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ABSTRACT 

Malaria caused by the Apicomplexan parasite Plasmodium falciparum is an 

alarming health problem due to increasing incidence of deaths and growing resistance to 

antimalarial drugs such as chloroquine. Chloroquine resistance in P. falciparum is 

primarily determined by PfCRT (P. falciparum chloroquine resistance transporter), a 

transmembrane protein localized to the digestive vacuolar membrane of the parasite. 

Bioinformatic studies by Fidock et al. (2000) and Martin & Kirk (2004) suggested that 

PfCRT belongs to the drug/metabolite transporter superfamily but its mode of action 

has not yet been fully established. In order to elucidate the role of PfCRT in chloroquine 

resistance, chloroquine binding and transport were analyzed using membrane 

preparations from yeast Pichia pastoris expressing PfCRT, as well as proteoliposomes 

harboring purified protein.  

Chloroquine binding was investigated employing crude and purified membranes 

with either radiolabeled or photoaffinity-labeled chloroquine. Under de-energized 

conditions, radiolabeling experiments showed PfCRT protein to specifically bind 

chloroquine with a Kd near 400 nM but did not measurably bind the related drug quinine 
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at physiologically relevant concentrations. Photolabeling studies also demonstrated that 

chloroquine sensitive and resistant PfCRT isoforms have similar chloroquine binding 

affinities. 

Various investigators have proposed that PfCRT may function either as a 

channel or an active transporter. Using a novel probe, wherein the fluorescent NBD tag 

is attached to a terminal chloroquine ethyl group, purified isoforms of PfCRT 

reconstituted into proteoliposomes, and a novel assay involving extra-proteoliposomal 

quenching with dithionite, efflux was further analyzed under a variety of conditions.  

Turnover numbers derived from initial rates of efflux show that the outward movement 

of CQ via PfCRT is membrane potential-dependent. These data strongly support the 

hypothesis that PfCRT catalyzes facilitated diffusion of charged CQ.  

Two new methods were also developed: a high throughput fluorescence assay 

for antimalarial drug screening and a convenient scheme for the purification of 

recombinant PfCRT. The drug assay has contributed to the efficiency and ease of 

testing numerous compounds while the optimization of purifying recombinant PfCRT 

has produced a cleaner and more reliable system to investigate its function. These 

methods significantly aided in understanding the mechanism of chloroquine resistance. 
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CHAPTER 1. INTRODUCTION 

 

1.1 Malaria 

 

1.1.1. History of Malaria Disease 

Malaria is an old infectious disease whose symptoms of periodic chills and 

fevers were noted in 4th-5th century BC in Greek writings and as early as 2700 BC in 

Chinese medical texts like Nei Ching (“The Canon of Medicine”). The English referred 

to it as ague or “marsh fever” at the start of the 16th century since long exposure to the 

marshes led to the characteristic recurring fevers (1). The name was derived from the 

Italian term mal’aria, which means “bad air”, because it was associated with mosquito-

infested and humid air. The term mal’aria first surfaced in writings of Francesco 

Sansovino (1521-1586) but it was not until 1818 that the apostrophe was first removed 

from the word, as written in Murray’s New English Dictionary (2). 

In 1880, the military physician Alphonse Laveran discovered the causative 

agent, initially called “Laveran’s germ”, in the form of crescent-shaped bodies while 
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examining the blood of an ailing soldier under a light microscope. Six years later, 

Camillo Golgi found out that the parasite reproduced asexually and the subsequent 

erythrocytic lysis and parasite release coincided with the observed fevers (3).  Some 

people like Patrick Manson speculated that the disease was transmitted through 

ingestion of parasite egg-infested water. In 1897, this notion was disproved when his 

protégé Ronald Ross, a surgeon-major of the Indian Medical Service, found the 

parasites in the stomach walls of mosquitoes fed with malaria infected red blood cells 

(iRBC). But it was his rival Giovanni Battista Grassi of the University of Rome who 

demonstrated the malaria cycle upon successfully infecting Anopheles mosquitoes by 

having them feed on human patients with parasites in their blood. He and his co-

workers showed that the disease is linked to marshes and other wetlands because these 

are ideal breeding places for the mosquitoes (4). 

The disease currently afflicts more than 200 million people worldwide annually. 

The World Health Organization reported that it caused 863,000 deaths in 2008, about 

89% of which occurred in Africa (5). A total of 107 countries and territories had areas 

of malaria transmission (Figure 1.1) where 3.2 billion people live (6). However, a 

global malaria distribution model gave a higher estimate of 515 (300-660) million 

clinical cases of P. falciparum malaria in 2002 which is about 50% higher than what 

was reported (7).  

 



 
Figure 1.1. Incidence of clinical malaria estimated in 2004. Shaded areas show country level 

averages. Reprinted by permission from WHO: World Malaria Report: 1-326, Copyright © 2005. 
 
 

1.1.2. Factors of Malaria Incidence 

1.1.2.1 Climate 

 The occurrence of malaria is determined by four factors: (a) the presence of 

Plasmodium parasites, (b) the Anopheles mosquitoes and humans being in contact with 

one another, (c) the completion of the invertebrate and vertebrate life cycles in 

mosquitoes and humans, respectively, and (d) climate which influences the first 3 

components, and most importantly, the geographic distribution of malaria. 

 An Anopheles mosquito typically lays 50-200 eggs in marshes, swamps, rice 

fields, and edges of rivers. Because the eggs, larvae, and pupae are highly dependent on 

water, climate has a big impact on mosquito survival. During rainy season, rain pools 
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are created which provide more breeding habitats. But if it rains excessively, these 

breeding sites can be ruined. On the other hand, dry season causes water shortage which 

leads to eggs drying up. Climate also affects the length of mosquito development. In 

tropical areas, the development of eggs into larvae takes about 9-12 days. Colder 

climates prolong hatching to as long as 2-3 weeks. 

 In addition, climate influences the parasites’ completion of their extrinsic cycle 

which usually proceeds for 9-21 days at 25°C. When the temperature increases, the 

cycle becomes shorter thereby increasing transmission. But when it decreases to 15-

20°C, the cycle is not completed for some species of Plasmodium (8). A case in point is 

the low and seasonal malaria transmission in eastern Sudan. This country lies in the dry 

region of Africa with a short rainy season. The fleeting rains in April-July after the long 

dry season are insufficient to create mosquito breeding sites. But the heavier rains in 

August-September provide adequate water supply for mosquitoes to breed (9). 

Climate also affects human behavior. If it is too hot or too cold, people tend to 

stay indoors thus decreasing chances of contact with mosquitoes. In addition, the 

harvest season compels workers to be more exposed to mosquito bites while toiling in 

the fields. 

 

 1.1.2.2 Anopheles Mosquitoes 

Only about 40 out of the known 422 species of Anopheles are considered 

important vectors of malaria, depending on feeding and environment preferences. Some 



species feed on humans (anthrophilic) while others prefer other vertebrates. Certain 

species also favor taking their blood meals indoors over outdoors. In addition, several 

species like resting indoors (endophilic) and others do so outdoors (exophilic). 

Endophilic mosquitoes are more likely to be exposed to insecticides and may develop 

resistance against them. 

 

 
Figure 1.2. Primary vectors implicated in malaria transmission worldwide. Key: [1] A. freeborni 

and A. quadrimaculatus; [2] A. albimanus and A. darlingi; [3] A. albimanus and A. darlingi (S. America); 
[4] A. atroparvus; [5] A. atroparvus, A. sacharovi, A. labranchiae, A. pulcherrimus, and A. culicifacies; 
[6] A. pharoensis and A. sergentii; [7] A. gambiae, A. arabiensis, and A. funestus; [8] A. stephensi, A. 
pulcherrimus, and A. culicifacies; [9] A. dirus and A. fluviatilis; [10] A. dirus and A. balabacensis; [11] A. 
sinensis and A. anthropophagus; [12] A. punctulatus. This figure was published in: TRENDS in 
Parasitology 19: 144-149, Copyright © Elsevier (2003).  

 
 
Different species of Anopheles serve as the main vectors of malaria in various 

regions of the world (Figure 1.2). For example, A. quadrimaculatus and A. freeborni are 

the dominant malaria vectors in the east and west coasts of the United States, 

 23 



 24 

respectively. Even though malaria is no longer endemic in the United States, occasional 

outbreaks have been reported in Florida where the climate allows maturation of 

parasites in these vectors. On the other hand, A. darlingi is the principal transmitter in 

South America. Malaria in Africa, south of Sahara, is predominantly spread by A. 

gambiae, A. arabiensis, and A. funestus (6). Although these three species feed on the 

same individuals in the same African villages, A. funestus has evolved such that its 

mating behavior, breeding sites, and host preferences are unique relative to the two 

other African vectors. A. funestus favor breeding on permanent bodies of water like 

swamps and feeding on humans inside houses. In contrast, A. gambiae and A. 

arabiensis prefer to breed on temporary, shallow pools and feed on humans indoors as 

well as outdoors.  

 

1.1.2.3 Plasmodium Parasites 

Four species of Plasmodium have long been known to infect humans: P. 

malariae, P. vivax, P. ovale, and P. falciparum. Among them, P. falciparum is 

considered the most lethal and is responsible for most mortality linked with malaria. 

Recently, P. knowlesi was reported to zoonotically infect humans in Malaysian Borneo 

(10) with A. latens acting as the vector for both humans and monkeys (11). This species 

was commonly misdiagnosed since it appears as rings similar to P. falciparum at the 

early trophozoite stage and resembles P. malariae at later blood stages when assessed 

using blood smears (12). 



The sequencing of the P. falciparum clone 3D7 nuclear genome, its annotation, 

and publication by an international consortium of scientists has opened new 

investigations on malaria. The 22.9-megabase genome has 14 chromosomes, encoding 

5,268 genes with overall (A+T) composition of 80.6% which increases to about 90% in 

introns and intergenic regions. About 60% of the hypothetical proteins seem to be 

unique to the organism which reflects the evolutionary distance of the species from 

other sequenced eukaryotes. Classification of these hypothetical proteins according to 

the Gene Ontology system revealed that at least 1.3% are involved in cell adhesion and 

invasion, pointing to the parasite’s complex life cycle (13). 

 

 
Figure 1.3. P. falciparum stages in human (A) and Anopheles mosquito (B). Reprinted by 

permission from Macmillan Publishers Ltd: Nature 419: 495-496, Copyright © 2002. 
 25 
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The P. falciparum life cycle involves 3 stages, taking various forms in between 

invasion and replication (Figure 1.3). When an Anopheles mosquito feeds on infected 

human blood, gametocytes become ookinetes within the mosquito stomach and a few 

eventually develop into oocysts 2-7 days later. The oocysts produce 16,000 sporozoites, 

out of which only 10-20 are inoculated by the malaria-infected female mosquito when it 

bites another human (14). 

The exo-erythrocytic human cycle starts when the female Anopheles mosquito 

injects sporozoite-containing saliva into the skin during a blood meal to discharge 

vasodilators and anti-coagulants. The sporozoites move through the dermis until they 

come into contact with a blood vessel, but it is estimated that only 70% of the 

sporozoites go through the circulatory system. The rest end up phagocytosed by 

dendritic cells in the lymph nodes. The sporozoites that reach the liver through the 

circulatory system interact first with the heparan sulphate proteoglycans in the liver 

sinusoids via their surface protein called circumsporozoite surface protein. They then 

glide over endothelial cells, cross the sinusoidal layer through Kupffer cells, and enter a 

hepatocyte (Figure 1.4). A sporozoite traverses through hepatocytes until it forms a 

parasitophorous vacuole inside one and finally develops into a schizont. Merozoites are 

finally released from the parasitophorous vacuole into the bloodstream (15).  

 



 
Figure 1.4. Invasion of liver by Plasmodium sporozoites. Once sporozoites released from the 

saliva of the mosquito reach the bloodstream, some of them can safely pass through Kupffer cells and 
invade hepatocytes where they develop into schizonts. Reprinted by permission from Macmillan 
Publishers Ltd: Nature Reviews Microbiology 4: 849-856, Copyright © 2006. 

 
 
In vitro and in vivo studies using P. berghei sporozoites recently demonstrated 

that merozoites manipulate their host cells in order to cross the endothelium of liver 

blood vessels and reach the blood without being phagocytosed by Kupffer cells. 

Merozoites induce death and detachment of their host hepatocytes leading to the 

extrusion of merozoite-filled vesicles named merosomes. Simultaneously, the parasites 

absorb the Ca2+ released from intracellular stores of a dying cell to suppress 

phosphatidylserine. Phosphatidylserine exposure on the outer leaflet of the host plasma 

membrane in apoptotic cells is believed to act as an attraction signal for phagocytic 

cells.  Merosomes therefore aid in avoiding the host immune system and releasing the 

merozoites safely into the bloodstream (16). 
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Once released, merozoites invade erythrocytes and the erythrocytic cycle begins. 

Rings viewed on a thin blood smear under a light microscope appear with 1-2 small 

chromatin dots in a delicate cytoplasm (Figure 1.5, first panel). Compared to other 

Plasmodium species, multiple infections of the red blood cells (RBC) is more common 

with P. falciparum. After 15 hours of invasion, the rings mature into trophozoites. 

Trophozoites are characterized by the presence of the digestive vacuole (DV) where 

amino acids are released from hemoglobin digestion to be used as food. The hemozoin 

by-product can be seen as a dark pigment under the microscope (Figure 1.5, second 

panel). The trophozoites divide to form schizonts after another 15 hours. The schizonts 

undergo asexual multiplication, producing 8-36 merozoites, typically in multiples of 4 

(Figure 1.5, third panel), which eventually invade uninfected RBC after rupture. The 

bursting of the RBC coincides with the clinical malaria symptoms of fever and chills 

(17).  

 

 

Figure 1.5. Giemsa-stained smears of P. falciparum blood stages (left to right): rings, 
trophozoite, schizont, and gametocyte. http://www.dpd.cdc.gov/dpdx/HTML/ImageLibrary/Malaria_il. 
htm. 
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Not all merozoites develop into rings and start the erythrocytic cycle again. 

Some merozoites produced from sexually-committed schizonts differentiate into male 

or female gametocytes (18). This process, referred to as gametocytogenesis, starts 7-15 

days after the beginning of the asexual stage and is possibly stimulated by stress such as 

host immunity, drug-pressure, and parasite competition. It is estimated that only < 1% 

of parasites in the blood are gametocytes (19). Gametocytes have a crescent shape with 

the chromatin appearing as a dark pigment in the center (Figure 1.5, fourth panel). In 

Giemsa-stained blood smears, the pigment looks more scattered in male gametocytes 

than the female gametocytes. Stage 1 to stage 4 gametocytes preferentially sequester to 

the bone marrow and spleen just like mature asexual forms while stage 5 gametocytes 

circulate and become infectious to mosquitoes typically 2-3 days after circulation (20).  

Gametocytes are an essential link for the transmission from the human host to 

the mosquito vector and allow genetic recombination. Once ingested by the mosquito, 

the sexual sporogonic cycle starts. Gametocytes come out of the RBC and the males 

undergo three rounds of DNA replication and mitosis to form eight flagella. The 

exflagellated microgametes mate with the macrogametes in the mosquito’s stomach 

within 1 hour of ingestion. The formed zygote becomes elongated and develops into 

ookinetes within 5-18 hours. At this point, 2 rounds of meiosis have taken place in the 

nucleus to generate 4 haploid genomes. Following 19-36 hours after the blood meal, the 

motile ookinetes then glide across the peritrophic matrix and a microvillar network to 

the midgut epithelial cells where they mature into replicative oocysts. The nucleus of 
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these oocysts divides each day, giving rise to 2000-8000 haploid nuclei after 12-18 

days. Ruptured oocysts liberate sporozoites that move to the basal lamina of the salivary 

glands and the cycle continues when the mosquito bites another human host (21, 22) . 

 

1.1.2.4 Humans as the Vertebrate Host 

Humans are a vertebrate host of five species of malaria parasites. All vertebrates 

are capable of being infected by at least one species of Plasmodium. In humans, the 

disease is characterized by chills, fever, headaches, nausea, sweating, and body aches. 

In serious cases, these symptoms can progress to splenomegaly, coma, and death. As 

described beforehand, the parasites first grow and multiply in the liver and later in RBC. 

It is during the continuing invasion of the RBC and their subsequent lysis that the 

clinical symptoms of malaria are observed. Fever, for example is caused by the release 

of pyrogens such as cytokines from white blood cells when schizonts burst. The binding 

of cytokine factors to endothelial receptors releases prostaglandin E2 which acts on the 

hypothalamus and triggers a rise in body temperature. P. falciparum, P. vivax, and P. 

ovale infections lead to tertian (recurring every third day) fevers while P. malariae and 

P. knowlesi infections cause a quartan (every fourth day) and quotidian (everyday) 

fevers, respectively.  

Congestion of the capillaries by infected RBC also builds up pressure setting off 

hemorrhages. Blood blockage in the brain produces what is termed “cerebral malaria”. 

The severe loss of RBC leads to anemia and the liberation of free heme in the urine is 
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known as hemoglobinuria. Heme taken up by phagocytic cells causes the enlargement 

of the liver and spleen (23). 

Malaria infection during pregnancy is detrimental to both mother and baby, 

causing as many as 200,000 infant deaths every year. Women in high transmission areas 

have acquired immunity against the parasites such that malaria eventually is suppressed 

and results in maternal anemia in addition to delivery of infants with low birth weight. 

But in low transmission areas, women have no developed immunity and they succumb 

to severe malaria as well as premature delivery (24). P. falciparum-infected RBC in 

pregnant women sequester in the placenta throughout the intervillous space 

predominantly by adhering to low-sulfated chondroitin sulfate A (25, 26). Other 

placental receptors implicated include hyaluronic acid as well as the immunoglobulins 

IgG and IgM. These placental receptors interact with parasite variant surface antigens 

like the P. falciparum erythrocyte membrane protein 1 variant VAR2CSA which was 

shown to harbor chondroitin sulfate A, IgG-, and IgM-binding domains (27, 28).  

 

1.2 Antimalarial Drugs and their Targets 

 

There are several therapies being exploited to combat malaria (Table 1.1). Each 

type of antimalarial drug targets a different pathway in a different cellular location. For 

example, atovaquone inhibits mitochondrial electron transport at the level of the 



cytochrome bc1 complex (29, 30) and collapses the mitochondrial membrane potential 

(31). Three other common antimalarials are discussed below. 

 

Table 1.1. Target location, pathway, and molecule of various antimalarial drugs. Reproduced with 
permission from the Company of Biologists Ltd: The Journal of Experimental Biology 206: 
3735-3744, Copyright © 2003. 

 
 

1.2.1 Quinolines 

Quinolines (Figure 1.6) are believed to target hemoglobin (Hb) digestion 

products in the DV. The earliest known quinoline is quinine (QN), an aryl-amino 

alcohol derived from the Cinchona tree. Cinchona bark was originally brought back to 

Europe by Jesuits from South America in the mid 17th century. It was first isolated by 

the French scientists Pierre Pelletier and Joseph Cavenou in 1820, and then synthesized, 

along with its enantiomer quinidine (QD) in 1944. It acts as a blood schizonticide, 
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although it also has gametocytocidal activity against P. vivax and P. malariae. QN is 

made available intramuscularly or intravenously for treatment of severe malaria and is 

rapidly absorbed from the gastrointestinal tract. Its plasma concentration peaks in 6 

hours and has a half-life of 11 hours for healthy adults and 18 hours for those with 

severe malaria (32, 33).  

 

 

 
Figure 1.6. Structure and pKa values of some quinolines. Reprinted with permission from 

American Chemical Society: Biochemistry 43, 16365-16373, Copyright © 2004. 
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The discovery of the chemotherapeutic activity of methylene blue vs. human 

malaria by Guttman and Ehrlich paved the way for more progress with quinoline 

syntheses. It was noted that the activity could be improved by replacing the methyl 

group with a basic side chain. This finding resulted in a similar basic side chain being 

attached to a number of other heterocyclic ring systems such as the quinoline ring and 

ultimately directed the development of the first synthetic quinoline-based antimalarials 

plasmoquine and primaquine in the 1920s. Later, the basic side chain was attached to 

the 4 position on the quinoline ring leading to the synthesis of the 4-aminoquinoline, 

CQ (34).  

World War II caused the Americans to develop an antimalarial drug when the 

Japanese seized control of the East Indies which cut-off the natural source of QN. The 

synthesis of CQ was first reported by the chemists Andersag, Breitner, and Jung 

described in the German patent 683,692 (1939). Since the patent literature did not 

reveal the preparation details, Winthrop Chemical Company started a research program 

which led to CQ synthesis by Surrey and Hammer (35).  

CQ is a 4-aminoquinoline effective against erythrocytic stages of malaria. 

