently tagged antimalarial drugs provides a great tool to elucidate 

their intracellular localization and give insights into their uptake or efflux rates. The challenge using 

fluorescently labeled CQ analogues is their sensitivity to pH and altered intracellular localization, 

compared to unmodified CQ. If it is possible to find fluorescent groups that are more stable at 

different pH and do not influence the diffusion properties of the protein, this could provide a 

powerful tool in studying the activity of antimalarial drugs. Alterations between drug-sensitive and 

–resistance strains can be closely monitored to enhance our understanding of resistance 

mechanisms. Moreover, affinity of CQ, or its analogues, to cytosolic proteins may direct research 

on new antimalarial drug design away from the DV and increase the focus on cellular pathways in 

the parasite cytosol.  
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Concluding Remarks and Future Direction 

 

Malaria remains one of the most important parasitic diseases worldwide. Among those malaria 

parasites that infect humans, Plasmodium falciparum poses the major threat since it may cause 

serious complications during the infection that can result in death. Emergence of resistance to 

commonly used antimalarial drugs is a main concern in the combat of P. falciparum infections. 

Most malaria-endemic regions are in developing countries, where government spending on 

healthcare is generally low. Therefore, malaria treatment must not only be easy to use and cause 

little side effects but also be affordable. Chloroquine (CQ) meets all of these requirements. CQ has 

saved the lives of more people than any other antimalarial drug and has remained effective for 

decades until resistance arose. To date, its mechanisms of resistance have not been fully 

understood. If the parasite’s resistance mechanisms to CQ could be determined, resistance could 

be reversed, making the drug once again effective. 

The aim of this thesis was to gain insight into which regulatory mechanisms P. falciparum parasites 

have developed to survive under drug pressure. The P. falciparum multidrug resistance 1 

transporter (PfMDR1) contains five amino acid mutations that are suggested to be involved in drug 

resistance. Three PfMDR1 mutation sites are located in a putative substrate binding pocket, namely 

residues 86, 1034 and 1042. In the second chapter (manuscript I) of this thesis, we described a 

possible functional role for residue 1042 in transport of the fluorescent substrate Fluo-4. 

Furthermore, competition studies with Fluo-4 and various antimalarial drugs revealed that P. 

falciparum strains from different genetic backgrounds but harboring the same PfMDR1 amino acid 

mutations displayed distinct Fluo-4 transport inhibition patterns. Altered Fluo-4 transport 

properties through differences in PfMDR1 protein expression levels were excluded by Western blot 

analysis. This suggests that substrate transport through PfMDR1 is highly regulated and its 

functional role may have been underestimated. 

These findings emphasize the need to establish kinetic drug transport profiles for P. falciparum 

strains of different genetic background, even if they share the same PfMDR1 amino acid mutations. 

Since the PfMDR1 pump rate of Fluo-4 was determined for the drug-resistant strain Dd2 in intact 



― 121 ― 
 

parasitized RBCs [213], this information can be used to design competition experiments using a 

fixed concentration of Fluo-4 and varying concentrations of antimalarial drugs. This system offers 

a great tool to investigate transport of currently used antimalarial drugs through PfMDR1. 

Furthermore, kinetic profiles of various polymorphisms in the PfMDR1 transporter can be used for 

the development of new antimalarial drugs.  

In the third chapter (manuscript II) of this thesis, the mechanisms of CQ resistance were further 

investigated. CQ-sensitive (CQS) strains are known to accumulate higher concentrations of 

intracellular CQ compared to CQ-resistant (CQR) strains [3, 4]. In this chapter, we demonstrated 

that CQS strains undergo irreversible cell damage 4-6 hours earlier than CQR strains when exposed 

to equally lethal external CQ concentrations. This suggests that CQR strains can prevent irreversible 

cell damage longer and cope with higher CQ concentrations than CQS strains. Moreover, we 

described a novel phenotype for CQS strains after CQ exposure that was not observed in CQR 

strains. Hemozoin-containing compartments surrounded by a membrane bilayer were found in the 

cytosol of CQS strains after CQ exposure. They appeared before lysis of the DV membrane and 

leakage of DV contents into the cytosol took place. Furthermore, most parasites retained a 

functional mitochondrial membrane in the initial 4 hours after CQ exposure, while its loss is usually 

associated with apoptosis. These results suggest that CQS strains undergo a type of programmed 

cell death (PCD) that is distinct from classical apoptosis. 

Only recently did researchers demonstrate that PCD pathways exist in unicellular eukaryotes [117-

119]. An autophagic-like PCD pathway is proposed for P. falciparum strains that are exposed to CQ 

[125, 128]. Our findings confirm a potential role of a non-apoptotic pathway during CQ-induced 

cell death. This opens a wide field for exploring autophagy and its potential role in PCD after drug 

treatment of sensitive versus resistant parasites. Autophagy inhibitors or inducers, such as 

Bafilomycin-A1 and E-64, can be tested on P. falciparum parasites to determine if these substances 

have altered effects on strains of different genetic background. Understanding PCD in Plasmodium 

parasites will be highly beneficial in the design of new antimalarial drugs and provide a possibility 

to make drug-resistant strains more susceptible again. 
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The aim of the fourth chapter (manuscript III) of this thesis was to determine if there is a potential 

CQ target outside the DV. For this, a commercially available fluorescent CQ analogue, called 

LynxTag™-CQGREEN (CQGREEN) was used. CQGREEN highly accumulated in the parasite cytosol and to a 

much lesser extent in the DV. Changing the pH in all intracellular compartments to pH 7.2 or 5.2 

did not influence intracellular distribution of CQGREEN, indicating that its accumulation in the cytosol 

occurs independent of pH. This suggests that CQGREEN has a high affinity to a cytosolic target. These 

results provide additional information that affinity of CQ, or its analogues, to a cytosolic target are 

underestimated. Therefore, involvement of cytosolic pathways to CQ resistance may play a greater 

role than previously thought. 

The findings of this thesis suggest that future research on CQ resistance should focus on cytosolic 

molecules and pathways, which will likely complete our understanding of CQ resistance 

mechanisms in P. falciparum-infected red blood cells.  
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Figure 1.1: modified from [14]. Reprinted by permission from Macmillan Publishers Ltd: 

IMMUNOLOGY & CELL BIOLOGY. Wipasa, J., et al. (2002). "Immunity to asexual blood stage malaria 
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Figure 1.3: modified from [159]. Reprinted by permission from John Wiley and Sons: The EMBO 

Journal. Rohrbach, P., et al. (2006). "Genetic linkage of pfmdr1 with food vacuolar solute import in 

Plasmodium falciparum." EMBO J 25(13): 3000-3011, copyright 2006. 

 