Metabolized in the liver primarily to monodesethylchloroquine, it reaches peak plasma 

concentrations after 5-6 hours and has a plasma half-life of 6-14 days in healthy adults 

treated with three single doses of 300 mg of CQ (36). It is a diprotic weak base with 

pKa1 = 8.1 and pKa2 = 10.2 which responds to the pH gradient (∆pH) between the 
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extracellular matrix and the acidic food vacuole (pH = 5.2-5.6) (37). As predicted for 

dibasic amines, CQ distributes across a membrane according to the square of the pH 

gradient (38). Protonated CQ becomes membrane impermeable and concentrates inside 

the DV (39, 40) where hemoglobin degradation takes place.  

Malaria parasites do not have heme oxygenase, hence, the heme released from 

Hb digestion cannot be cleaved into an open tetrapyrrole (41). Hb degradation during 

the intraerythrocytic development of the malaria parasite involves instead the host RBC 

cytoplasm being ingested by the cytostome at the parasite membrane surface from 

which vesicles pinch off and are then transported to the DV (42). Inside the DV, 

aspartic proteases plasmepsins I and II cleave the Phe33-Leu34 site in the hinge region. 

This causes Hb to partially unfold, dissociate the globin units, and expose other 

proteolysis sites (43-45).  Another aspartic protease, plasmepsin IV, and a histo-aspartic 

protease act later in the pathway as they prefer to cleave globin over native Hb (46). 

The globin fragments are then hydrolyzed by the cysteine proteases falcipain-2 in early 

trophozoites (47, 48) and by falcipain-3 probably in more mature parasites (49). It has 

been proposed that the metallopeptidase falcilysin helps cleave the produced 

polypeptide fragments along the polar charged residues of α and β chains into 

oligopeptides with 5-10 residues (50). A plasmodial homologue of mammalian type 1 

dipeptidyl aminopeptidase, dipeptidyl aminopeptidase 1, then sequentially cleaves 

dipeptides from the nitrogen terminus of the oligopeptides (51). The dipeptides can 

further be broken down into individual amino acids that can be utilized for protein 
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synthesis, which supports the paradigm that Hb degradation is one of the sources of 

amino acids for parasite growth and development (52). It is puzzling, however, that only 

16% of the amino acids derived from Hb digestion are used by the parasite out of 65% 

of ingested host cell Hb (53). Later, it was shown that Hb degradation and external 

amino acid acquisition are partially redundant pathways which furnish most of the 

parasite’s amino acid needs (54).  

During Hb degradation, heme or Fe (II) protoporphyrin IX in the globin 

structure is oxidized into the toxic ferric state hemin, Fe (III) protoporphyrin IX or 

FPIX, which is detoxified by its conversion to a pigmented, insoluble crystal called 

hemozoin (Hz) (55). Hz isolated from malaria trophozoites is chemically and 

structurally identical to the synthetic β-hematin (56). Since powder x-ray diffraction 

patterns of Hz and β-hematin are identical, to solve one structure is to solve the 

structure of both. Early studies of β-hematin initially implied that it is either aggregated 

heme involving µ-oxo bridges or a coordinated polymer connecting heme units via a 

coordinate bond between the ferric ion of one heme and the propionate carboxylate 

group of another heme (57). A study by Pagola et al. in 2000 showed that β-hematin 

(Figure 1.7) is actually a crystal of dimers involving reciprocal coordination of iron-

carboxylate bonds between the iron center of one heme and a propionate side chain of 

another heme, belonging to the centrosymmetric space group Pī. The second propionate 

group then forms a hydrogen bond to a neighboring dimer. The Fe1-O41 bond distance 

was calculated to be 1.886 Å (58).  



 

  
Figure 1.7. Crystal structure of 2 β-hematin units formed by Fe1-O41 bonds. The dimers are 

linked by hydrogen bonds through O36 and O37. The presented view is along the [001] direction. 
Reprinted by permission from Macmillan Publishers Ltd: Nature 404: 308-310, Copyright © 2000. 

 
 
Heme as the drug target of antimalarial quinolines was first hypothesized by 

Fitch and co-workers based on previously observed changes in the UV-visible spectra 

of heme in the presence of increasing CQ concentrations (59). Equilibrium dialysis 

experiments exhibited a CQ:heme ratio of 1:2. Three features important in heme-drug 

interactions were pointed out, namely: (a) heme has a planar system of 30-40 Å, (b) 

heme has Fe3+ that can coordinate with the nitrogen in the quinoline ring, and (c) heme 

has carboxylate groups that can interact with the protonated terminal nitrogen of the 

drug side chain (60).  

Fitch’s heme interaction hypothesis states that CQ works by preventing the 

detoxification of heme into inert Hz, leading to the build-up of toxic heme that 
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perforates membranes. The initial proposed mechanism was inhibition of heme 

polymerization via formation of a heme-drug complex at the growing polymer end 

which caps further extensions  (Figure 1.8) and results in toxic free heme accumulation 

(34, 61). With isothermal titration calorimetry experiments suggesting that CQ binds 

with 2 hematin µ-oxo dimers in a cofacial π-π sandwich complex (through the 

interaction of quinoline ring of CQ and metalloporphyrin ring of the dimer), it was then 

thought that the binding shifts forward the equilibrium between the monomer and dimer 

thereby decreasing the amount of monomer that can be incorporated into Hz (62).  
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Figure 1.8. Targeting of host hemoglobin by quinolines. Degradation of hemoglobin (Hb) in the 
parasite food vacuole releases ferriprotoporphyrin IX (Fp IX) which is detoxified through conversion into 
hemozoin. Quinolines are proposed to work by binding to Fp IX and preventing this detoxification 
process, subjecting the parasites to a toxic environment. This figure was published in: International 
Journal for Parasitology 29, 367-379, Copyright © Elsevier (1999). 
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With the crystal structure of β-hematin solved by Pagola and co-workers as 

discussed earlier, the concept of Hz being a polymer was invalidated. It is now 

considered that antimalarial quinolines target heme in the form of either hematin 

(H2O/HO-Fe(III)PPIX), µ-oxo dimer ([Fe(III)PPIX]2O), or crystalline β-hematin 

([Fe(III)PPIX]2) in the parasite. Assuming that the µ-oxo dimer is the dominant form of 

heme in acidic aqueous solutions, 1H-Fe(III) distances calculated from the effect of the 

paramagnetic center on T1 relaxation rates in an NMR study of quinoline-heme µ-oxo 

dimer  solution complexes were used as restraints in molecular dynamics/simulated 

annealing  modeling. The data revealed that the µ-oxo complexes do not involve 

coordination of the quinoline nitrogen atom to Fe(III) and that the quinoline ring is not 

entirely co-planar with the porphyrin ring. The quinoline nitrogen was found instead at 

the periphery of the porphyrin with the 4-amino group located closer to the Fe(III) 

center and the side chain interacting with the porphyrin ring (63). This model portrays 

the quinoline ring tilted 3-5 Å from the porphyrin ring and not co-planar as previously 

speculated by Moreau et al. (64). It also illustrated that other factors such as 

optimization of π-π interactions between the quinoline ring and the FPIX tetrapyrrole as 

well as minimizing FPIX Fe-drug N repulsions, are more important for binding to µ-

oxo dimer FPIX. A solid-state NMR study showed that acidification of FPIX-CQ 

solution leads to precipitation of a covalent complex held together by a dative FPIX Fe-

quinoline N bond which can prevent formation of Fe-O bonds, and consequently, Hz 
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crystallization (65). Follow-up NMR studies which measured magnetic susceptibilities 

of heme monomer and µ-oxo dimer equilibrium showed that µ-oxo dimers get 

protonated and become monomers as the pH is lowered. More importantly, the presence 

of CQ shifts the equilibrium to promote formation of dimers whereas QN changes it to 

favor monomers. While it is easy to understand how stabilization of monomers by QN 

can prevent Hz crystallization, it is not as clear how µ-oxo dimer promotion by CQ can 

also achieve the same effect (66). Since the chief precursor of Hz has not been 

established, the authors proposed that perhaps the recently discovered noncovalent 

back-to-back (π-π) dimer (67) is also a Hz precursor and that CQ may preferentially 

induce µ-xo dimer formation. Recently, measurements of proton nuclear magnetic 

resonance relaxation times of detergent micelles in the presence of heme and 

antimalarial drugs demonstrated a decreased diffusion coefficient for CQ only when its 

quinolyl nitrogen is protonated and an anionic detergent is present. This finding 

suggests that CQ may also inhibit crystallization of Hz by preventing µ-oxo dimers 

from entering lipids and being catalyzed to generate Fe-O41 head-to-tail dimers (68). 

Experimental evidence for the proposed binding site of quinoline on the 

corrugated 001 face of Hz, determined by theoretical approaches (69), was also recently 

presented in another study. Using scanning electron microscopy and transmission 

electron microscopy, β-hematin grown in the presence of 10% CQ or QN was found to 

crystallize longer than when grown in the absence of any drug. Crystals formed were 

symmetrically tapered toward both ends of the needle due to stereoselective additive 
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binding to 001 or 011 face. The authors proposed that the tapering at the end of the 

crystals is assumed to reduce drug inhibition along the c-axis by adsorption of the 

quinoline to the 001 or 011 face (70).  

Although it has been shown that CQ and other quinolines can bind to Hz and 

inhibit formation of Hz crystals in vitro, there was no direct evidence that inhibition of 

Hz formation is the direct cause of parasite death until a spinning disk confocal 

microscopy study of live malaria was conducted. Incubating trophozoites with 

increasing amounts of CQ for 25-30 hours led to linear increase in both % Hz inhibition 

and % growth inhibition. The efficiency of Hz formation is therefore correlated with 

inhibition of growth. In addition, CQ was found to reduce net Hz production but not the 

rate of Hz formation  (71). 

 

1.2.2 Antifolates 

In areas where resistance to CQ is widespread, as is the case in sub-Saharan 

Africa, antifolates are an alternate treatment since they are affordable.  The constituents 

of the combination therapy sulfadoxine-pyrimethamine (SP), target the enzymes (Figure 

1.9) dihydropteroate synthase (DHPS) and dihydrofolate reductase (DHFR) of the folate 

biosynthetic pathway, respectively (72).  

DHFR catalyzes the NADP-dependent reduction of dihydrofolate to 

tetrahydrofolate. It is present in malaria parasites as a bifunctional enzyme with 



thymidylate synthase, which converts deoxyuridylate to deoxythymidylate and 

methylenetetrahydrofolate to dihydrofolate (73). Pyrimethamine, cycloguanil, and other 

derivatives inhibit the Plasmodium DHFR but not the human DHFR. Inhibiting 

Plasmodium DHFR reduces the level of deoxythymidylate, consequently halting nucleic 

acid metabolism and DNA synthesis in parasites. This interferes with the division of the 

nucleus during schizont formation (74).  
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Figure 1.9. Plasmodial folate biosynthetic pathway is targeted by antifolates. While 
pyrimethamine inhibits dihydrofolate reductase downstream of the pathway, sulfadoxine inhibits 
dihydropteroate synthase upstream. Reprinted by permission from American Society for Pharmacology 
and Experimental Therapeutics: Pharmacological Reviews 57: 117-145, Copyright © 2005. 
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DHPS, on the other hand, catalyzes the condensation of para-aminobenzoic acid 

to dihydropteroate. DHPS acts as a bifunctional enzyme as it is encoded by a gene that 

also encodes hydroxymethyldihydropteridine pyrophosphokinase, which catalyzes the 

previous step of the folate pathway (75). Sulfa drugs such as sulfadoxine mimic para-

aminobenzoic acid and deplete the folate-cofactor pool, resulting in DNA synthesis 

arrest.   

Malaria parasites have become resistant to SP. In fact, the first report of SP 

resistance arose the same year it was introduced in 1967. A genetic cross of P. 

falciparum isolates from various geographic locations suggested that mutations in the 

parasite dhps and dhfr genes confer SP resistance (76, 77). Antifolate resistance due to 

dhfr mutations was demonstrated to spread from Southeast Asia to Africa (78). The 

evolution of this resistance is speculated to begin with mutation at codon 108 (S108N) 

(79, 80), followed by other mutations at codons 51 (N51I), 59 (C59R), 50 (C50R), and 

164 (I164L) that confer higher levels of resistance (72). Stepwise mutation was also 

predicted in the case of dhps that probably started with mutation at codon 437 and then 

continued at codons 436 (S436A/F), 540 (K540E), 581 (A581G), and 613 (A613T/S) 

(75, 81). 

 



1.2.3 Artemisinins 

 Extracted from sweet wormwood (Artemesia annua), artemisinins have long 

been used by the Chinese to treat fevers as a traditional herbal medicine known as 

Qinghao for more than 1000 years. However, they were not identified as the active 

components of the plant until 1972. They are sesquiterpene lactones known to kill all 

asexual stages of P. falciparum. Artemisinin (ART) is metabolized to 

dihydroartemisinin (half life of 45 minutes) from which artesunate, artemether and 

arteether were derived (Figure 1.10). These set of compounds prevent early-stage 

gametocyte development thereby reducing gametocyte carriage relative to other 

antimalarial drugs (82).  
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Figure 1.10. Artemisinin compounds commonly used to treat malaria. 

 

 
With the peroxide bond in a unique 1,2,4-trioxane heterocycle as its 

pharmacophore, earlier studies suggested that the drugs act via redox reactions that 

produce carbon-centered free radicals which cause damage to parasite structures (83, 

84). Analysis of the extracts from P. falciparum incubated with radiolabeled ART 
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indicated that ART reacted with hemin and the toxic product formed was suspected to 

be activated oxygen as membrane thiols were oxidized. It was proposed that the drug’s 

endoperoxide bridge undergoes heme-catalyzed cleavage, creating free radicals which 

alkylate heme and proteins (85, 86).  

Another group proposed that ART may target a sarco/endoplasmic reticulum 

Ca2+-ATPase ortholog, PfATP6, of P. falciparum. The study showed that PfATP6 

expressed in Xenopus laevis oocytes was inhibited by ART and not inhibited by QN nor 

CQ (87). DNA sequencing of isolates from 3 countries with different first-line treatment 

policies supported the notion of PfATP6 being the ART target, with the rare mutation 

S769N associated with raised IC50 (88). However, a paper came out at the same time 

supporting the initial hypothesis of ART working through generation of carbon-centered 

radicals. LC-MS and HPLC analysis of urine and spleen from ART-treated mice 

revealed heme-ART adducts which were absent in healthy mice. The in vivo formation 

of these adducts confirms that ART produce C4-centered radicals after iron(II)-heme 

activation and subsequently alkylate heme (89). 

With low prevalence of resistance against artemisinins, this class of compounds 

is currently the chief component of antimalarial combination therapies called 

artemisinin-based combination therapies (ACT). They rapidly act against blood-stage 

schizonts reducing parasitemia 10,000-fold for each asexual cycle. But they have poor 

efficacy due to full and fast clearing from the body, hence, ART derivatives are used 

along with a gametocytocide. The WHO recommends that countries in which malaria is 
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resistant to single therapies in more than 10% of cases to use ACT, namely, artemether-

lumefantrine, artesunate plus amodiaquine, artesunate plus mefloquine, and artesunate 

plus sulfadoxine/pyrimethamine. As of 2008, 78 countries adopted ACT as the main 

line of treatment for P. falciparum malaria (5).    

To meet the growing demand of ART as well as overcome the high cost and 

difficulty of synthesizing it (90), the yeast Saccharomyces cerevisiae was recently 

engineered to produce large amounts of the immediate precursor, artemisinic acid. 

Industrial scale-up of artemisinic acid production and its conversion to ART could 

potentially reduce the price of ACT (91). 

 

1.3 Chloroquine Resistance 

 

1.3.1 Incidence 

Ever since CQ was synthesized in 1934, it was the main drug prescribed during 

the malaria eradication campaign in the fifties to seventies. It is inexpensive and easily 

absorbed from the gastrointestinal tract. Unfortunately, resistance to the drug surfaced 

in Thailand in 1962 (92, 93). It  spread and continued to evolve gradually throughout 

Southeast Asia in countries like Malaysia (94), Cambodia (95), and Vietnam (96). It 

also appeared independently in South America (97) and Africa (98, 99). At present, 

chloroquine resistance (CQR) is a growing problem in tropical regions (Figure 1.11) of 



the world (100). Only a few areas have remained completely sensitive to CQ including 

Caribbean countries like Haiti and Dominican Republic as well as Central American 

countries north of Panama like Costa Rica, El Salvador, and Guatemala. Northern 

Africa and parts of Middle East also still harbor malaria that is sensitive to CQ (101). 

 

 
Figure 1.11. Reported P. falciparum resistance around the world. Shaded areas represent 

malaria transmission regions, ▲ chloroquine resistance, ● sulfadoxine/pyrimethamine resistance, and  
multidrug resistance. Reprinted by permission from WHO: WHO expert committee on malaria: twentieth 
report, Copyright © 2000. 

 

 

CQR has been characterized by lower cellular accumulation of weakly basic 

CQ. Presumably, this indicates lower accumulation in the acidic DV which is where CQ 

prevents heme detoxification by binding to hematin and consequently preventing Hz 

formation (40). In addition, CQR strains also show increased half-maximal inhibitory 
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concentrations (IC50) of as much as 10-fold relative to CQS strains when growth is 

determined through Giemsa-stained smears, 3H-hypoxanthine assay (102), parasite 

lactate dehydrogenase assay (103-105), and fluorometric assays using DNA-binding 

dyes like Hoechst 33258 (106) and SYBR® Green I (107, 108). Verapamil (VPL), 

known to block calcium channels and reverse multidrug resistance in cancer cells, was 

also found to increase net CQ accumulation in both CQS and CQR strains but only 

affected CQ susceptibility in the latter. CQR strains acquired VPL reversibility that is 

independent of calcium channels (109, 110).  

The mechanism behind drug resistance is thus thought to be mainly altered 

cellular drug traffic or accumulation. Several mechanisms have been proposed to 

explain this reduced chloroquine accumulation including CQ binding to a drug target 

and CQ transport, which are discussed in more detail below.  

 

1.3.2 PfCRT: Genetic Basis 

Since drug resistance in tumor cells over-expressing the mdr (multidrug 

resistance) gene is correlated to reduced drug accumulation which can be reversed by 

VPL, it was first thought that perhaps there is a homologue in malaria that is responsible 

for the similar phenomenon observed. The malaria homologue pfmdr1 encodes the 162 

kDa protein PfPgh1 whose mutations, particularly N86Y, are associated with reduced 

susceptibility to CQ.  But it was shown that PfMDR1 is unlikely the main cause of CQR 
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since Pfdmr1 over-expression did not necessarily relate to CQR (111). In addition, a 

genetic cross experiment between CQR and CQS clones showed that an increased 

efflux CQR phenotype was not linked to over-expression of pfmdr1 since the locus in 

chromosome 5 did not segregate with the CQR phenotype (112). It is now believed that 

pfmdr1 only gives a modulatory effect in inducing higher drug resistant profiles but that 

a second gene is needed to confer high-level CQR (113). 

Examination of a 36 kb segment of chromosome 7 of the progeny of the same 

genetic cross experiment revealed a novel 3.1 kbp, 13-exon gene now referred to as 

pfcrt, which encodes a 48.6 kDa protein (114). It was found that the mutant pfcrt alleles 

associated with CQR contain a pattern of point mutations based on the origin of the 

strain wherein at least 5 mutations were needed to confer the CQR phenotype (Table 

1.2). An allelic exchange of the endogenous pfcrt of a CQS strain (GC03) with pfcrt 

from CQR lines then confirmed that mutations in pfcrt do confer CQR (115). 

The critical mutation K76T in transmembrane domain (TMD) 1 is present in all 

CQR strains, wherein the lines from Africa and South-east Asia are in the context 

CVIET for amino acids 72-76 while those from South America, Papua New Guinea, 

and Philippines are in the SVMNT context. This K76T mutation is associated with 

A220S mutation except for P2A/P2B type from the Philippines (116). New mutant 

alleles from Indonesian Papua and Cambodia were recently identified but it is not yet 

clear whether they diverged from the South-east Asian types (117, 118). These 

additional pfcrt mutations increased the total number of known pfcrt alleles. 
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The CQS S106/1 haplotype carries 6 out of the 7 point mutations in a CQR 

parasite from the Old World, lacking only the K76T mutation, and is therefore useful 

for studying resistance. It was grown in lethal concentration of 100 nM chloroquine for 

28-42 days, producing 2 populations of surviving parasites with amino acid 76 

mutations to asparagine (K76N) and isoleucine (K76I). Both lines became more 

resistant to CQ as indicated by 8- to 12-fold increase in IC50 (Table 1.3), which 

reinforced the importance of the loss of lysine in CQR mechanism. Interestingly, K76I 

became hypersensitive to QN but less sensitive to its diastereomer QN. It was then 

shown that VPL antagonized QN while it chemosensitized QD in K76I. On the other 

hand, the K76N line became more resistant to QN while its sensitivity to QD did not 

change, although VPL treatment made it more sensitive. These results suggest 

stereospecific interaction of PfCRT with QN and QD (119).  

 

Table 1.3. Effect of PCRT mutation at position 76 on antimalarial sensitivity to P. falciparum. 
Reprinted by permission from American Society for Pharmacology and Experimental Therapeutics: Mol 
Pharmacol 61: 35-42, Copyright © 2002.  
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In a follow-up study, a single-step selection using 100 nM QN was performed 

on the CQR clone K76I originally derived from S106/1. The QN pressure created 3 

populations of quinine-resistant (QNR) parasites with mutations at C72R, Q352K, and 

Q352R. These parasites also became CQS again, demonstrating that the restoration of 

positive charge through C72 substitution to arginine or Q352 mutation to 

arginine/lysine is critical in CQR (120).  

The predicted structure (Figure 1.12) of the protein encoded by pfcrt consists of 

424 amino acids forming 10 transmembrane domain (TMD) alpha helices (121, 122). 

Immuno-gold microscopy (119) and fluorescence microscopy (114) studies confirmed 

PfCRT localizes in the DV (Figure 1.13). So when the S163 mutation to arginine in 

TMD 4 reported by another group (121) is also considered, helical wheel projections of 

PfCRT TMD 1, 4, and 9 predict that the polar sections of the alpha helices containing 

the charged residues linked to CQ response are facing towards a pore where they can 

interact with substrates. Hence, any mutation that affects the properties of the pore can 

change binding affinities and/or substrate transport across the DV (120). 



 
Figure 1.12. Predicted structure of PfCRT. Black filled circles show mutation positions 

associated with CQR strains in the Eastern and Western hemispheres. This figure was published in: Mol 
Cell 15: 867-877, Copyright © Elsevier (2004). 

 

 
Figure 1.13. Immuno-gold electron microscopy and fluorescence microscopy showed that 

PfCRT is localized to the DV membrane. This figure (left panel) was published in: Mol Cell 6: 861-871, 
Copyright © Elsevier (2000). Reprinted by permission (right panel) from American Society for 
Pharmacology and Experimental Therapeutics: Mol Pharmacol 61: 35-42, Copyright © 2002. 
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1.3.3 CQ Binding and Transport 

The first study illustrating reduced CQ binding by P. falciparum CQR parasites 

relative to CQS was performed by Fitch in 1970. Incubation of owl monkey RBC 

infected with P. falciparum isolates with increasing concentrations of radiolabeled CQ 

for 20 minutes showed CQR parasites accumulated less CQ (123). Reduced CQ 

accumulation was also seen in CQR P. berghei (124) and it was proposed that these 

observations are due to CQS parasites possessing high affinity-drug receptor sites which 

are diminished or absent in CQR parasites. Since then, several studies have validated 

that CQR P. falciparum in human RBC take up less CQ than CQS strains. With the 

identification of the malaria parasite’s acidic DV as the principle accumulation site of 

the weakly basic CQ and finding that transmembrane proton gradients influence CQ 

accumulation (40, 125), CQ uptake was characterized and found to exhibit a rapid short 

phase lasting only for about 30 seconds followed by a slower phase (126). Other 

hypotheses later offered to explain the phenomenon of reduced CQ accumulation in 

CQR parasites include altered drug partitioning due to changes in DV pH and/or 

membrane permeability to protonated CQ (127), heme binding (128, 129), and active 

uptake by an adenosine 5’-triphosphate (ATP)-dependent transporter (130).  

Efflux as the mechanism of CQR is also another popular model that was first 

proposed by Krogstad and co-workers (125). Measurement of percent remaining 

radiolabeled CQ in iRBC pellets as a function of various incubation times in drug-free 
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media after washing with unlabeled drug showed that the decrease in amplitude was 

bigger and the time it took to release half of CQ at zero time (“initial release, t1/2”) was 

also shorter for CQR strains. The suggested 40- to 50-fold faster CQ release for CQR, 

along with the same apparent initial rates of CQ accumulation for both CQS and CQR 

(125), were interpreted as CQR parasites pumping out the drug faster. Later studies 

proposed that this faster CQ release in CQR is a result of mutant PfCRT acting as an 

energy-dependent efflux transporter (131-136). Other investigations, however, 

supported reduced CQ uptake in CQR strains to be possibly due to facilitative diffusion 

of protonated CQ down its electrochemical gradient via PfCRT (121, 137-141). 

Bioinformatic analysis of PfCRT revealed that its sequence is most similar to 

proteins belonging to the drug/metabolite transporter superfamily which exports amino 

acids, weak bases, and organic cations. PfCRT was predicted to function as a dimer 

with the termini cytoplasmically disposed and with the TMD 4 and 9 involved in 

binding and translocation of substrates (114, 142). With these findings, along with drug 

binding and transport data from live cells, it is important to determine how PfCRT 

contributes to CQ binding and transport phenotype in CQR parasites. An exhaustive 

characterization of PfCRT is therefore crucial in distinguishing between these various 

CQR models, and consequently, in developing strategies to overcome malaria. 
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1.4 Objectives of this Study 

 

CQ resistance is mainly determined by PfCRT whose function at present is not 

yet established. It has been hypothesized to serve as a drug or an ion transporter based 

on the findings that decreased drug accumulation is observed in DV of CQR strains and 

that pfcrt mutations are correlated to DV pH changes. The successful over-expression of 

PfCRT in the plasma membrane of the yeast Pichia pastoris (143) now allows the study 

of its function.  

The purpose of this study was to investigate CQ resistance in P. falciparum and 

to ascertain the role that PfCRT plays. Drug binding and transport was examined using 

membrane preparations from yeast cells harboring different recombinant PfCRT 

isoforms. Purification of recombinant protein facilitated further analysis of PfCRT 

function in CQR. Pure protein was reconstituted into proteoliposomes (PL) and various 

assays to test drug binding and transport were developed. 
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CHAPTER 2. MATERIALS AND METHODS 

 

2.1 Materials 

2.1.1 Materials for Malaria Culturing 

P. falciparum parasite clones Dd2 and HB3 were provided by the Malaria 

Research and Reference Reagent Resource Center (Manassas, VA). Heat-inactivated, 

pooled O+ human serum and pooled O+ human whole RBC were purchased from 

Biochemed Services (Winchester, VA). RPMI 1640, HEPES, NaHCO3, glucose, 

hypoxanthine, sorbitol, and modified Giemsa stain were all purchased from Sigma-

Aldrich (St. Louis, MO).  Gentamicin was obtained from ThermoFisher Scientific 

(Waltham, MA). The 5% O2/5% CO2/90% N2 and the 100% CO2 gas tanks were 

purchased from Roberts Oxygen Company, Inc. (Rockville, MD). 
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2.1.2 Materials for Yeast Membrane Preparations 

Oligonucleotides used for pfcrt construction were ordered from MWG-Biotech 

(High Point, NC) while plasmids and primers employed for subcloning and expression 

in P. pastoris were purchased from Invitrogen (Carlsbad, CA). Rabbit anti-pfcrt IgG 

was a kind gift from Dr. Roland Cooper (Old Dominion University, VA). Difco™ yeast 

nitrogen base extract (YNB) without amino acids was from BD (Sparks, MD). 

Complete Mini EDTA-free protease inhibitor cocktail (PIC) tablets were from Roche 

(Indianapolis, IN). Affinity chromatography columns came from either Pierce 

(Rockford, IL) or GE Healthcare (Piscataway, NJ). Escherichia coli polar lipid extract 

came from Avanti Polar Lipids, Inc. (Alabaster, AL). Spectra/Por® Float-A-Lyzer® 

cellulose membranes were from Spectrum Laboratories, Inc. (Rancho Dominguez, CA). 

Anti⋅His HRP Conjugate and 6xHis protein ladder were from Qiagen (Valencia, CA) 

while the biotinylated molecular weight markers were from GE Healthcare or Bio-Rad 

(Hercules, CA). SilverQuest™ Silver Staining kit and bis-(3-phenyl-5-oxoisoxazol-4-

yl)pentamethamine oxonol (oxonol V) were from Invitrogen (Carlsbad, CA). 

Radiolabeled chloroquine, 3H-CQ (Specific Activity = 5.0 Ci/mmol), and quinine, 3H-

QN (Specific Activity = 20 Ci/mmol) were provided by American Radiolabeled 

Chemicals, Inc. (St. Louis, MO). Ecoscint A scintillation liquid came from National 

Diagnostics (Atlanta, Georgia). The rest of the chemicals used were of reagent grade or 

better from Sigma (St. Louis, MO). 
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2.2 Methods 

2.2.1 SybrGreen-Based Growth Inhibition Assay 

2.2.1.1 Malaria Culturing 

P. falciparum cultures were routinely maintained at 2-10% parasitemia using a 

modified protocol developed from the method of Trager and Jensen (144). Parasites 

were aerated with 5% CO2/5% O2/90% N2 in 75 cm3 culture flasks with canted necks 

for 1 minute before incubating them at 37 °C. Complete media was made fresh weekly 

by mixing 20 ml of human serum, 4 mg of gentamicin and 5 mmol of HEPES, pH 7.4, 

diluted to 200 ml with incomplete media (one bottle of RPMI 1640 supplemented with 

2 g glucose, 2 g NaHCO3, and 100 mg of hypoxanthine). Incomplete media and HEPES 

were filter-sterilized with a 0.2 µm filter. RBC were washed three times with 

incomplete media before using them to cut down the parasitemia. Parasitemia was 

monitored every other day by Giemsa staining (145). Briefly, 3 µl of parasites was 

smeared on glass slides, dried for 5 minutes, fixed in 100% MeOH for 1 minute, stained 

with 30% Modified Giemsa Stain for 7 minutes, washed with running tap water for a 

few seconds, and dried. Percent parasitemia was determined by counting the iRBC 

under a light microscope. 

Cultures were allowed to complete at least two full life cycles or 96 hours before 

they were used for drug resistance assays. Typically, the parasites were at ring stage 

when incubated with the drugs although the assay is reproducible when utilizing 

asynchronous culture. Stock cultures used typically have 5-10% parasitemia so that they 
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are likely to be in the mid-log growth phase. The time that the stock culture is exposed 

outside a proper gas environment (5% CO2, 5% O2, and 90% N2) is minimized (≤ 15 

minute). 

 

2.2.1.2 Drug Screening 

Assay was run in triplicate so three wells are typically assigned for each of the 

drugs tested against both CQR and CQS strains at various concentrations. Positive 

controls for each assay contained no inhibitor and different levels of initial parasitemia 

while negative controls included CQ at high concentrations. Incubations were carried 

out for one or two parasite life cycles (48-96 hours) at 37 °C. After the incubation 

period, SYBR Green I (diluted 20-fold in phenol red-free complete medium) was added 

to each well by use of a volume equal to 10% of the final liquid volume in the well. The 

resulting solutions were mixed with a low-retention pipette and allowed to stand for 30 

minutes in the incubator.  

The SYBR Green I fluorescence emission (530 ± 4.5 nm) from the plates was 

collected with a fully-automated Gemini plate reader from Molecular Devices 

(Sunnyvale, CA) at an excitation wavelength of 490 nm with 515-nm long-band-pass 

and 530-nm band-pass emission filters. Softmax Pro version 4.1, life sciences edition 

(Sunnyvale, CA) and Microsoft® Office Excel (Redmond, WA) programs were used 

for data analysis. 
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2.2.2 Yeast Membrane Preparations 

2.2.2.1 Yeast Culturing 

A 30 ml of minimum glycerol medium lacking histidine (1.0% v/v glycerol, 

1.34% w/v YNB without amino acids, 4 x 10-5 % w/v biotin) was inoculated with a 1 ml 

glycerol yeast back up taken from cultures grown out of a single colony of pPIC3.5 

transformed with recombinant plasmid pfcrt-b via lithium acetate method and expressed 

in P. pastoris (143). After at least 24 hours of incubation at 30 °C and 180 rpm, the 

culture was used to inoculate 2 L of minimum glycerol medium in a 4-L Erlenmeyer 

flask. The bulk culture was then incubated at 30 °C and 180 rpm. Once cells reached the 

exponential phase, the medium was replaced with 400 ml Minimum Methanol (0.5% 

v/v methanol, 1.34% w/v YNB without amino acids, 4x 10-5 % w/v biotin) and 

incubated again at 30 °C and 180 rpm to induce protein expression. Induced yeast cell 

were harvested after at least 21 hours of induction for membrane preparations.  

 

2.2.2.2 Crude Membranes 

Crude membranes were isolated using the glass bead method (146) with a few 

modifications. Harvested yeast cells of pPIC3.5/crt-bad were washed three times with 5 

ml of harvest buffer (0.1 M glucose, 50 mM imidazole, pH 7.5) supplemented with 5 

mM dithiothreitol (DTT) per gram of wet pellet and centrifuged at 3000g and 4 °C for 5 

minutes. Washed yeast cells were mixed with 2 ml of chilled breaking buffer (0.25 M 
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sucrose, 0.1 M glucose, 50 mM imidazole, pH 7.5) supplemented with 5 mM DTT and 

PIC per gram of cell pellet and half volume of acid-treated glass beads. Mixtures were 

snap-frozen in dry ice-ethanol until slurry was formed and then mechanically lysed 

them with 0.5 mm glass beads at 4 °C using a BioSpec BeadBeater-type homogenizer 

(Bartlesville, OK). Crude lysates were centrifuged for 15 minutes at 1000g and 4 °C 

twice and the resulting supernatant at 3000g and 4 °C for another 15 minutes to remove 

cellular debris. Final supernatants were then spun down at 100,000g and 4 °C for 1 hour 

using Sorvall Ultra 80 Ultracentrifuge (Waltham, MA). Recovered pellets were 

resuspended in chilled Suspension Buffer (10 mM imidazole, 1 mM MgCl2, pH 7.5) 

supplemented with PIC. Aliquots of the suspensions were stored in sterile 1.5-ml tubes 

at –80 °C. Protein concentrations were then quantified using Amido black with bovine 

serum albumin (BSA) as the standard following trichloroacetic acid precipitation (see 

below). 

 

 2.2.2.3 Inside-Out Vesicles 

Yeast cells harboring different PfCRT isoforms were washed with 100 ml of 

Buffer A (700 mM sorbitol, 10 mM Tris, pH 7.5) and then spun down at 2000g and 4 

°C for 3 minutes. Pellets were resuspended in 50 ml of Buffer A (5 ml/g of wet cell) 

added with 5 mg of Zymolase-20T/g of wet cell) with 10 mM of DTT and PIC, 

incubated at 30 °C for 30 minutes, and later spun down using the same centrifuge 

settings. The pellets were subsequently washed twice with 90 ml Buffer A 
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supplemented with PIC to remove the Zymolase-20T and centrifuged at the same 

settings. Washed pellets were resuspended with 1.5 ml of Buffer B (500 mM sorbitol, 

100 mM glucose, 15 mM MES, pH 6.5) supplemented with PIC, per 1 gram of wet cell 

and incubated at 30 °C for 10 minutes in order to induce the ATPase activity. 

Cells were lysed by adding twice the volume of ice-cold Buffer C (5 mM 

EDTA, 0.2% w/v BSA, 0.2% w/v casein hydrolysate, 25 mM MES, pH 6.5) 

supplemented with 1 mM DTT and PIC. The suspensions were then poured into Potter-

type homogenizer and homogenized using five slow strokes. Homogenized suspensions 

were spun down at 300g for 15 minutes to remove cell wall fragments. The supernatant 

was decanted and spun down at 35,000g and 4°C for 15 minutes. The recovered pellet 

was mixed with 9.0 g of Buffer D (330 mM sucrose, 5 mM potassium phosphate, 

dibasic pH 7.8) supplemented with 1 mM DTT.  

The suspension was then added with 27.0 g of Buffer E (84.8% w/w of buffer D, 

7.6% w/w dextran, 7.6% w/w polyethylene glycol, 1.4 mM EDTA, 1 mM DTT). The 

resulting mixture was allowed to sit undisturbed on ice at 4 °C for at least 1 hour to 

allow the two phases to separate. The lower and interphase containing inside-out 

vesicles (ISOV) were carefully removed with a pipet (upper phase contains right-side 

out vesicles), diluted with 2-3 volumes of Buffer F (330 mM Sucrose, 15 mM MES, pH 

6.5, 1 mM DTT), and centrifuged at 60,000g for 30 minutes at 4 °C. Supernatant was 

discarded. Yellow pellet was resuspended in Buffer F, typically 1-1.5 ml for every 10 g 

of starting material depending on the amount of remaining pellet. Aliquots were stored 
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in 1.5-ml tubes and kept at -80 °C (147). Protein concentrations were again determined 

using Amido black with BSA as the standard. 

 

 2.2.2.4 Proteoliposomes 

PfCRT-h was purified and reconstituted adapting the procedure by Howard and 

Roepe (148) with some modifications. Crude membranes harboring PfCRT-h were 

resuspended in dodecyl-β-D-maltoside (DM) based solubilization buffer (0.5% w/v 

DM, 500 mM NaCl, 250 mM sucrose, 20% v/v glycerol, 1 mM MgCl2, 6.5 mM β-

mercaptoethanol, 50 mM Tris, pH 7.5, supplemented with PIC) at a protein 

concentration of 2 mg/ml. After mixing gently for 1 hour at 4 °C, the unsolubilized 

proteins were removed through centrifugation at 100,000g for 1 hour at 4 °C.   

The solubilized PfCRT-h was purified via immobilized affinity chromatography. 

PfCRT isoforms with biotin tag were purified using UltraLink® immobilized 

monomeric avidin columns from Pierce (Rockford, IL). A column with 1 ml bed 

volume was previously made by putting 2 ml of 50% avidin resin in between two 

porous discs in 4 °C cold room. The excess liquid was allowed to drain with the aid of a 

Pharmacia P-1 peristaltic pump (New York, NY) connected to the bottom of the 

column. The 1-ml void volume was collected before allowing the sample to equilibrate 

for 30 minutes at 4 °C. The first flow through was collected and column was then 

washed with 10 bed volumes of column wash buffer (solubilization buffer with sodium 

chloride concentration reduced to 0.3 M). Bound biotinylated proteins were eluted with 
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five bed volumes of Elution Buffer (column wash buffer with 2 mM D-biotin). Column 

was finally regenerated with five bed volumes of regeneration buffer (0.1 M glycine, 

pH 2.8) and used for the next sample. 

On the other hand, nickel affinity chromatography was employed for purifying 

PfCRT isoforms with histidine tag. HisGraviTrap™ gravity-flow columns with 1 ml bed 

volume of Ni Sepharose 6 Fast Flow and protein binding capacity of 40 mg histidine-

tagged protein/column were equilibrated with 10 ml column wash buffer (20 mM 

Imidazole in solubilization buffer) at 4 °C for 30 minutes after draining the preservative 

liquid inside. Flow rates were observed to be 22 minutes/10 ml or 0.45 ml/minute. With 

one column assigned for each PfCRT isoform, solubilized membranes were loaded into 

the column. After removing the flow-through, each column was washed twice with 10 

ml column wash buffer. Bound his-tagged proteins were then eluted with 5 ml column 

elution buffer (500 mM Imidazole in solubilization buffer).  

Eluates were mixed with 1.4% E. coli polar lipid (0.5 g of E. coli polar lipid 

extract in 50 mM NaCl, 0.01% w/v DM, 50 mM Tris-Cl pH 7.5) and incubated on ice 

for 30 minutes before dialyzing them overnight at 4 °C against 900 volumes of dialysis 

buffer (140 mM sodium or potassium salt, 70 mM sucrose, 4 mM magnesium salt, 1 

mM β-mercaptoethanol, 10 mM Mes-Tris, pH 6.5) using Float-A-Lyzer® regenerated 

cellulose membranes with molecular weight cut-off of 25 kDa. The dialysis buffer was 

changed with fresh buffer after 16 hours and dialysis was allowed to continue for 

another 4 hours. The resulting PL were centrifuged at 200,000g and 4 °C for 1 hour, 
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resuspended in fresh dialysis buffer, aliquoted into 0.6-ml tubes, snap frozen in dry ice-

ethanol, and kept at -80 °C until use. Control liposomes were made similarly using 

crude membranes from yeast cells not expressing PfCRT-h (P. pastoris transformed 

with pPIC3.5 plasmid). Protein concentrations were again determined using Amido 

black with BSA as the standard. Typically, about 2 mg of purified PfCRT-h would be 

derived from 50 mg CM (4% yield). 

 

2.2.3 Membrane Protein Characterization 

2.2.3.1 Amido Black Protein Assay 

Increasing microgram amounts of BSA standard was mixed with water in sterile 

1.5-ml tubes such that final total volume was 90 µl. In parallel, 2 µl of protein sample 

was usually yeast mixed with 88 µl H2O in one tube and a second sample with twice the 

amount (4 µl) in another tube. In both standard and samples, 10 µl of 10 mM Tris (pH 

7.5) in 10% (w/v) SDS was added. Mixtures were incubated for 10 minutes at 37 ºC 

before adding 30 µl of 50% Trichloroacetic Acid (TCA) and incubating them for 15 

minutes at room temperature.  

Precipitated proteins were loaded on a 0.45 µm gridded nitrocellulose filter and 

washed with 150 µl of 6% TCA. The filter paper was allowed to dry and soaked in 

0.1% Amido Black in 45:10:45 MeOH:CH3COOH:H2O for 6 minutes. After rinsing 

stained filter with H2O for 30 seconds, it was placed in destaining solution for 2 
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minutes. This was repeated again using fresh destaining solution. The destaining 

solution was washed off from the filter paper with H2O for 30 seconds. 

Stained spots on the nitrocellulose paper were isolated using a cork puncher and 

cut out disks were transferred to 100 x 75 mm borosilicate culture tubes filled with 1 ml 

of 25 mM NaOH/50 µM Na2EDTA in 50%ETOH/H2O. Once the dye dissolved, 

absorbance at 630 nm was measured using a Beckman DU-65 UV-VIS 

spectrophotometer (Fullerton, CA). Protein concentrations were derived from the line 

equation of the standard’s absorbance vs. protein amount plot. 

 

 2.2.3.2 SDS-PAGE 

A 12% resolving (12% acrylamide, 0.32% Bis-Acrylamide, 0.05% ammonium 

persulfate, 0.05% TEMED, 0.1% SDS, 0.375 M Tris-Cl, pH 8.8)/5% stacking (5% 

acrylamide, 0.13% Bis-Acrylamide, 0.05% ammonium persulfate, 0.05% TEMED, 

0.1% SDS, 0.375 M Tris-Cl, pH 6.8) gel was prepared each time a membrane 

preparation was made in order to verify the presence of PfCRT.  

The first lane in the gel was always loaded with protein molecular weight ladder. 

Gels developed as biotin blots were loaded with 10 µl of biotinylated Amersham ECL 

ladder while those developed as histidine blots were loaded with 2.5 µl of Qiagen 6xHis 

protein ladder. Gels to be silver stained were loaded with 5 µl of prestained low range 

protein ladder. The remaining lanes were loaded with the samples previously incubated 

in 37 °C water bath for 5 minutes with equal volume of 2x Laemmli buffer (0.5% w/v 
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bromophenol blue, 10% w/v SDS, 25% v/v glycerol, 5% v/v β-mercaptoethanol, 0.5 M 

Tris-Cl, pH 6.8). Gels were usually electrophoresed in 1 L of Running Buffer (192 mM 

glycine, 0.1% w/v SDS, 25 mM Tris pH 8.3) at 110 V for 1.5 hour at room temperature 

using Bio-Rad Mini-PROTEAN 3 electrophoresis system (Hercules, CA). 

 

 2.2.3.3 Western Blotting 

For biotin or histidine blot detection, gel was put next to a 0.2 µm 

Polyvinylidene Difluoride Membrane (PVDF) previously soaked in 100% MeOH for 1 

minute in between two blotting papers and sponges in a cassette. Cassette was placed in 

a Bio-Rad wet electroblotting system and protein transfer was performed at 40 mA with 

1 L of Transfer Buffer (192 mM glycine, 20% v/v MeOH, 25 mM Tris, pH 8.3) 

overnight at 4 °C. On the other hand, gels to be silver stained were shaken gently in 100 

ml of Fixing Solution (10% v/v acetic acid, 50% v/v MeOH, 40% v/v H2O) overnight at 

room temperature. 

 For biotin detection, membrane was blocked in 5% w/v blocking reagent (non-

fat milk) in PBS-T (Phosphate Buffered Saline-Tween 20) for 2 hours. After briefly 

washing the membrane with PBS-T, the membrane was then incubated with 10 µl of 

Streptavidin-HRP in 20 ml of 1% blocking reagent in PBS-T for 1 hour. The membrane 

was then washed three times with PBS-T for 20 minutes each. 

 For detection of histidine-tagged proteins, the PVDF membrane was first 

washed twice using 20 ml TBS Buffer for 10 minutes each time with gentle shaking. 
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After decanting off the buffer, the membrane was incubated with 20 ml blocking buffer 

for 1 hour at room temperature. The membrane was washed twice with 20 ml TBS-

Tween/Triton Buffer at room temperature, again for 10 minutes each, followed by 

another 10 minutes with 20 ml TBS Buffer. Membrane was then incubated with 7.5 ml 

Penta-his HRP in 15 ml Anti-his HRP Conjugate Blocking buffer for 1 hour. Finally, 

membrane was washed four times with 20 ml TBS-Tween/Triton Buffer for 10 minutes 

each and two times with 20 ml TBS. 

 After developing the blot with equal amounts of ECL detection reagents 1 & 2 

(4 ml each) for 1 minute, a chemiluminescence film was exposed against it in an 

autoradiography cassette for a few seconds. Film was then developed using Kodak 

M35A X-OMAT Processor (Rochester, New York). As an alternative, 

chemiluminescence was captured for 5 minutes using Kodak Image Station 2000 mm 

(Rochester, New York). 

Fixed gel was silver-stained via the SilverQuest™ Silver Staining kit. Gel was 

washed with gently shaking using 100 ml of the following solutions in the following 

order: 30% EtOH for 10 minutes, sensitizing solution (10% sensitizer, 30% EtOH) for 

10 minutes, H2O for 10 minutes, staining solution (1% stainer) for 10 minutes, H2O for 

30 seconds twice, developing solution (10% developer, 1 drop enhancer) for 8-15 

minutes. Once the desired band intensities were reached, 10 ml of the stopping solution 

was directly added to the last solution. Gel was then washed in 100 ml H2O for 10 

minutes and then image of the bands were scanned. 



 70 

 

 2.2.3.4 Acridine Orange Proton Pumping Assay 

Proton pumping by ISOV was evaluated using acridine orange dye which 

aggregates in acidic conditions, resulting in quenching. Fluorescence was detected by a 

PTI Alphascan A1010 fluorometer (Birmingham, NJ) with the excitation and emission 

wavelengths fixed at 490 nm and 535 nm, respectively.  

In a 4.5-ml methyl acrylate cuvette with a star-head magnetic continuously 

stirring bar at the bottom, 2 µM acridine orange was first equilibrated with 3 ml 

transport buffer (330 mM sucrose, 140 mM KCl, 4 mM MgCl2, 10 mM MES-Tris, pH 

8) at 37 °C. After 2 minutes of acquiring baseline signal, 50 µg of ISOV was added. On 

the 7th minute, 2 mM MgATP was added to initiate proton pumping. The formed proton 

gradient was finally collapsed by adding 20 µM of the protonophore FCCP on the 32nd 

minute. 

 

2.2.3.5 Membrane Potential Calibration by Oxonol V 

The membrane potential (∆Ψ) of Na+ PfCRT-his pH 6.5 PL was calibrated using 

the anionic dye, oxonol V, which quenches when hyperpolarized. The fluorescence of 5 

µM oxonol V and 5 µM valinomycin in 3 ml of Na+-rich (138.4 mM), K+-low (1.6 mM) 

pH 6.5 Mes-Tris buffer was first measured by a PTI Alphascan fluorometer at excitation 

wavelength of 602 nm and emission wavelength of 636 nm. PfCRT-his PL was then 

allowed to equilibrate with the buffer at 37 °C for another 2 minutes. KCl was added 
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every 2 minutes such that final concentration increased to 7.0, 14.8, 31.3, 66.2, 96.3, 

and 140 mM. The actual potentials were calculated using the Nernst Equation:  E = 

(RT/nF) ln([K+
out]/[K+

in]). 

 

2.2.4 Functional Analysis of Recombinant PfCRT 

 2.2.4.1 Drug binding 

2.2.4.1.1 Centrifugation-Based Assay 

In 250 µl polyallomer tubes, 75 µg of CM were incubated in assay buffer (140 

mM KCl, 330 mM sucrose, 4 mM MgCl2, 1 mM DTT, 10 mM MES-Tris, pH 6.5 for 

QN and 8.0 for CQ,) with various concentrations of tritiated-drug of same specific 

activity in the absence and presence of 200-fold excess cold drug, each done in 

triplicate.  

Mixtures were then allowed to incubate at room temperature for an hour. 

Afterwards, they were centrifuged at 29 psi to spin down at > 100,000g for 15 minutes 

using an air-driven Beckman Ultracentrifuge. The remaining pellet was washed with 

100 ml of ice-chilled assay buffer and spun down again using same settings. The wash 

from the second spin was again removed. The tube was finally cut into half, with the 

lower portion containing the remaining pellet dropped into a vial containing 14 ml of 

Ecoscint A scintillation liquid. After an overnight incubation, the radioactivity of each 

pellet was measured via a Beckman LS 6500 liquid scintillation counter (Fullerton, CA) 

programmed for 3H readings at a rate of 1 minute per vial. 
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2.2.4.1.2 Photolabeling 

In a 96-well UV transparent plate, 1 nmol of PfCRT-his PL was mixed with 10 

or 100 nmol of Azido-Biotinylated-CQ (10 or 100x relative to PfCRT) and with 10, 

100, or 1000 nmol CQ diphosphate. Total volume in each well was 50 µl.   

Plate was shaken at 650 rpm using an Eppendorf MixMate for 30 seconds in the 

dark, incubated in 37 °C water bath for 10 minutes, and then irradiated with 254 nm 

using a Spectroline ENF-280C UV lamp (Westbury, NY) for 15 or 30 minutes. 

Reactions were stopped by mixing 40 µl aliquots with the same volume of 2x Laemmli 

buffer. Mixtures were incubated at 37 °C for 10 minutes before performing SDS-PAGE. 

In each well of two 12% resolving gels, 35 µl of samples were loaded next to a 

6xHis protein standard. Gels were electrophoresed at 110 V for 1.5 hour using 1 L of 

Running Buffer and protein transfer was done at 40 mA overnight using 1 L of Transfer 

Buffer. One gel was developed for histidine blot and the other one for biotin blot. 

 

2.2.4.2 Drug Transport 

 2.2.4.2.1 Radiolabeled CQ 

Under steady-state conditions, 50 µg of ISOV were added to 500 µL of pH 8 

transport buffer (10 mM MES-Tris, 140 mM KCl, 330 mM sucrose, 4 mM MgCl2, 1 

mM DTT) containing 100 nM 3H-CQ (1 µCi/mmol) -/+ 2 mM Mg2ATP at room 

temperature. Samples were incubated for 0, 1, 5, 10, 20, and 40 minutes. Mixtures were 
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then quenched with 2 mL of ice-cold transport buffer. ISOV were filtered by vacuum-

filtration using 0.45 µm Whatman GF/F Filter and washed twice with same ice-cold 

assay buffer. Each filter was mixed with 14 ml Ecoscint A scintillation liquid in a 

scintillation vial. Radioactivity was measured for 1 minute per vial with the aid of 

Beckman LS 6500 liquid scintillation counter. Assays were done in triplicate. 

Under trans-stimulation conditions, ISOV were pre-equilibrated with 0, 1, 10, 

25, 100, 250, 500, 1000, 5000 nM cold CQ for 20 minutes before adding to 500 µL of 

pH 8 transport buffer with 100 nM 3H-CQ (1 µCi/mmol)  -/+  2 mM  Mg2ATP. After 

each incubation period, samples were processed as described above. This assay was also 

done in triplicate. 

For efflux experiments, ISOV were pre-equilibrated with 1 µM 3H-CQ (0.5 

µCi/mmol) and 2 mM Mg2ATP in pH 7.3 transport buffer at room temperature for 20 

minutes. 50 µg pre-incubated ISOVs were then introduced to 500 µl of the same buffer 

+/- 2 mM Mg2ATP and allowed to incubate for either 0, 5, 10, 20, 30, or 60 minutes. 

Efflux was stopped by adding 2 mL ice-cold transport buffer. After filtering and 

washing twice the ISOV, radioactivity was quantified. To calculate for CQ efflux rates, 

ISOV were preloaded with 0.1, 1, 5, or 10 µM 3H-CQ (0.5 Ci/mmol) and 2 mM 

Mg2ATP in pH 8.5 transport buffer for 20 minutes and incubating them afterwards in 

500 µl of pH 7.5 transport buffer with 2 mM Mg2ATP, -/+ 20 µM FCCP for 0, 5, 10, 

and 15 minutes. After quenching with 2 ml of pH 8.5 ice-cold transport buffer, filtered 
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and washed ISOV were processed as described above. These experiments were all done 

in triplicate. 

 

  2.2.4.2.2 Fluorophore-labeled CQ 

NBD-CQ fluorescence was monitored continuously by a PTI Alphascan 

fluorometer with a water-jacketed cuvette holder which maintained the temperature at 

37 °C. Measurements were done at excitation and emission maximum wavelengths of 

470 and 550 nm, respectively, at a rate of 4 points/second.  

For uptake experiments, the fluorometer was set at 470 nm and emission from 

490 to 690 nm. Three ml of pH 8.5 buffer (10 mM MES-Tris, 330 mM sucrose, 140 

mM KCl, 4 mM MgCl2, 1 mM DTT) with 50, 100, or 500 nM NBD-CQ was allowed to 

pre-equilibrate for 2 minutes before adding 200 µg ISOV. Drug accumulation was 

initiated by the addition of 2 mM MgATP 5 minutes after the sample was added. The 

formed pH gradient was then collapsed with the introduction of 20 µM FCCP on the 

32nd minute. A total of 8-10 traces from two independent experiments (4-5 traces each) 

were obtained for each sample.  

For the efflux experiments, PL were first preloaded with NBD-CQ for 20 

minutes at 37 °C before diluting them into 3 ml of transport buffer (140 mM sodium or 

potassium salt, 70 mM sucrose, 4 mM magnesium salt, 1 mM DTT, 10 mM Mes-Tris) 

in a 4.5-ml methacrylate cuvette. A star-head magnetic stir bar continuously stirring at 

the bottom of the cuvette ensured rapid mixing of contents. Fluorescence was quenched 
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by the addition of 2 mM dithionite 5 minutes after PL addition or prior to start of 

measurement. Finally, 1% triton® X-100 (TX-100) was added to permeabilize 

membranes. Each experiment was done in triplicate using two independent PL 

preparations and standard errors were computed. Turnover numbers were derived from 

initial rates. Kinetic data were analyzed using SigmaPlot 9.0 from Systat Software, Inc. 

(San Jose, CA). 
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CHAPTER 3. RESULTS 

3.1 SYBR-Green Based Fluorescence Assay 

Reproduced with permission from:    

Bennett, T. N., Paguio, M., Gligorijevic, B., Seudieu, C., Kosar, A. D., Davidson, E., 
and Roepe, P. D. (2004) Novel, rapid, and inexpensive cell-based quantification of 
antimalarial drug efficacy. Antimicrob Agents Chemother 48, 1807-10. Copyright © 
2004 American Society for Microbiology. 

 

 

The continued emergence and spread of multidrug-resistant strains of P. 

falciparum and P. vivax is arguably the most pressing problems in the area of infectious 

diseases today. Although the recent deciphering of the P. falciparum genome reveals 

many promising new drug targets, the financial cost of bringing drugs to the clinic is a 

major obstacle in the development of new antimalarials. A faster, less expensive, high-

throughput means of screening the activities of drugs against a variety of malarial 

parasite strains would greatly assist preclinical drug development.  

Quantitative assessment of the effects of drugs on parasite growth and 

development can be achieved by direct, but extremely tedious, microscopic examination 
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of blood smears. An alternative assay is measurement of the effect of drug exposure by 

determination of the level of incorporation of radiolabeled hypoxanthine. While the 

latter method can be automated, it requires radioactive materials and is not convenient 

for detection of parasite stage-specific effects. Another assay measures parasite lactate 

dehydrogenase activity by methods that do not require radioisotopes. However, this 

assay requires multiple processing steps and expensive reagents and is not particularly 

cost-effective for large-scale drug screening efforts. 

The development of more rapid and convenient cell-based assays for quantifying 

antimalarial drug activities was therefore endeavored, ensuring enhanced simplicity and 

reduced cost. Here, the collaborative development of one such assay relying on the 

fluorophore SYBR Green I is reported. 

 

3.1.1 Assay Design and Refinements 

In general, cultures were synchronized in the laboratory and used when the 

parasites are at the ring stage. However, this assay was found to be equally applicable to 

asynchronous culture and similar IC50 were calculated from data with asynchronous and 

synchronous cultures (data not shown). Prior to assay initiation, the level of parasitemia 

of an aliquot of a stock culture was measured by light microscopy following Giemsa 

staining or by fluorescence-activated cell sorter analysis after staining with propidium 

iodide. Typically, different concentrations of drug were incubated against both CQS and 

CQR parasites, each in triplicate, for one or two parasite life cycles (48-96 h). Each 
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plate had positive controls wherein parasites of different levels of initial parasitemia 

were incubated with no inhibitor while negative controls included CQ at high 

concentrations. At the end of the test period, a solution of SYBR Green I (diluted in 

phenol red-free complete medium) was added to each well by use of a volume equal to 

10% of the final liquid volume in the well. The resulting solutions were mixed and 

allowed to stand for 30 minutes in the incubator. Lysis of red blood cells with 

detergents (in particular, harsh ionic detergents, such as SDS) could compromise the 

signal-to-noise ratio so the data presented in this paper were obtained in the absence of 

any detergents or red blood cell lysis. The SYBR Green I fluorescence emission (530 ± 

4.5 nm) from the plates was collected with a Molecular Device Gemini plate reader at 

an excitation wavelength of 490 nm with 515-nm long-band-pass and 530-nm band-

pass emission filters. The Gemini instrument is fully automated, can read 384 well 

plates, and has a sensitivity of submicromolar concentrations for fluorescence emitters 

in the visible range. With this reader, the use of “black plates” reduced fluorescence 

cross talk between wells and improved assay reproducibility. 

The assay was refined to reduce expense and increase both the sensitivity and 

the reproducibility of the assay. Incubations were typically carried out in 200-µl final 

volumes in 96-well plates. In order to reduce the levels of autofluorescence and 

background absorbance, the medium used was phenol red-free RPMI. Plates used were 

with coated wells to reduce fluorescence cross talk. Measurements depended on the 

completion of at least one full life cycle (48-54 hours), low levels of initial parasitemia 
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(0.5-1.0%), and low levels of hematocrit (1-2%). Type O human blood was used only if 

not more than 3 weeks old. Overall growth inhibition was assessed by comparison of 

the growth in the treated wells with that in the control wells, to which no drug was 

added. Several wells on each plate were reserved for use for generation of a control 

standard curve. To generate the standard curve, a culture with a known level of 

parasitemia was introduced into these wells immediately prior to dye staining and is 

stained along with the rest of the plate so that the absolute SYBR Green I intensities in 

the test wells could be extrapolated to a defined level of parasitemia. Importantly, such 

standard curves were linear over a range of 0.2 to 15% parasitemia and overlap for the 

two strains examined in this study (data not shown).  

 

3.1.2 Screening of Antimalarial Drugs 

SYBR Green I (Figure 3.1) is a DNA-intercalating dye that prefers G and C base 

pairs. It can be prepared by heating 2-chloro-4-[2,3-dihydro-3-methyl-(benzo-1,3-

thiazol-2-yl)-methylidene]-1-phenylquinolinium iodide with N-(3-

dimethylaminopropyl)-N-propylamine in 1,2-dichloroethane for 2 hours. The first 

compound can be rapidly made from 2-chloro-4-methyl-1-phenylquinolinium chloride, 

which is easily synthesized from 1,2-dihydro-4-methyl-1-phenyl-2-quinolone. The dye 

is highly fluorescent when it is intercalated into DNA but is poorly fluorescent when it 

is not.  

 



 
Figure 3.1. Structure of SYBR Green I.  
 
 

 
 

Figure 3.2. Fluorescence excitation (390 to 505 nm) and emission (505 to 615 nm) spectra for 
7.9 nM SYBR Green I without (bottom) or with (top) 4.2 nM plasmid DNA base pairs. At this dye: base 
pair molar ratio (1.9), fluorescence quantum efficiency increases 25- to 30-fold. The increase in SYBR 
Green I fluorescence quantum yield is linear with molar ratios of 7.0 to 0.5 (assuming approximately 
equal proportions of GC and AT base pairs; data not shown). RFU, relative fluorescence units. 
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Indeed, by laser confocal microscopy with the 488-nm line of an argon laser, 

SYBR Green I provided brilliant resolution of infected versus noninfected erythrocytes 

in asynchronous culture (Figure 3.3) even though P. falciparum has an AT-rich 

genome. Importantly, detection via illumination was convenient being at visible 

wavelengths and not UV wavelengths unlike many other DNA-staining dyes. The dye 

was found to be uniformly exposed to the entire cell culture. Its fluorescence increased 

appreciably when it binds to parasite DNA. Moreover, a high level of fluorescence was 

seen within seconds after addition of the dye (data not shown). Background staining 

was minimal and no washing steps were necessary, making use of this dye in a 96-well 

plate format ideal. That is, in theory, parasites may be grown with or without drug in a 

traditional red blood cell culture environment, stained by one simple addition of SYBR 

Green I, incubated for 5 min, and then rapidly read on an appropriate fluorescence-

activated plate reader.  

Initially, results were combined with those of fluorescence-activated cell sorter 

analysis to give a robust, quantitative measure of parasite growth and development. This 

procedure was validated by direct comparison of the results obtained by this procedure 

with those via light microscopy and those used extensively for routine measurement of 

inhibition of merozoite invasion of erythrocytes.  
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C 

 
Figure 3.3. Malaria-infected RBC stained by SYBR Green I (green). Cells were fixed to thin 

glass with polylysine and imaged by laser confocal microscopy with an Olympus Fluoview microscope in 
z-series mode. Excitation is at 488 nm, and emission at 510 to 550 nm is collected with a 505-nm dichroic 
filter and a combination of appropriate long- and short-band-pass filters: differential interference contrast 
(A), fluorescence (B), and overlay (C). 

 

 

Staining with SYBR Green I was similarly intense regardless of the stage of 

intraerythrocytic parasite development. The intensity per parasite was similar for both 

rings (Figure 3.4A) and trophozoites (Figure 3.4B), while multiple SYBR Green I spots 

for the multiple nuclei present at the schizont stage are readily visible (Figure 3.4C, in 



which 12 new nuclei could be discerned). Since each malarial parasite typically 

produces 8 to 24 progeny upon completion of intraerythrocytic growth, there should be 

significant amplification of the net SYBR Green I intensity over time as a culture 

expands.  

 

A 

B 

C 

 
 
Figure 3.4. Malaria asexual stage independence of SYBR Green I staining. Ring (A), 

trophozoite (B), and schizont (C) stages of intraerythrocytic P. falciparum. 
 

 83 



A 

B 

C 

 
 
Figure 3.5 Representative CQ growth inhibition data for CQR strain Dd2 (A), CQS strain HB3 

(B), and CQR strain Dd2 in the absence ( ) and the presence ( ) of 5 µM VPL (C). The computed IC50 
are 125 nM (A), 13 nM (B), and 125 and 21 nM, respectively (C). 
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Figure 3.5 shows the results of typical growth inhibition assays with CQ for 

CQR Dd2 (A) and CQS strain HB3 (B). Data were fit to sigmoid curves and the 

computed IC50 (125 and 13 nM for Dd2 and HB3, respectively) were near those 

computed by other assays in other laboratories (149). More importantly, the ratio of 

these IC50s (the fold resistance to CQ for Dd2 versus that for HB3) were nearly identical 

to the ratios calculated by the use of other assays. Exact agreement of the IC50 

determined by the different methods was not expected since the different reporters in 

various assays can have stage- and time-dependent effects. CQ growth inhibition data 

for Dd2 with and without VPL, which is a well-known chloroquine resistance reversal 

agent, revealed that the assay can show reversal of CQ resistance. The level of 

resistance reversal in this assay (approximately six-fold) compared very well with the 

results from other laboratories in which more traditional assays were used. 

This fluorescence-based assay was later validated by Walter Reed Army 

Institute of Research to be more cost-effective, simpler, and less hazardous than the 

standard tritiated hypoxanthine screening assay (150). It was also shown to be capable 

of screening different antimalarial drug combinations and differentiating between 

homogenous and mixed-strain infections (151). Another group also recently produced 

same or similar IC50 values using the histidine-rich protein II (HRPII) enzyme-linked 

immunosorbent assay (ELISA), substantiating the use of SYBR Green I-based method 

for the routine screening of antimalarial drugs (152). 
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3.2 Initial Analysis of Recombinant PfCRT 

Reproduced with permission from:    

Zhang, H., Paguio, M., and Roepe, P. D. (2004) The Antimalarial Drug Resistance 
Protein Plasmodium falciparum Chloroquine Resistance Transporter Binds 
Chloroquine. Biochemistry 43, 8290-8296. Copyright © 2004 American Chemical 
Society. 

 

 

Different patterns of pfcrt mutations confer CQR in malarial parasite isolates 

from different regions of the globe. Perhaps the most heavily studied mutant (CQR-

associated) PfCRT molecule is the Dd2 isoform (115, 143, 153), which is encoded by 

an allele commonly found in drug-resistant African and southeast Asian P. falciparum 

isolates. Dd2 harbors seven point mutations relative to a common allele associated with 

CQS parasites, the HB3 allele, whereas the 7G8 (South American) allele associated 

with CQR harbors five PfCRT point mutations (114). It is not known how these 

different patterns of mutations contribute to the different antimalarial drug resistance 

phenotypes seen in these strains. Similar to the case of human MDR1-mediated drug 

resistance for tumor cells (154), selection of various parasite strains with different 

drugs, drug combinations, and/or different culture conditions complicates interpretation. 

Thus, molecular biochemical studies of recombinant PfCRT proteins under controlled 

conditions would greatly assist progress. 

However, heterologous expression of malarial genes, particularly those encoding 

large integral membrane proteins, is extraordinarily difficult, if not impossible, via 
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conventional means because of their very high (65-85%) AT base pair content. This 

impedes molecular biochemical studies of many important malarial transporters. 

Recently, endogenous wild-type PfCRT was “back-translated” to construct a synthetic 

gene that was in theory optimal for high level expression in yeast (143). This synthetic 

gene was fused to a fragment encoding a biotin acceptor domain, constitutively 

expressed in Saccharomaycs cerevisiae, and inducibly expressed to higher levels in P. 

pastoris. In both cases, much of the protein was well localized to the yeast plasma 

membrane.  

Using single cell photometry methods and living intraerythrocytic parasites, we 

have previously measured lower DV pH for CQR malarial parasites (37, 153). On the 

basis of these data and our initial studies with recombinant PfCRT, we proposed that 

mutant PfCRT perturbs DV pH regulation, either by modulating the activity of the 

endogenous DV membrane V-type ATPase or by acting as a Cl- channel (143). These 

pH perturbations will differentially influence resistance to various quinoline 

antimalarials (e.g., CQ, QN, and MQ), since the weakly basic drugs have different pKa 

values and different pH-dependent heme binding. For example, weak base nitrogen pKa 

values are 5.1 and 9.8 for QN but 8.4 and 10.1 for CQ, predicting that all DV localized 

CQ is +2, whereas considerable QN is +1. Thus, PfCRT-instigated changes in DV pH 

have different relative effects on accumulation and retention of the compounds, as well 

as their binding to DV heme and perhaps other molecules (155). In this report, we show 
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that this model for PfCRT should now be modified to include direct interaction with at 

least one antimalarial drug, the 7-chloro-4-aminoquinoline CQ. 

 

3.2.1  Centrifugation-Based Drug Binding 

Drug binding centrifugation-based assay was done to find the differences in the 

specific binding of chloroquine and quinine to three different yeast membranes: (a) 

KM71/3.5 does not harbor PfCRT, (b) KM71/HB3 has wild-type PfCRT, and (c) 

KM71/Dd2 contains CQR-associated mutant PfCRT. Incubation of the membranes with 

different concentration of radiolabeled drugs alone gives total binding while incubation 

with radiolabeled drugs at the same concentrations in the presence of 200-fold excess 

non-radiolabeled drug yields non-specific binding probably due to hydrophobic 

interactions. 

Binding was examined over physiologically relevant concentrations of CQ. 

Strain KM71/3.5 (Figure 3.6A, ) is a control strain that was grown and induced in a 

similar fashion but does not harbor PfCRT. Strain KM71/Dd2 (Figure 3.6C, ) 

expressed CQR-associated PfCRT harboring seven mutations (M74I, N75E, K76T, 

A220S, Q271E, N326S, R371I) relative to CQS-associated HB3 (Figure 3.6B, ). 3H-

CQ binding to Dd2 (Figure 3.6C) and HB3 membranes (Figure 3.6B) is markedly 

higher in the absence of a 200-fold molar excess of cold CQ (solid symbols) relative to 

the presence (open symbols), whereas binding in the presence or absence of cold CQ is 



statistically the same for control strain KM71/3.5. Nonspecific binding to all three 

membrane preparations was found to be similar (Figure 3.6D).  
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Figure 3.6 Number of moles of CQ bound per microgram of protein determined through 

centrifugation-based assay. (A) Control 3.5 CM bind less CQ than (B) HB3 and (C) Dd2 CM when 
incubated with different concentrations of radiolabeled drug alone (closed symbols). (D) Incubation with 
same concentrations of radiolabeled drug plus a 200-fold excess cold drug gives non-specific binding 
which were similar for all three strains (open symbols).  

 

 

 Subtracting non-specific binding from total binding measured in the absence of 

excess cold competitor (Figure 3.6C) yielded specific binding to HB3 ( ) or Dd2 ( ) 

PfCRT over this concentration range (Figure 3.7A). Binding in the presence and 
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absence of cold CQ is statistically the same for control strain KM71/3.5. Scatchard 

transformation of the data (Figure 3.7B) reproducibly suggested that CQ has greater 

affinity for Dd2 PfCRT with derived Kd of 435 nM while HB3 PfCRT has calculated Kd 

of 385 nM (Table 3.1). However, the propagation of standard deviation for the raw data 

used to calculate affinity did not currently allow for a statistically rigorous distinction 

between these affinities.  
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Figure 3.7. Specific binding of CQ to CQR-associated PfCRT (KM71/Dd2, ) and wild-type 

PfCRT (KM71/HB3, ) determined by subtracting non-specific binding from total binding (A). Fitting 
the net specific binding to a single exponential, y = a(1 – e-bx), and subsequent conversion to Scatchard 
Plot (B) gave Kd values of 435 and 385 nM for HB3 and Dd2 PfCRT, respectively. Bmax (fmol CQ/µg of 
membrane protein) was calculated to be 162 for HB3 PfCRT and 137 for Dd2 PfCRT. 
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 Table 3.1. Calculated Kd and Bmax values for HB3 and Dd2. 

For y = mx + b Scatchard Plot Analysis PfCRT 
m B R2 Kd (nM) Bmax  

(fmol CQ/µg 
protein) 

KM71/HB3 ( ) 
KM71/Dd2 ( ) 

-0.0023 
-0.0026 

0.3715 
0.3557 

0.9912 
0.9898 

435 nM 
385 nM 

162 
137 

 
 

Extrapolation of the data to the ordinate gives a Bmax of approximately 162 and 

137 fmol of CQ/µg of membrane protein for KM71/HB3 and KM71/Dd2 membranes, 

respectively. Previous work suggested that approximately 1% of the protein in these 

membranes is PfCRT. Using the calculated molecular mass of 57.7 kDa for biotinylated 

PfCRT, this yielded 175 fmol of PfCRT/µg of membrane protein. Thus, importantly, 

apparent binding to PfCRT was near 1:1 molar stoichiometry at these CQ 

concentrations and exhibited meaningful affinity. 

However, for reliable interpretation of these data, it is crucial that equivalent 

concentrations of HB3 vs. Dd2 PfCRT be present in different yeast membrane samples 

and that total membrane protein content for all samples be equivalent. Along with 

multiple Amido black assays to control for the latter, all samples used in these 

experiments were electrophoresed side by side and quantified biotinylated PfCRT as 

well as endogenously biotinylated yeast membrane proteins by avidin-HRP detection 

and densitometry (Figure 3.8). Endogenously biotinylated yeast membrane proteins 

offer convenient confirmation of equivalent total protein for different samples. 



 

    1        2       3      4       5       6 

 
Figure 3.8. Relative membrane protein and PfCRT expression for different membranes used in 

the binding assays. Equivalent aliquots of isolated membranes used in the drug binding assay were 
electrophoresed, transferred to nitrocellulose, and probed with avidin-HRP. Lane 1 – 10 µg of 3.5 CM; 
Lane 3 – 10 µg of HB3 CM (first batch); Lane 4 – 10 µg of Dd2 CM (first batch); Lane 5 – 20 µg of HB3 
CM (second batch); Lane 6 – 20 µg of Dd2 CM (second batch). Equivalent protein and equivalent PfCRT 
(arrow) concentrations were found for these samples.  

 

 

These data allowed us to conclude that the altered apparent affinity for specific 

binding of CQ is due to PfCRT mutations and is not a consequence of dramatically 

different levels of heterologously expressed proteins. Through analysis similar to the 

above figures, we could detect no specific binding of the related quinoline antimalarial 

drug QN to any of these samples (137). 

Accumulation of 3H-CQ and 3H-QN into ISOV was then analyzed. To a first 

approximation, ISOV mimic the bioenergetics of the DV, the normal membrane host of 

PfCRT. Both harbor a H+-ATPase capable of acidifying their interiors by 1.5-2.5 units 
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upon the addition of external ATP. Since CQ and QN are weakly basic hydrophobic 

drugs, they should accumulate within the interior of ISOV in response to the 

transmembrane ∆pH formed upon addition of ATP, similar to what occurs in the living 

parasite DV. Transport was also analyzed by a complementary flow dialysis method 

(156) that has better kinetic resolution and that is less complicated by high background 

binding of drug to membranes and/or filters (Figure 3.9). 

Accumulation into the ISOV is initiated by addition of 2 mM ATP (Figure 3.9, 

first arrow) and dissipated by addition of 20 µM protonophore (Figure 3.9, second 

arrow). Steady-state QN accumulation (Figure 3.9A) is higher in Dd2 ISOV ( ) relative 

to the other samples as predicted on the basis of weak base partitioning theory. 

However, CQ accumulation (Figure 3.9B) is again notably lower than predicted for Dd2 

ISOV. Additionally, the rate of CQ accumulation in the Dd2 ISOV is conspicuously 

slower relative to either control 3.5 or HBS ISOV. Note also that accumulation of CQ 

for Dd2 ISOV is conspicuously slower than accumulation of QN or the generation of a 

∆pH (143) for identical Dd2 ISOV under similar conditions.  
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Figure 3.9. Kinetics of 3H-QN (A) and 3H-CQ (B) accumulation into ISOV measured via flow 

dialysis. Shown are the average of two representative experiments for 3.5 ( ) and Dd2 ( ) ISOV. HB3 
ISOV gave data nearly identical to those for 3.5 and were omitted for clarity of presentation. The flow 
rate was set at 2.1 mL/min and 1 mL dialysate fractions were collected. Assays were initiated by adding 
500 µg of ISOV to the upper chamber, which had been pre-equilibrated with assay buffer plus 200 nM 
radiolabeled drug. ATP was added to acidify the ISOV interior and initiate accumulation of the weak base 
drug (first arrow). After 20 fractions were collected, FCCP was added to collapse ∆pH and release 
accumulated drug (second arrow). QN accumulation is higher for Dd2, but CQ accumulation is 
conspicuously lower than expected. The flow dialysis data revealed a markedly slower rate of 
accumulation for Dd2 ISOV vs. control (B) or vs. HB3 (not shown). 

 
 

 

3.3 Purification of Recombinant PfCRT 

 

Early work on CQR utilized cultures of RBC infected with sensitive and 

resistant P. falciparum. With the identification of pfcrt as the primary genetic 

determinant of CQR, it is imperative to determine the function of the encoded protein 

and understand how it affects CQ transport and binding. The difficulty in studying its 

putative transport function though rests on PfCRT being localized to the DV membrane 

 94 



 95 

within the parasite as there are three membranes (parasite plasma membrane, 

parasitophorous vacuolar membrane, DV membrane) to consider for experimental 

manipulations. Moreover, it would be difficult to isolate PfCRT from malaria parasites 

in large quantities because a target membrane protein is usually present in small 

amounts. Fortunately, advances in heterologous protein expression paved the way for 

the over-expression of PfCRT in yeast strains that can be easily genetically manipulated 

at low cost (157). Unlike the E. coli protein expression system which sometimes 

produces insoluble and misfolded proteins, the methylotrophic yeast P. pastoris has a 

eukaryotic protein synthesis pathway which allows expression of properly folded 

recombinant proteins that require post-translational modifications like glycosylation, 

phosphorylation, or palmitylation (158). It is usually favored over S. cerevisiae as it 

overexpresses recombinant proteins in higher yields. The genome sequence of the strain 

GS115 was recently published along with codon usage, which should improve protein 

expression levels (159). 

The optimized pfcrt gene was previously back-translated, optimized using a S. 

cerevisiae yeast codon usage table, PCR-amplified, fused in-frame with  the P. 

shermanii transcarboxylase gene that encodes the minimal biotin acceptor domain 

(Figure 3.10), and heterologously expressed in yeasts S. cerevisiae and P. pastoris 

(143). Recently, a six-histidine residue and a Factor Xa cleavage site were inserted in 

between pfcrt and the biotin acceptor domain, which was then removed in some 

constructs, and likewise expressed in P. pastoris (160). 



 
Figure 3.10. Construction of synthetic PfCRT with biotin acceptor domain. This figure was 

originally published in: The Journal of Biological Chemistry 277: 49767-49775, Copyright © the 
American Society for Biochemistry and Molecular Biology 2002.  
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Although preliminary functional studies were successfully conducted using CM 

and plasma membranes from yeast expressing different PfCRT alleles, the study could 

be expanded if purer samples are used. Crude extracts contain other proteins that 

impede proper study of the protein of interest. Purification of PfCRT is necessary for a 

more comprehensive biochemical characterization of the protein and its incorporation 

into phospholipid vesicles would provide a powerful means to probe deeper into drug 

binding and transport processes. It is also important for the determination of CQ binding 

site/s via mass spectrometry and for solving PfCRT crystal structure via x-ray 
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crystallography. Fortunately, the biotin acceptor domain and hexahistidine tag not only 

facilitate protein detection but also protein purification through immobilized affinity 

chromatography.  

In this study, ISOV and PL harboring CQS and CQR PfCRT used for binding 

and transport experiments were derived from membranes of P. pastoris expressing 

recombinant PfCRT. Being an obligate aerobe, cultures can be grown at high density (> 

400 g/L wet cell weight) in minimal media even under oxygen-limiting conditions. 

More importantly, it has a strongly inducible alcohol oxidase 1 (AOX1) promoter that 

can be used to tightly control expression of the foreign protein. Transcription can be 

first repressed by growing the cells in an initial carbon source such as glycerol to ensure 

good growth (161). When methanol becomes the sole carbon source, AOX1 induces 

expression of  the foreign protein as well as alcohol oxidase and other enzymes of the 

methanol utilization pathway (162). The strain used for PfCRT expression was KM71, 

which grows slower on methanol because it relies on a second alcohol oxidase gene 

AOX2. Time course analysis of PfCRT induction demonstrated that the yeast cells start 

to express the protein after 3 hours of induction and expression plateaus after 12 hours 

(143). 

Membrane protein purification usually starts with cell wall disruption to acquire 

lysates followed by enrichment through centrifugation, filtration, or precipitation. Cell 

walls can be broken through glass bead milling, homogenization, ultrasonication, 

osmotic shock, enzymatic lysis, and repeated freezing-thawing. In this study, PfCRT 
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CM from P. pastoris cultures were prepared via glass bead milling. This involved 

agitating yeast cells expressing PfCRT with 0.5 mm glass beads and a series of 

centrifugations to isolate cellular fractions. SDS-PAGE and Western blot analysis of 

CM made from yeast harboring the PfCRT allele confirmed over-expression of a 

protein with mass of 57.7 kDa, which is 9.1 kDa higher than the mass of the native 

protein because of the added biotin tag. A 2.5 L yeast culture on average generates 75 

mg of CM. The bottleneck in making CM is the glass bead milling. This step in the 

procedure was previously done using several 50-ml conical tubes attached to a vortex 

and mixed for at least 1 hour. Since only four 50-ml conical tubes could be fastened to a 

vortex, it often took two rounds of vortexing to break up all the cells. But with the aid of 

a mechanical miller like Biospec BeadBeater, twice the total amount of protein could be 

obtained for the same amount of cultures grown (150 mg of CM from 2.5 L of culture). 

In addition, the entire glass bead-cell slurry of a given sample could be accommodated 

by the BeadBeater sample chamber so the breaking of cells could be finished in just 

about 20 minutes/sample. Once clarified crude extract is available, it can undergo 

solubilization with an appropriate detergent, chromatography, density gradient 

centrifugation, etc..   
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Figure 3.11 Scheme for purification of recombinant PfCRT. The detergent extract of the 
washed, chaotropically extracted pellet of CM is subjected to affinity chromatography. The resulting 
column eluate is mixed with E. coli lipid and dialyzed to generate PL. 

 

 

Purification of recombinant PfCRT was typically done in five steps (Figure 

3.11). In summary, chaotropic extraction of integral membrane proteins in the pellet 

was followed by washing and solubilization. The supernatant resulting from subsequent 

centrifugation was loaded onto a column with avidin or nickel-nitrilotriacetic acid (Ni-

NTA) matrices which bind biotinylated or histidine-tagged proteins, respectively. 

Bound proteins were then eluted, mixed with E. coli lipid, and dialyzed to form PL. To 
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stabilize proteins, all buffers employed were kept at 4 °C and made with 250 mM 

sucrose, 20% v/v glycerol, and a reducing agent like 6.5 mM β-mercaptoethanol. They 

were also supplemented with protease inhibitors just before use to prevent proteolysis.  

 
 

3.3.1 Chaotropic Extraction 

Membrane proteins can be classified according to their mode of association with 

the lipid bilayer. Being fully integrated into the bilayer, PfCRT is considered an 

intrinsic or integral membrane protein. Proteins that are only associated with the 

membrane surface, called peripheral proteins, can be removed before solubilization 

through mild treatment using high ionic buffers containing 0.5 M sodium chloride or 

high concentrations of chaotropes like urea and guanidine (163). Chaotropic extraction 

of PfCRT CM was initially done to remove peripheral proteins. Washing with sodium 

chloride (0.5, 1, 2 M), guanidine hydrochloride (1, 2, 4, 6 M), and urea (1, 2, 4, 6 M) in 

pH 7.5 buffer at a final protein concentration of 2 mg/ml at 4 °C for varying amounts of 

time were tested. Fractions were electrophoresed after determining protein 

concentrations and biotinylated proteins were detected with avidin-HRP. Biotin blots 

showed that high concentrations of guanidine hydrochloride (Figure 3.12A, lanes 5-8) 

and urea (Figure 3.12B, lanes 5-8) appear to partially purify PfCRT. In the former, 

concentrations greater than 4 M led to loss of PfCRT. Sodium chloride did not 

significantly improve chaotropic extraction of PfCRT (Figure 3.12B, 2-4 lanes). 
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Figure 3.12.  Pellet fractions of PfCRT CM washed with different chaotropes. Lane 1 in each 
gel – biotinylated molecular mass standards in kDa. (A) Lane 2 – uninduced PfCRT CM; Lane 3 – 
PfCRT CM; Lane 4 – PfCRT CM washed with Tris buffer; Lanes 5-8 – PfCRT CM washed with  1, 2, 4, 
and 6 M guanidine hydrochloride, respectively. (B) Lane 2-4 – PfCRT CM washed with 0.5, 1, and 2 M 
sodium chloride, respectively; Lanes 5-8 – PfCRT CM washed with 1, 2, 4, and 6 M urea, respectively. 
Five micrograms was loaded in each well for these avidin-HRP blots. Arrow indicates PfCRT. 
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In order to validate that the membranes were not merely in suspension, the 

experiment was repeated using higher amounts of PfCRT CM and in comparison with 

3.5 CM which served as negative control (no PfCRT). Eight milligrams of CM were 

washed with either 4 M guanidine hydrochloride or 6 M urea, centrifuged, and then 

both pellet and wash fractions were analyzed after SDS-PAGE. Capturing the 

chemiluminescence from the biotin blot using a film (which is more sensitive) instead 

of camera revealed that  4 M guanidine seems to be a better chaotrope than urea since it 

removed most of other proteins, leaving only PfCRT and three other biotinylated 

proteins (Figure 3.13).  
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Figure 3.13. Pellet and wash fractions of HB3 PfCRT vs. 3.5 CM washed with guanidine (lanes 
3-6) or urea (lanes 7-10). Lane 1 – biotinylated molecular mass standards in kDa; Lane 2 – HB3 CM; 
Lanes 3, 7 – HB3 CM pellet; Lanes 4, 8 – HB3 CM wash fractions; Lanes 5, 9 – 3.5 CM pellet; Lanes 6, 
10 – 3.5 CM wash fractions.  One microgram was loaded in each well of this avidin-HRP blot. Arrow 
indicates PfCRT. 
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Wash times do not appear to produce noticeable differences in the amount of 

protein washed off (data not shown). CM could be chaotropically treated for as short as 

15 minutes with 4.0 M guanidine hydrochloride or 6.0 M urea. It is important to 

mention, however, that later experimentation of immobilized affinity chromatography 

revealed that solubilization extracts from guanidine-washed PfCRT CM do not bind 

well (not shown) to monomeric avidin columns. Hence, only urea-washed PfCRT CM 

have been used in subsequent experiments. 

 

3.3.2. Solubilization 

Most membrane proteins are not soluble in aqueous solutions and need to be 

placed in a system that complements their hydrophobic nature. They are therefore 

isolated by detergents, the choice of which is based on the ability to maintain the 

function of the protein and compatibility to the separation procedure. Being ampiphilic, 

detergents can form micelles in aqueous solutions wherein the polar head groups face 

the water molecules and the hydrophobic carbon tails gather in the interior. They are 

characterized by the concentration at which they form micelles, called critical micellar 

concentration (CMC), which in turn is dependent on ionic strength of the buffer and 

temperature. The CMC values can be measured via surface tension, light scattering, and 

dye solubilization. These values are directly proportional to the number of double bonds 

and inversely proportional to the alkyl chain length. Below the CMC, the detergent 

moieties exist as monomers, but above it, they form micelles. Hence, detergents are 
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used to solubilize integral membrane proteins at concentrations higher than their CMC. 

Detergents solubilize by mimicking the lipid bilayer, surrounding the hydrophobic 

regions of the protein and letting the hydrophilic areas remain in contact with the 

aqueous medium.  

Typically, detergents are classified according to their charge: ionic, zwitterionic, 

or nonionic. Ionic detergents contain either a negatively or positively charged head with 

a net charge. The repulsion between the ionic groups and the attraction between the 

hydrophobic side chains determine micelle size. Sodium dodecylsulfate (SDS; CMC = 

6-8 mM) is an example of an anionic detergent but it is not used for protein purification 

since it denatures proteins easily at low concentrations. On the other hand, zwitterionic 

detergents do not have a net charge and are efficient at breaking protein-protein 

interactions. Due to its rigid steroid ring structure, 3-[3-

(cholaminopropyl)dimethylamino]-1-propanesulfonate (CHAPS) has a CMC of 8-10 

mM which makes it mild enough for reconstitution and forms large vesicles. Nonionic 

detergents contain uncharged head groups made up of polyoxyethylene or glycosidic 

units. Since they tend to break lipid-lipid and lipid-protein interactions more than 

protein-protein interactions, they are therefore considered non-denaturant and often 

used in membrane protein purification. TX-100 (CMC = 0.2 mM) has a 

polyoxyethylene head group and the present aromatic rings absorb at 280 nm which 

may interfere with spectrophotometric readings in the UV region. Its low CMC makes it 

more difficult to be removed by dialysis. Another nonionic detergent is octylglucoside 



(OG) whose high CMC of 23-25 mM allows easier detergent removal, although it tends 

to form small vesicles with low volumes. Like zwitterionic detergents, nonionic 

detergents do not have a net charge and do not bind to ion-exchange resin  (164, 165). 

Aside from the CMC, detergents vary in aggregation number (N = micellar/monomeric 

molecular weight) as well as the number of monomers per micelle. Micelle size 

generally increases with increasing chain length. 

The choice of detergent for the solubilization of PfCRT was based on several 

studies that demonstrated the high efficiency of dodecyl-β-D-maltoside (DM) to 

solubilize biologically active proteins (148, 166). DM is a water-soluble, non-ionic 

detergent with a 12-carbon hydrophobic tail linked through a glycosidic bond to a 

maltoside (Figure 3.14) with a CMC of 0.2 mM (167).  
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Figure 3.14. Structure of the non-ionic detergent dodecyl-β-maltoside. 
 

 

Before the solubilization step, the chaotropically treated membranes had to be 

washed with pH 7.5 buffer and then centrifuged to remove any remaining chaotrope. 

Once washed, the membranes were solubilized using 0.5% DM in same wash buffer 

supplemented with protease inhibitors for 1 hour at 4°C and then centrifuged at 
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100,000g to remove residual pellet. Given that the molecular weight of DM is 510.6 

g/mol, the bulk molar concentration of the detergent is 9.8 mM. The concentration of 

micelles was calculated as 0.1 mM using the formula: [micelles] = (Cs – CMC)/N 

where Cs is the detergent concentration.  

 

3.3.3 Affinity Chromatography 
 

Since the different PfCRT isoforms were engineered to have biotin acceptor 

domain and/or histidine tag, it was convenient to purify the solubilized proteins via 

immobilized affinity chromatography. Avidin and Ni-NTA columns were tested which, 

as mentioned earlier, are suitable for purification of biotinylated and histidine-tagged 

proteins, respectively. Avidin immobilized on agarose or polymer beads takes 

advantage of the high affinity of the glycoprotein to biotin, with a dissociation constant 

of 10-7 M for the monomeric form and 10-15 M for the tetrameric form (168, 169). 

Because of the very strong affinity of biotin with native tetrameric avidin, monomeric 

avidin is preferred in affinity chromatography so that competing biotin can be used for 

elution instead of harsh buffers. On the other hand, the quadridentate chelating ligand 

nitrilotriacetic acid in Ni-NTA resins occupies four of the six positions in the metal 

coordinating sphere of nickel ions with coordination numbers of six and the remaining 

two are available for protein interactions. When charged with Ni2+, it binds histidine-

tagged peptides and proteins through the histidines’ imidazole groups (170).  
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Figure 3.15. Avidin column fractions of solubilized PfCRT. In both panels: Lane 1 –  

biotinylated molecular mass standards; Lane 2 shows the detergent extract of PfCRT CM. (A) Lanes 3-8 
– column flow-through fractions; Lanes 9-12 – column wash fractions; (B) Lanes 3-10 – eluate fractions. 
Aliquots amounting to 5 µl were loaded in each well of these avidin-HRP blots. Arrow indicates PfCRT. 
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Monomeric avidin columns from were first examined by loading them with 

detergent extracts of PfCRT-hb CM. Unbound proteins were collected as 1.5-ml flow-

through fractions. After washing the columns, 1-ml wash fractions were collected. 

Bound biotinylated proteins were then eluted with 4 ml of 2 mM biotin and eluates were 

saved as 0.5-ml fractions. Aliquots of each fraction (5 µl) were finally subjected to 

SDS-PAGE and developed for biotin detection. Initial testing showed that a small 

percentage of urea-washed, DM-extracted PfCRT does not bind to the column as 

indicated by the appearance of PfCRT in the flow-through (Figure 3.15A, lanes 3-8) 

and wash fractions (Figure 3.15A, lanes 9-12). In the eluate fractions (Figure 3.15B, 

lanes 3-10), bound PfCRT did not appear until after the first 1 ml (void volume).  
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Figure 3.16. Corresponding silver-stained gel of eluates from avidin column with solubilized 

PfCRT. Lane 1 – molecular mass standards; Lane 2 – 0.1 µg detergent extract of PfCRT CM; Lanes 3-10 
- 0.1 µg eluate fractions. Arrow indicates PfCRT. 
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A companion gel loaded with 0.1 µg aliquots of eluate fractions was also silver-

stained to detect the presence of all proteins in the eluate, including those that are non-

biotinylated. Similar to the avidin-HRP blot, two other bands showed up along with 

PfCRT (Figure 3.16, lanes 5-10) which are most likely degraded proteins. These results 

confirmed that monomeric avidin columns can conveniently purify PfCRT. 

 

     1     2    3    4     5     6     7     8     9    10   11   12   13   14   15 

97  
66 
 
45 
 
 
 
31 
 
 
 
 
20 
 
 
 
 
14 
  

Figure 3.17. Avidin-HRP blot of fractions from Ni-NTA columns loaded with DM extract of 
PfCRT CM. Lane 1 – biotinylated molecular mass standards; Lane 2 – uninduced PfCRT CM; Lane 3 – 
induced PfCRT CM; Lane 4 – detergent extract; Lane 5 – flow-through; Lane 6-10 – wash fractions; 
Lanes 11-15 – eluates. Arrow indicates PfCRT. 

 

 

To study the effectiveness of Ni-NTA columns in purifying PfCRT, DM extracts 

of urea-washed PfCRT-hb CM were loaded. Initially, columns were washed with 10 ml 

wash buffer five times. Bound proteins were then eluted five times with 2 ml elution 
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buffer containing 500 mM imidazole. Each fraction was saved, out of which, 10 µl 

aliquots were analyzed via SDS-PAGE. The avidin-HRP blot showed that a total of 20 

ml wash buffer is enough to get rid of unbound proteins (Figure 3.17, lanes 6-10). 

Moreover, 6 ml of elution buffer is sufficient to liberate most of the bound PfCRT. 

Eluate fractions exhibited six other proteins present, so although Ni-NTA columns 

partially purify PfCRT, it is not as efficient as monomeric avidin columns. This is not 

surprising since the association of biotin and monomeric avidin is really strong (10-7 

M). 

.  

3.3.4. Reconstitution into Proteoliposomes 
 
 Purified transport proteins retain their transport function when they are inserted 

into a lipid bilayer, a process referred to as reconstitution. Reconstitution can be done 

via direct incorporation of protein into a liposome, detergent removal, sonication, 

French press, or repeated freezing-thawing (171). Depending on the procedure 

employed, a particular type of lipid bilayers can be formed such as small unilamellar 

vesicles, large unilamellar vesicles, and multilamellar vesicles. Large unilamellar 

vesicles are usually employed for the reconstitution of membrane transporters because 

of their size suitable for protein incorporation, ranging from 50 nm to 1 µm in diameter. 

The internal volume is large enough to accommodate substrates in quantitative amounts. 

They can be easily formed by the slow removal of detergent and they remain stable due 

to lack of strain. Small unilamellar vesicles are too small to incorporate proteins and 
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they tend to fuse together to form larger vesicles within 24-48 hours while multilamellar 

vesicles have several bilayer spheres such that only 5-10% of the total phospholipid is 

exposed to the external environment (164).  

Reconstitution can be achieved using natural (complex mixture or mixture of 

one lipid type) or synthetic lipids. Lipids differ in the nature of the head as well as the 

length and degree of unsaturation of the chain. When it is not known whether the 

protein being reconstituted requires specific lipids, it is recommended to initially use a 

natural lipid mixture that will provide at least one of the required lipids. For the 

reconstitution of recombinant PfCRT, E. coli polar lipid was used. Adapting the 

procedure used to reconstitute human MDR (148), PfCRT-containing eluates from 

monomeric avidin or Ni-NTA column were mixed with 1.4% E. coli lipid and incubated 

on ice for at least 30 minutes. Afterwards, the mixture was dialyzed overnight in at least 

200-fold volume of buffer free of detergent and eluting reagent (biotin or imidazole) 

with a change of fresh buffer after the first 16 hours. Formed PL were collected via 

centrifugation, resuspended, and snap-frozen before storing them at -80 °C. 

The avidin-HRP blot of PL made from DM-extract of CM illustrated successful 

reconstitution of PfCRT-hb (Figure 3.18). Densitometric analysis of the bands revealed 

that after purification using monomeric avidin columns, the PfCRT in PL is 1600-fold 

more enriched than in CM. Purification via Ni-NTA columns also partially purified 

PfCRT-h, although only by 800-fold (Figure 3.19). Hence whenever possible, PfCRT 

was preferably purified using monomeric avidin columns. 
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Figure 3.18 Avidin-HRP blot of purified recombinant PfCRT-hb. Lane 1 – biotinylated 
molecular mass standards; Lane 2 – uninduced CM; Lane 3 – induced PfCRT-hb CM; Lane 4 – DM 
extract of PfCRT-hb CM; Lane 5 – 3.5 control PL; Lane 6 – PfCRT PL from avidin column eluate. Each 
well was loaded with 0.15 µg protein. Arrow indicates PfCRT. 
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Figure 3.19. PolyHis blot of recombinant PfCRT. Lanes 1 – polyHis molecular mass standards; 

Lane 2 – 3.5 CM; Lane 3 – HB3-h CM; Lane 4 – Dd2-h CM; Lane 5 – 3.5 PL; Lane 6 – HB3-h PL; Lane 
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7 – Dd2-h PL. PL were made from detergent extracts passed through Ni-NTA column. The amount 
loaded was 20 µg for CM and 5 µg for PL. Arrow indicates PfCRT. 

 
 

3.4 Functional Analysis of Recombinant PfCRT 

Reproduced with permission from:    

Lekostaj, J. K., Natarajan, J. K., Paguio, M. F., Wolf, C., and Roepe, P. D. (2008) 
Photoaffinity labeling of the Plasmodium falciparum chloroquine resistance transporter 
with a novel perfluorophenylazido chloroquine. Biochemistry 47, 10394-10406. 
Copyright © 2008 American Chemical Society. 

 

 
Tilley and colleagues attempted to detect CQ-binding proteins in P. falciparum 

using a radiolabeled azidosalicylate probe and observed labeling of 33 and 42 kDa 

proteins (172), with the former later identified as parasite lactate dehydrogenase (173). 

However, these experiments did not quantify competition for probe labeling against CQ 

and other drugs and used a probe design that included removing the critical chlorine 

group at position 7 of CQ. They were also performed using intact parasite cultures in 

which the relative abundance of multiple CQ target proteins is unknown but presumably 

varies widely across the cell (174), and well before the identification of PfCRT.  

Our laboratory has previously reported the successful heterologous expression 

of yeast-optimized PfCRT in P. pastoris (143). Using plasma membranes purified from 

these yeast and equilibrium centrifugation methods, PfCRT was found to bind 3H-CQ 

(137). Small differences in affinity observed for HB3 vs. Dd2 PfCRT isoforms (435 nM 

vs. 385 nM) may be caused by the mutations present in Dd2 PfCRT, but the differences 

measured were not statistically significant. Equilibrium binding experiments are 
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tedious, expensive, and do not easily allow for routine examination of multiple CQR-

associated PfCRT isoforms (i.e., the many geographically distinct isoforms now known 

to exist) or competition studies with multiple drugs (e.g., determination of the relative 

affinity for CQ vs. other quinoline drugs to which PfCRT confers resistance). The 

approach also does not provide a way to directly define the drug binding site. CQ 

photoaffinity analogues were therefore designed which might have useful properties. 

One synthesized probe, called Azido-biotinylated-chloroquine (AzBCQ), has a 

perfluorophenylazido (pfpa) moiety to one ethyl group attached to the terminal aliphatic 

nitrogen of CQ via a flexible four-carbon ester linker and also a convenient biotin tag at 

the other terminal ethyl via a seven-carbon amide linker. Photolabeling strategies have 

been used to successfully characterize substrate binding to diverse proteins such as the 

human GLUT4 transporter (175), the E. coli ATPase SecA (176), and proteins involved 

in malaria-infected RBC adherence (177), but none have used pfpa and biotin moieties 

to rapidly characterize and then map a candidate drug binding site. 

 

3.4.1 Photolabeling-Based Drug Binding 

 

Using the approach depicted in Figure 3.20, AzBCQ (1) was obtained in good 

yield. The essential pharmacophore of the drug is preserved, and the pKa of the side 

chain nitrogen and quinolinal nitrogen remain unaltered. Both the pfpa and biotin tags 

were purposefully attached via flexible linkers to the ethyl groups at the very end of the 



CQ side chain, which can tolerate many structural modifications without significant loss 

of drug activity. The attached aryl azide forms a highly reactive nitrene upon UV 

irradiation, which undergoes efficient C-H bond insertion and thus does not require a 

free amine on the protein for covalent attachment (178). It was noted that the pfpa and 

biotin groups are attached by linkers whose lengths can be easily modified, and that this 

chemistry is easily adaptable to other quinoline antimalarial drugs.  
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Figure 3.20. Scheme for synthesis of AzBCQ. 
 

 

To test whether AzBCQ binds specifically to PfCRT protein, the probe was first 

reacted with isolated mid-stage trophozoites released from iRBC by saponin treatment. 

 115 



 116 

As shown in Figure 3.21A, endogenous wild type (HB3) PfCRT protein (arrow) was 

efficiently labeled with 10 µM AzBCQ, and labeling was competed by “cold” CQ. 

Lanes 1-6 show avidin-HRP detection of AzBCQ probe for samples illuminated in the 

presence of increasing concentrations of CQ, and lanes 7-12 show a companion anti-

PfCRT western blot of another aliquot of the same samples. Figure 3.21B compares 

PfCRT labeling for approximately equal amounts of HB3 (CQS, lanes 1-3, 7-9) and 

Dd2 (CQR, lanes 4-6, 10-12) parasites and shows that competition of labeling by CQ 

was qualitatively similar for both isoforms. Again the left side (lanes 1-6) shows avidin-

HRP detection of the biotinylated probe, while the right side (lanes 7-12) shows 

amounts of PfCRT are similar in all lanes. It was observed that the isolation of saponin-

treated parasites routinely yields what seems to be partially proteolyzed PfCRT 

fragments (e.g. asterisk) and that some of these apparently include the AzBCQ binding 

site (Figure 3.21A, lanes 1-6 vs. 7-12, which illustrate bands in both gels at the same 

position and similar CQ competition for the major vs. proteolyzed PfCRT band). Since 

the epitope for the anti-PfCRT antibody is near the very end of the C-terminus (114) 

and since the major (arrow) and minor (asterisk) bands in differ by approximately 7 

kDa, these results suggest approximately 70 amino acids can be removed from the 

nitrogen terminus of PfCRT without loss of the AzBCQ covalent attachment site. Other 

immunoreactive bands may represent proteolyzed PfCRT domains that do not contain 

the AzBCQ binding site or minor nonspecific reactivity of the polyclonal antibody. 

Regardless, because recombinant PfCRT protein expressed in yeast is readily available 



for more detailed analysis and due to the higher expense of parasite vs. yeast culture, 

optimization of this reaction with saponin-released parasites or further fragmentation of 

labeled endogenous PfCRT by native or exogenous proteases was not explored. 

Photolabeling optimization, drug competition, and proteolysis results are described 

below for partially purified and reconstituted recombinant PfCRT.   
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Figure 3.21. AzBCQ labeling of endogenous PfCRT. (A) AzBCQ labeling of saponin-isolated 
HB3 parasites with 10 µM AzBCQ for 10 minutes at pH 5.6. Lanes 1-6 – Avidin-HRP blot of PfCRT 
with cold CQ at 0, 0.8, 1.6, 2.4, 3.2, 4 mM; Lanes 7-2 – same samples as in lanes 1-6 but blotted with 
anti-PfCRT polyclonal antibody. (B) HB3 & Dd2 saponin-released parasites reacted with 10 µM AzBCQ 
at pH 5.2 and 10 minutes UV illumination time. Lanes 1-3 – Avidin-HRP blot of HB3 with 0, 2, and 4 
mM CQ, respectively; Lanes 4-6 – Avidin-HRP blot of Dd2 with 0, 2, and 4 mM CQ, respectively; Lanes 
7-12 – same samples as in lanes 1-6 but blotted with anti-PfCRT polyclonal antibody. Arrow indicates 
major immunoreactive band on anti-PfCRT blot. Asterisk indicates probable degradative by-product that 
retains AzBCQ binding site.  
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Figure 3.22. Silver stained-gel of membrane fractions and proteoliposomes. PfCRT was 
partially purified from CM and reconstituted PL. One microgram protein from various fractions was 
loaded per lane and the position of PfCRT-hb or PfCRT-h is indicated by the arrows. (A) Silver stain of 
purification fractions and comparison of avidin vs. nickel chromatography. Lane 1 – molecular mass 
standards; Lane 2 – HB3 CM; Lane 3 – supernatant from chaotropic wash; Lane 4 – residual pellet from 
detergent solubilization; Lane 5 – detergent extract; Lane 6 – column flow through; Lane 7 – column 
wash; Lane 8 – column eluate; Lane 9 – HB3 PL; Lane 10 – HB3 PfCRT-h Nickel-purified PL. (B) Silver 
stain of different PL preparations showing approximately equal yield for different PfCRT isoforms. Lanes 
1-3 – HB3, Dd2, and 7G8 PL purified using avidin columns, respectively; Lanes 4-6 – HB3, Dd2, and 
7G8 PL purified using Ni-NTA columns.  

 

 

Partial purification of PfCRT and reconstitution into proteoliposomes were 

previously reported (143). Figures 3.22 and 3.23 show representative results of our 

further exploration of various purification and reconstitution strategies. Plasmid 

constructs were synthesized wherein both polyhistidine and biotin acceptor domains, 

separated by a Factor Xa protease site, were added to the C-terminus of PfCRT 

(PfCRT-hb), as well as constructs wherein only a polyHis tag was added (PfCRT-h). 

The former are useful for assessing topology of reconstituted PfCRT in PL and yielded  
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Figure 3.23. Topology assessment of PfCRT-hb PL after reconstitution. (A)  Representative 
avidin-HRP and (B) polyHis blots of Dd2 PfCRT-hb digested with Factor Xa.  Lane 1 each gel – 
biotinylated (A) or polyHis (B) molecular mass standards; Lane 2 – undigested PL; Lane 3 – PL digested 
for 30 minutes; Lane 4 – PL digested for 60 minutes; Lane 5 – PL digested for 90 minutes; Lane 6 – PL 
digested for 120 minutes; Lane 7 – PL digested for 150 minutes. (C)  Plot of the amount of full-length 
PfCRT-hb remaining over time. Image J was used to measure the densitometry of the bands 
corresponding to PfCRT-hb in the blots in (A) and (B).  The values were converted to percent of Lane 2, 
and the results for both blots averaged;  ~76% of the initial protein is cleaved, indicating that at least 
three-fourths of the molecules are oriented with the C-terminal tail on the outside of the lipid. 
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a slightly larger but nearly pure PfCRT with a single step avidin column 

chromatography purification procedure (Figure 3.22A, lanes 7-9, top arrow). The latter 

yielded recombinant PfCRT of nearly equal mass relative to native but only partial 

purification with a single nickel chelation chromatography step (Figure 3.22A, lane 10, 

second arrow). With either method, similar yields were obtained for HB3 (CQS; Figure 

3.22B, lanes 1 & 4), Dd2 (CQR, VPL reversible; Figure 3.22B, lanes 2 & 5) and 7G8 

(CQR, VPL insensitive; Figure 3.22B, lanes 3 & 6) isoforms of recombinant PfCRT.  

PL suspensions that harbor approximately 1 µg protein and 100 µg lipid per µL 

were easily prepared from either purified PfCRT-hb or partially purified PfCRT-h. The 

topology of reconstituted PfCRT-h could not be directly assessed, but Figure 3.23 

shows that reconstituted PfCRT-hb is nearly 80% oriented with the C-terminal region 

disposed to the outside of the PL. That is, when these PL were treated with Factor Xa to 

cleave the biotin acceptor domain from the rest of the protein, the avidin-HRP reactive 

species that migrates near 52 kDa (Figure 3.23A, top band) disappeared and was 

converted into PfCRT-h that migrates at 47 kDa (Figure 3.23B lanes 3-7, bottom band). 

Interestingly, the hexaHis epitope inserted N-terminal to the biotin acceptor domain in 

PfCRT-hb was much less reactive to anti-his antibody than when it was “liberated” 

upon removal of the biotin acceptor domain by Factor Xa (Figure 3.23B, lanes 2 vs. 3, 

which have the same total amount of PfCRT). Integrating intensities of the PfCRT-hb 

and PfCRT-h bands shows that approximately 75% of the biotin acceptor domain was 

cleaved by Factor Xa in 30 minutes (Figure 3.23C). Since Factor Xa cannot penetrate to 
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the interior of these well-sealed PL. This indicates that the majority of PfCRT is 

reconstituted with the C-terminus disposed outward, which corresponds to the predicted 

topology for PfCRT within the native DV membrane (114).   

With PfCRT-h versions of these PL in hand, photolabeling conditions were 

optimized in order to quantitatively test competition between AzBCQ and other drugs.  

The methodology in these quantitative experiments is shown in Figure 3.24. Panel A 

shows AzBCQ binding to HB3 (lanes 2-7) and Dd2 (lanes 7-13) isoforms of PfCRT-h 

vs. pH, and the corresponding lanes in panel B show another aliquot of the same 

samples electrophoresed on a separate gel and probed with an anti-pentahis-HRP 

antibody after electrophoretic transfer. PfCRT-h PL were used in these experiments for 

two reasons. First, the biotin acceptor domain attached to PfCRT-hb would obviously 

compete for avidin-HRP detection with the biotin moiety attached to AzBCQ, making 

quantitation impossible (residual biotin would remain even after Factor Xa cleavage, c.f. 

Figure 3.23). Second, even though the PfCRT-h PL made with current procedures 

contain only partially purified PfCRT (Figure 3.22A, lane 10 vs. 9), the presence of a 

number of contaminants represented an opportunity to gauge specificity of the 

photolabeling reaction. So if reaction conditions were too robust, additional cross 

linking to contaminants would be seen for PfCRT-h PL, whereas if the conditions 

generated PfCRT-h specific binding, a single band would be observed. Fortuitously, a 

naturally biotinylated yeast protein contaminant is carried through via the nickel 

chelation purification strategy (Figure 3.24A, second band migrating near 30 kDa). This 
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band provided convenient verification in avidin-HRP blots (e.g. Figure 3.24A) that 

equal amounts of AzBCQ-reacted PfCRT-h PL were loaded in each lane. Figure 3.24B 

confirms this by showing the results of a companion anti-his-HRP western blot using 

another aliquot of the same samples run in each of the corresponding lanes of the blot 

shown in Figure 3.24A.  Although outside the scope of the experiments summarized in 

this paper, the labeled Dd2 isoform of PfCRT was noted to frequently migrate at a 

higher mass, corresponding to that predicted for a dimer (Figure 3.24B, lanes 7-12, 

asterisk), under conditions where the HB3 isoform does not.   

When the intensities of the bands in Figure 3.24B were divided into those for the 

corresponding bands in Figure 3.24A and the results of two independent experiments 

(two independent photolabeling reactions, four gels, four western blots, and 8 

independent densitometry calculations) were averaged and plotted (Figure 3.24C), 

relative AzBCQ photolabeling vs. pH for the two isoforms was quantified. It was found 

that there is stronger pH dependence for photolabeling of HB3 (CQS) PfCRT-h ( ) vs. 

Dd2 (CQR) ( ). This altered pH dependency reveals either different pH-dependent 

probe binding for the two isoforms or altered pH dependency of the photolabeling 

reaction that culminates in covalent attachment of the probe to PfCRT. But since the 

probe is exceedingly reactive and strong pH effects on that chemistry are not expected 

(178), the former is more likely.     
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Figure 3.24. Quantitation and AzBCQ labeling of HB3 and Dd2 vs. pH. Representative avidin-
HRP (A) and polyHis-HRP (B) blots of HB3 and Dd2 PfCRT-h PL photolabeled with 50x AzBCQ at 
varying pH values with a 10 minute UV illumination. The uncropped blots are shown, revealing specific 
binding of the probe despite contaminating proteins in the PL. For panels A and B: Lane 1 – molecular 
mass standards; Lanes 2-7 – HB3; Lanes 8-13 – Dd2; Lanes 2 and 8 – pH 5.5; Lanes 3 and 9 – pH 6.0; 
Lanes 4 and 10 – pH 6.5; Lanes 5 and 11 – pH 7.0; Lanes 6 and 12 – pH 7.5; Lanes 7 and 13 – pH 8.0. 
(C) Normalized densitometry obtained by dividing lane intensities in panel A by corresponding lanes in 
panel B. Results from two pairs of independent gels are averaged to produce the normalized densitometry 
plot, and two densitometry quantifications were conducted for each set (four in total, standard error of 
<3% in each case): HB3 ( ) and Dd2 ( ). 
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Using this methodology, the effects of important photolabeling reaction 

parameters were then quantified. Namely, efficiency of labeling versus illumination 

time and versus various mole ratios AzBCQ:PfCRT (Figure 3.25, left- and right-hand 

sides, respectively) were determined for HB3 and Dd2 PfCRT. Half maximal labeling 

was achieved within 2-3 minutes (Figure 3.25, left) of UV exposure at a range of 

AzBCQ concentrations. Titrating AzBCQ against a fixed amount of PfCRT PL (Figure 

3.25, right) showed half maximal labeling after 10 minutes of illumination at a molar 

ratio (AzBCQ:PfCRT) of approximately 34 and 102 for the HB3 and Dd2 isoforms, 

respectively (Figure 3.25, right-hand side, first and second vertical dashed lines, 

respectively). Although photolabeling efficiencies of probes that are believed to be 

specific to transporters or channels vary widely (179-182), these results are at the lower 

end of the range of apparent affinities for azido-drug probes and suggest that AzBCQ 

photolabeling of PfCRT is quite efficient and specific. Using known amounts of 

biotinylated protein standards (Figure 3.24A, lane 1) and quantitation of purified PfCRT 

protein, the stoichiometry of labeling was estimated to be 0.14 mol AzBCQ per mol 

PfCRT when illumination time is fixed at 10 min and the molar ratio of AzBCQ:PfCRT 

in the reaction is set at 50. Since stoichiometry is less than 1:1, this again suggests (but 

does not prove) that photolabeling under these early plateau conditions is quite specific 

and involves a single drug binding site.   
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Figure 3.25. AzBCQ labeling of HB3 and Dd2 PfCRT as a function of UV illumination time 
and probe concentration. Representative avidin-HRP blot strips (A) and normalized densitometry (B) of 
AzBCQ photolabeling of HB3 ( ) and Dd2 ( ) at varying UV illumination times (left-hand side) and 
mole ratios of AzBCQ to PfCRT (right-hand side). When the time was varied, measurements were taken 
at a 50-fold molar excess of AzBCQ relative to PfCRT. For panel A (left-hand side): Lane 1 – 0 minute; 
Lane 2 – 30 seconds; Lane 3 – 1 minute; Lane 4 – 5 minutes; Lane 5 – 10 minutes; Lane 6 – 15 minutes. 
Each data point in panel B is the average of at least two independent experiments, and two densitometry 
quantifications were conducted for each gel. Half-maximal labeling vs. time is denoted with the vertical 
dashed line (B, left-hand side). Representative avidin-HRP blot (A, right-hand side) and normalized 
densitometry (B, right-hand side) of HB3 and Dd2 PfCRT photolabeled with increasing amounts of 
AzBCQ and a 10 minute UV illumination. In panel A (right-hand side): Lane 7 – no AzBCQ; Lanes 8-12 
– 20-, 40-, 60-, 80-, and 100-fold molar excesses of AzBCQ, respectively. In panel B (right-hand side), 
saturation of AzBCQ photolabeling at a fixed illumination time is shown. Each point is the average of at 
least two independent determinations. Half-maximal photolabeling occurs at 34- and 102-fold molar 
excesses of AzBCQ for the HB3 and Dd2 isoforms, respectively (first and second vertical dashed lines), 
as determined using the equation Y = Ymax(1 - e-Kx) (solid and dashed lines, respectively). 

 
 

Using these conditions and the methodology described earlier, the pH 

dependency of AzBCQ photolabeling was then quantitatively compared (Figure 3.26) 

and competition of AzBCQ vs. other drugs (Figure 3.27) for HB3, Dd2, and 7G8 

PfCRT isoforms. Interestingly at pH 5.0, both CQR-conferring isoforms (Dd2 and 7G8)  
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Figure 3.26. Quantitation of labeling vs. pH for multiple PfCRT isoforms. Representative 

avidin-HRP blot (A) and normalized densitometry of absolute (B) and percent (C) AzBCQ labeling of 
HB3 ( ), Dd2 ( ), and 7G8 ( ) at various pH values. AzBCQ was present in a 50-fold molar excess 
relative to protein, and the UV illumination time was 10 minutes. Each data point is the average of at least 
two independent experiments, and two densitometry quantifications were conducted for each set of gels 
(four in total, standard error of <3% in each case). For panel A: Lane 1 – pH 5.5; Lane 2 – pH 6.0; Lane 3 
– pH 6.5; Lane 4 – pH 7.0; Lane 5 – pH 7.5; Lane 6 – pH 8.0. 
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Figure 3.27. Competition of AzBCQ labeling of HB3, Dd2, and 7G8 PfCRT by CQ (left), QN 
(middle), and ART (right). AzBCQ labeling of HB3 ( ), Dd2 ( ), and 7G8 ( ) PfCRT labeling at 
varying drug:AzBCQ ratios (x axes in panels B and C). AzBCQ was present in a 50-fold molar excess 
relative to protein and the UV illumination time was 10 minutes. Each data point in panels B and C is the 
average of at least two independent experiments, and two densitometry quantifications were conducted 
for each set of gels (four in total, standard error of <3% in each case). For representative avidin-HRP blot 
strips (A) the top strip in each case is HB3, the middle Dd2, and the bottom 7G8: Lane 1 – no CQ; lanes 
2-6 – 8-, 16-, 24-, 32-, and 40-fold excesses of CQ relative to AzBCQ, respectively; Lane 7 – no QN 
competitor; Lanes 8-12 – 8-, 16-, 24-, 32-, and 40-fold excesses of QN relative to AzBCQ, respectively; 
Lane 13 – no ART competitor; Lanes 14-18 – 8-, 16-, 24-, 32-, and 40-fold excesses of ART relative to 
AzBCQ, respectively. 
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were less efficiently labeled than the HB3 (CQS) isoform (Figure 3.26A, lane 1). 

However, live intraerythrocytic parasites harboring Dd2 or 7G8 isoforms were noted to 

have 0.4-0.5 unit lower DV pH compared to HB3 (153). These data suggest that in vivo 

drug binding to Dd2 PfCRT may be more similar to HB3 PfCRT. Since absolute 

efficiency of photolabeling is a function of several variables, absolute densitometry 

results for the three isoforms (panel B) as well as percent labeling were both plotted 

then normalized to the maximal labeling for each isoform (panel C).  

Competition for AzBCQ photolabeling by increasing concentrations of cold CQ 

(Fig. 3.27, left-hand side) again argues that the probe is quite specific. Under standard 

labeling conditions, half maximal CQ competition was achieved at 22-, 25-, and 6-fold 

molar ratios (CQ:AzBCQ) for the HB3, Dd2, and 7G8 isoforms, respectively. This very 

impressive CQ competition strongly suggests (but does not prove) that the binding sites 

for AzBCQ and CQ overlap. If an overlap is assumed, the data also suggest that the 7G8 

isoform has increased affinity for CQ relative to the other two isoforms. In addition, 

CQ:AzBCQ ratios are very much at the low end of the range particularly for 7G8, 

although the range of successful competition ratios of drug substrate vs. azido drug 

probes varies widely in the literature. For example, efficient competition for azido 

analogues of vinblastine (VBL) or VPL photolabeling to human P-glycoprotein is seen 

at approximately 200-10,000-fold molar excess cold VBL or cold VPL vs. the 

corresponding azido derivatives (179-181).    
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Figure 3.27 (middle) shows similar results for competition using the related 

quinoline antimalarial drug QN.  Here, competition seems to be more similar for the 

three isoforms, with half maximal competition at 19-, 16-, and 10-fold molar excess 

(QN:AzBCQ) for HB3, Dd2, and 7G8 isoforms, respectively. In contrast, Figure 3.27 

(right-hand side) shows that the non-quinoline antimalarial drug ART does not 

efficiently compete for AzBCQ photolabeling.  In fact, there appears to be a subtle, yet 

reproducible increase in AzBCQ photolabeling for the resistance conferring isoforms 

(Dd2 and 7G8) upon addition of increasing ART.    

Figure 3.28 summarizes particularly interesting results with the chemoreversal 

agent VPL. Half-maximal competition of AzBCQ photolabeling is achieved at 35- and 

40-fold molar excesses of VPL for HB3 and Dd2 PfCRT, respectively, suggesting that 

VPL and AzBCQ binding sites overlap and that the affinity for VPL is similar for these 

two isoforms. However, no competition was seen in the case of the 7G8 isoform. 

Perhaps not coincidentally, the 7G8 isoform was expressed in CQR parasites that are 

resistant to chemosensitization by VPL. In fact, similar to ART, a small but 

reproducible increase in the level of AzBCQ labeling was seen for 7G8 PfCRT in the 

presence of VPL. 
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 Figure 3.28. Competition of AzBCQ labeling of HB3 and Dd2 PfCRT with VPL. AzBCQ 
labeling of HB3 ( ), Dd2 ( ), and 7G8 ( ) at varying VPL:AzBCQ molar ratios. AzBCQ was present 
in a 50-fold molar excess relative to protein and the UV illumination time was 10 minutes. Each data 
point in panels B and C is the average of at least two independent experiments, and two densitometry 
quantifications were conducted for each set of gels (four in total, standard error of <3% in each case). For 
avidin-HRP blots in panel A: Lane 1 – no VPL competitor; Lanes 2-6 – 8-, 16-, 24-, 32-, and 40- fold 
excess of VPL relative to AzBCQ, respectively. 
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Figure 3.29. Trypsin digestion and mass spectrometry identification of the AzBCQ attachment 
site. (A) Avidin-HRP blot (left) and polyHis blots (right) of HB3 PfCRT-h reacted with AzBCQ and then 
digested with trypsin: Lanes 1 and 4 – molecular mass standards; Lanes 2 and 5 – undigested full-length 
HB3 PfCRT-h; Lanes 3 and 6 – PfCRT-h digested with trypsin as described in Materials and Methods. 
The indicated band (arrow; the smallest band we could identify which contained both the AzBCQ and the 
polyHis tags) was excised from the gel and further digested to completion with trypsin, and the fragments 
were resolved by MS as described. (B) C-Terminal PfCRT sequence (amino acids 271-424) 
corresponding to the last 18.6 kDa of the protein. K and R trypsin sites are colored (trypsin acts C-
terminal to K and R residues). Transmembrane helices 9 and 10 are underlined. The AzBCQ binding site 
is in bold. As described in the text, peaks from MS analysis of an approximately 17 kDa gel-excised band 
were analyzed for amino acid composition. Peptides corresponding to unmodified amino acids 285-317 
(NGFACLFLGRNTVVENCGLGMAKLCDDCDGAWK) and 405-424 (NEENEDSEGELTNVDSIITQ) 
(italics) were easily identified by MS and correspond to predicted tryptic peptides. Additionally, one low-
mass peak corresponding to the tripeptide “EPR” could have originated either from PfCRT amino acids 
372-374 or perhaps from a keratin contaminant. Since masses of these C-terminal tryptic peptides 
correspond to MS peaks (0.5 Da, these fragments cannot contain a covalently attached AzBCQ. Upon UV 
activation, the AzBCQ molecule loses N2 and inserts at nearby C-H bond(s), resulting in an adduct that 
would add 766.25 Da to a tryptic peptide within this C-terminal region; 766.25 was therefore subtracted 
from the peaks obtained in the mass spectrum, and those values were compared to those of all predicted 
tryptic fragments in the C-terminal region. One and only one hit was obtained, which corresponded to the 
11-amino acid stretch (FLAGDVVREPR, in bold) located between TM9 and TM10 (underlined). 
AzBCQ must therefore be attached to one of these amino acids. As mentioned, the EPR fragment may 
correspond to an unlabeled PfCRT fragment, which would further narrow the possible positions for the 
label to amino acids within the FLAGDVVR sequence. 
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The data described above taken together indicated that localization of the 

AzBCQ binding site by proteolysis and mass spectrometry-based identification of 

labeled peptide(s) was warranted. Figure 3.29A shows that AzBCQ-labeled HB3 

PfCRT can be efficiently cleaved by trypsin to produce an approximately 17 kDa band 

that remained biotinylated (AzBCQ is bound; lane 3) and that was also immunoreactive 

to anti-His antibody (arrow, lane 6). The full-length labeled protein (47 kDa) appeared 

to be trypsinized predominantly to a 33 kDa fragment, and then to 17 kDa. Subsequent 

digestion did not allow resolution of smaller labeled fragments, although a 7 kDa 

unlabeled and non-anti-His reactive fragment were identified in companion silver-

stained gels (data not shown). The 17 kDa band was therefore excised from a destained 

gel and trypsinized overnight within the gel fragment, and the eluted tryptic peptides 

were injected into a MALDI-TOF-TOF mass spectrometer. 

Upon UV activation, the pfpa group of AzBCQ was predicted to insert at one or 

more C-H bonds (14) and in the process liberate two nitrogen atoms from the azido 

moiety. The stable adduct was expected to add 766.25 Da to the mass of any peptide 

containing an amino acid to which AzBCQ is attached. Subtraction of 766.25 Da from 

the masses of all peaks displayed in the peptide m/z spectrum (not shown) yielded one 

and only one peak that corresponds to a predicted tryptic fragment residing with the 17 

kDa C-terminal region of HB3 PfCRT. That peak is at m/z 2024.64, which is within 

0.30 Da of that for the peptide defined by residues 364-374 (Figure 3.29B, bold). These 

residues  are believed to comprise the intra-digestive vacuolar loop connecting  putative  
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Figure 3.30. Cartoon model for the AzBCQ (CQ) binding site within PfCRT. On the basis of 
these and previous results, we propose that the AzBCQ 7-chloro-4-aminoquinoline pharmacophore (i.e., 
the CQ pharmacophore) binds within a cleft defined by helices 1 (purple), 9 (brown), and 10 (green) such 
that residues in helices 1 and 9 mutated in CQR vs. CQS isoforms of PfCRT (near the asterisk) are 
proximal to the pharmacophore. This geometry easily permits the defined covalent attachment site within 
the loop between helices 9 and 10 (blue line) to contact the perfluoroazido side chain of the probe without 
disrupting predicted pharmacophore-helix interactions. In addition, this geometry allows the biotin tag to 
be easily accessible outside the membrane in which the helices are imbedded. Notably, the model easily 
provides for a number of possible contacts between helix 1-mutated residues (near the asterisk, helix 1) 
and helix 9-mutated residues (near the asterisk, helix 9). The model also explains impressive isoform 
specific CQ, QN, and VPL competition, as flexible pfpa- and biotin-tagged side chains do not occupy the 
intrahelical CQ binding site but instead extend into the aqueous space. AzBCQ coordinates were 
computed with MM2, and the helices were built on the basis of the structure of the acetylcholine receptor 
m2 transmembrane segment (PDB entry 1EQ8). The AzBCQ molecule was manually docked onto the 
built helices using PyMOL (DeLano Scientific LLC, Palo Alto, CA). 
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helices  9 and 10 (Figure 3.29B, underlined) of PfCRT protein. A non-AzBCQ-labeled 

peptide peak was also found in the spectrum that is within 0.16 Da of the predicted 

trypsin product E372P373R374, suggesting that AzBCQ is bound at a single residue 

within the sequence F364LAGDVVR371. However, the sequence EPR is also a 

predicted tryptic peptide for human keratin, which is a common contaminant in MS 

peptide identification. Regardless, on the basis of this definition of the AzBCQ binding 

site, the impressive isoform specific competition for AzBCQ photolabeling described 

above, and previous results, we propose that the AzBCQ (CQ) binding site in PfCRT 

includes a pocket formed by helices 1, 9, and 10 as shown in cartoon form in Figure 

3.30. 

The loop connecting helices 9 and 10, to which AzBCQ is found covalently 

attached, was predicted by multiple algorithms to lie within the DV interior (114). 

Coincidentally, residue 371 lying within this loop is mutated in a number of well-known 

CQR P. falciparum strains and isolates, including Dd2, W2, FCB, 2300 (Indonesia), 

and 742 (Cambodia). Poorly understood patterns of mutations that include other nearby 

residues, 356 (helix 9), 326 (helix 8), and 271 (loop 7), are also found in most known 

CQR strains and isolates. On the basis of predicted models for PfCRT function (114, 

137, 138), it is logical to assume that mutations in PfCRT associated with CQR might 

cluster within or near a CQ binding site. Another line of evidence that strongly supports 

the conclusion that AzBCQ photolabeling is mimicking physiologically meaningful CQ 

binding comes from the recent elegant studies of Cooper et al. (120). In these studies, 
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“second site suppressor” mutations were found when pressuring Sudan 106/1-derived 

CQR clones harboring K76I mutations with QN. These clones had been unusually 

sensitive to QN but upon selection with the drug became QNR and concomitantly 

reacquired sensitivity to CQ. The suppressor site was found to be Q352; introduction of 

a positive charge (either K or R) at this residue conferred the unusual QNR/CQS 

phenotype to K76I clones. The authors interpreted these results to suggest that putative 

helix 9, within which Q352 is predicted to lie, (Figure 3.30, asterisk) participates with 

helix 1, site of the well-known K76T, K76I, and K76N mutations that confer CQR (114, 

120), to form a quinoline drug binding pocket. Our results with AzBCQ strongly 

support this hypothesis. 

By finding that the single attachment site for AzBCQ lays within residues F364-

R371, and knowing the geometry and size of the AzBCQ molecule (Figure 3.30), helix 

10 must also form part of the binding pocket. Other drug selection results suggest some 

possible interaction between drugs and helix 4 (120), but a viable model that places 

helices 1, 9, and 10, loop 9 (the loop between helices 9 and 10), and helix 4 together to 

form one CQ pocket could not be constructed, such that PfCRT residues found to be 

mutated in CQR are proximal to the CQ pharmacophore within AzBCQ and that allows 

for attachment of AzBCQ to loop 9. It may be possible that multiple PfCRT 

conformations exist and that CQ (or other quinoline) binding biases toward one 

conformation over another. Additional studies with AzBCQ and similar probes with 

altered geometries may be able to test this idea. 
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3.4.2  Drug Transport 

Reproduced with permission from:    

Paguio, M. F., Cabrera, M., and Roepe, P. D. (2009) Chloroquine Transport in 
Plasmodium falciparum 2: Analysis of PfCRT Mediated Drug Transport Using 
Proteoliposomes and a Fluorescent Chloroquine Probe. Biochemistry 48, 9482-9491. 
Copyright © 2009 American Chemical Society. 

 

 

For more than 20 years the molecular mechanism whereby CQR malarial 

parasites accumulate lower levels of intracellular CQ in a given time relative to CQS 

has remained elusive (125). A variety of cell biological explanations have been invoked 

including reduced active accumulation, reduced intracellular binding site capacity, 

reduced binding site affinity, and various permutations of net outward directed drug 

transport (e.g. facilitated diffusion, active pumping, or exchange) that compete with 

passive influx. With the identification of PfCRT mutations as the chief CQR P. 

falciparum determinant (114, 115) as well as recent transfection studies that suggest 

PfMDR1 protein only modulates PfCRT-mediated resistance (113, 183, 184), more 

specific molecular hypotheses have been offered. These include that PfCRT mediates 

downhill diffusion of charged CQ (137) or CQ exchange (132), and that PfMDR1 

mediates ATP-dependent transport at the DV membrane (184). In the accompanying 

study (185), the rate constant for DV accumulation of a fluorescent CQ analogue (NBD-

CQ) was shown to be conspicuously reduced for CQR parasites, and that this is due to 

mutation of PfCRT protein to a CQR isoform. This suggests several possibilities for 

PfCRT function including: CQS isoform PfCRT performs ATP dependent CQ uptake 
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(presumably secondary active transport since PfCRT does not directly hydrolyze ATP) 

and CQR PfCRT does not; or, CQR isoform PfCRT performs outward mediated drug 

transport at a rate that can compete with ATP dependent accumulation.  

Recently, PfCRT-h PL were used to define a CQ binding site via photolabeling 

with a perfluoro azido CQ derivative (160). We have shown that the CQ pharmacophore 

clearly binds to PfCRT protein, with different affinity for isoforms known to confer 

CQR in P. falciparum malaria, and that the pharmacophore binding site likely resides 

near the DV surface of the membrane and proximal to mutations known to cause CQR. 

However, the significance of this binding with regard to putative PfCRT-mediated CQ 

transport remains unknown, although several hypotheses have been offered. One 

popular model is that mutant (CQR associated) PfCRT catalyzes active net outward 

transport of CQ (presumably as CQ+ or CQ2+) from the DV. Earlier evidence for 

PfCRT-mediated transport of CQ included flow dialysis experiments with yeast ISOV 

harboring recombinant PfCRT (137) as well as fast filtration studies with Dictyostelium 

vesicles harboring recombinant PfCRT (135). Data from these two studies are 

consistent with downhill facilitated diffusion of charged CQ by PfCRT. Other data 

includes some evidence for trans-stimulated counter-flow under certain conditions (132, 

136). However, this model has been challenged by Bray, Ward, and colleagues (138) 

based on their inability to reproduce counter-flow phenomena without special 

preloading conditions. Bray et al. suggested instead that PfCRT may mediate downhill 

drug efflux in response to a proton electrochemical gradient (∆µH
+), a proposal also 
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suggested earlier via the flow dialysis experiments with yeast plasma membrane ISOV 

harboring recombinant PfCRT (137). A third possibility that has not been discussed as 

extensively is that PfCRT could be an ion or osmolyte channel (186) and that binding of 

CQ and other quinoline drugs “gates” the function of the channel such that physical 

chemical driving forces that govern the passive influx and binding of CQ are altered in 

a drug-dependent way. Ultimately, distinction between these models and perhaps others 

depends on kinetic and thermodynamic analysis of drug transport at a resolution that 

has not been possible until now.  

In this study, CQ transport was examined primarily via two methods (a) fast 

filtration method using tritiated CQ and (b) continuous monitoring of fluorescence 

using fluorescent CQ. PL harboring purified PfCRT-h isoforms and yeast ISOV 

preparations were used to test whether PfCRT directly transports CQ.   

  

  3.4.2.1 Fast Filtration Method 

Uptake and efflux by transporters from different organisms have been 

traditionally studied by incubating whole cells or purified transporter with radiolabeled 

substrates and then monitoring the amount accumulated or retained after fast filtration 

(187) or spinning through silicon oil (188). Because of its simplicity and convenience, 

the former method was initially employed to investigate the role of PfCRT in CQ efflux 

which involves preincubating ISOV from yeast membranes harboring different PfCRT 

isoforms with 3H-CQ and ATP in pH 7.5 buffer. However, these methods have low 



resolution for hydrophobic drugs that stick to glass, plastic, and filter paper. In ISOV, 

the endogenous H+ ATPases are disposed outwards so any added ATP is hydrolyzed, 

pumping in protons which consequently acidifies ISOV and creates a pH gradient that 

drives CQ trapping. To determine the internal CQ concentration at different preloading 

conditions, aliquots of PfCRT ISOV preloaded with 0.1, 1, or 10 µM 3H-CQ were 

diluted 50-fold into 500 µl Mes-Tris pH 7.5 or 8.5 buffer and immediately quenched 

with ice-cold buffer, filtered, and washed two times with same ice-cold buffer. Filters 

with trapped ISOV were then added to scintillation liquid and radioactivity was 

measured afterwards (Figure 3.31).  
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Figure 3.31. Diagram of fast filtration technique employed to study CQ efflux. 
 

 

Using the specific activity of the radiolabeled drug, the measured radioactivities 
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concentrations were calculated to be higher when ∆pH was present (Figure 3.32, ) 

than when it is absent (Figure 3.32, ). That is, when ISOV preloaded with 0.1, 1, and 

10 µM 3H-CQ at pH 7.5 were diluted into pH 8.5 buffer, the internal CQ concentrations 

corresponded to 3.9, 36.5, and 200 µM, respectively. But when the experiment was 

repeated with the exception that the pH of the diluting buffer is the same as the 

preloading buffer, the internal CQ concentrations were only 1.6, 8.6, and 42 µM, 

respectively. Similar results were obtained with Dd2 with the values computed being 

1.3-fold higher than HB3. Preloading times were also tested and the internal CQ 

concentrations didn’t significantly change after 16 minutes (not shown). Subsequent 

experiments were then performed involving preloading of drug for 20 minutes in the 

presence of ∆pH to ensure reaching the same high initial internal CQ concentrations. 
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Figure 3.32. Initial internal CQ concentration increased as a function of increasing preloading 
CQ concentration and pH. The values were derived from preloaded HB3 ISOV that were diluted in pH 
7.5 ( ) or 8.5 ( ) buffer.  
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To study CQ efflux, the same scheme illustrated in Figure 3.31 was followed. 

PfCRT ISOV were preincubated with 0.1-100 µM 3H-CQ (specific activity = 0.5 

µCi/mmol) and 2 mM ATP in pH 7.5 buffer for 20 minutes and aliquots were diluted 

into pH 8.5 buffer with 2 mM ATP. Radioactivity was measured after allowing ISOV to 

incubate at various time periods and filtering them. By plotting the remaining drug after 

each incubation time for a given preloading CQ concentration, the apparent initial rate 

of efflux were estimated from slopes of the generated linear fits (Figure 3.33). 

As indicated by the flat slopes of the linear fits, the amount of drug retained for 

ISOV preloaded with 0.1 µM 3H-CQ (Figure 3.33A, ) did not appreciably decrease as 

the incubation time increased. HB3 (Figure 3.33A), Dd2 (Figure 3.33B), and the control 

3.5 (Figure 3.33C) exhibited efflux rate of 0.272, 0.210, and 0.214 fmol CQ per 

microgram protein per minute, respectively. This is due most likely to poor loading and 

high non-specific binding of the hydrophobic drug. Non-specific binding is not only 

contributed by hydrophobic drug molecules bound to ISOV membranes, but also by 

drug molecules attached to glass test tubes and glass filters. Washing is executed after 

filtration but it is possible that this step is not rigorous enough to displace bound drugs. 

So increasing the preloading drug concentration to as much as 100 µM 3H-CQ (Figure 

3.33, ) gave steeper slopes but, again most likely due to high non-specific binding, 

they did not show any statistically significant differences between the PfCRT ISOV 

samples vs. control ISOV. Apparent initial rates of CQ efflux were determined to be 

42.57 for HB3, 36.02 for Dd2, and 37.15 fmol CQ/µg protein/minute for the control 3.5.  
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Figure 3.33. CQ remaining in ISOV decreased as the incubation time increased. Initial rate of 
efflux for ISOV harboring HB3 (A), Dd2 (B), and 3.5 PfCRT (C) were derived from the equations 
generated after curve fitting amount of drug left when preloaded with 0.1 ( ), 1 ( ), 2.5 ( ), 5 ( ), 10 
( ), 50 ( ), or 100 µM ( ) 3H-CQ. Each data point is an average of three runs. 
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In addition, the remaining CQ measured after 15 minutes of incubation is approximately 

the same for all ISOV and remained high, indicating again high non-specific binding in 

these assays. 

 

CQ Concentration (µM)
0 80 160 240 320

R
at

e 
of

 C
Q

 E
ffl

ux
(fm

ol
 C

Q
/µ

g 
pr

ot
ei

n/
m

in
ut

e)

0

8

16

24

32

 

Figure 3.34. CQ efflux rates of HB3 ( ) and Dd2 ( ) are similar to control 3.5 ISOV ( ) at 
various CQ concentrations.  

 

 

To examine CQ efflux rates more closely, the rates of CQ efflux were plotted as 

a function of initial internal CQ concentration (Figure 3.34). The plot shows that the CQ 

efflux rates increase linearly with increasing CQ concentration, but as pointed out 

earlier, no statistically significant differences in CQ efflux rates could be found between 

PfCRT ISOV from the control. These data suggest that either a PfCRT-mediated efflux 

process is very slow within the concentrations tested or that the assay simply has a 

kinetic resolution that is too low to discriminate any differences. Moreover, the samples 
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used were not pure PfCRT and contain other plasma membrane proteins. To further test 

drug efflux by PfCRT, more transport studies were performed using a novel fluorescent 

CQ analogue.  

 
 

 
3.4.2.2 Continuous Monitoring of Fluorescence 

 
 

A CQ fluorescent analogue (NBD-CQ) was synthesized via reductive amination 

of N-t-Boc-glycinal with monodesethyl CQ to complement the traditional radiolabeled 

fast filtration assays. The fast filtration method only gives fixed time points and does 

not have the resolution to measure initial rates while continuous monitoring of 

fluorescence allow drug transport to be studied in real time and are therefore more 

sensitive. Drug susceptibility assays and confocal microscopy revealed that 

pharmacological activity and subcellular localization of the fluorescent probe are 

similar relative to CQ for both CQS and CQR parasites (Figure 3.35). Thus validated as 

a suitable tool for CQ transport studies, NBD-CQ influx and efflux kinetics for live 

iRBC were examined under physiologic conditions. Results were suggestive of PfCRT-

mediated drug efflux but live cell experiments cannot unequivocally distinguish 

between several molecular models for how decreased CQ accumulation may be due to 

mutant PfCRT, and precise quantification of any PfCRT-mediated drug efflux is 

impossible due to the inability to unequivocally quantify altered intra DV binding for 

CQS vs. CQR parasites. In order to directly test how mutant PfCRT may contribute to 



the altered cellular transport of NBD-CQ for CQR parasites, kinetic NBD-CQ transport 

assays were developed for PL harboring purified reconstituted PfCRT-h. The use of PL 

greatly reduces complexities inherent to live cell transport experiments, such as variable 

heme binding as proposed for CQR malarial parasites by several groups (124, 128, 

185). PL also allow direct examination of the effects of ∆pH and ∆Ψ on drug transport 

kinetics.  

 

A 

B 

 

Figure 3.35. NBD-CQ localizes to the P. falciparum DV as shown by SDCM. DIC (left), 
fluorescence (middle), and DIC with fluorescence overlay images of a single optical Z-section of late 
trophozoite stage CQS HB3 (A) or CQR Dd2 (B) parasites in iRBC, perfused with 250 nM NBD-CQ in 
gas balanced HBSS containing 5 mM D-Glucose. The scale bar in each set of panels = 4.0 µm. Reprinted 
by permission from American Chemical Society: Biochemistry 48, 9471-9481, Copyright © 2009. 

 
 

 PfCRT-mediated NBD-CQ efflux was assessed using PfCRT-h purified from 

yeast CM overexpressing the protein. Our procedure for reconstitution of DM-

solubilized PfCRT-h through dialysis was previously shown to yield PL with PfCRT-h 

 145 



primarily in an orientation the same as that found for the DV membrane, namely, with 

N- and C-termini disposed to the outside surface (160). We therefore envisioned that 

preloading these PL with NBD-CQ, followed by injection into a rapidly mixed transport 

medium harboring an effective NBD quencher such as sodium dithionite (Na2S2O4) 

would allow us to distinguish passive efflux from any efflux directly catalyzed by 

PfCRT. Figure 3.36A depicts the assay in cartoon form and Figure 3.36B confirms that 

the sodium dithionite ( , bottom line) nearly completely quenched NBD-CQ 

fluorescence measured in the absence of quencher, at the relevant range of 

concentrations ( , top line). Note also that fluorescence vs. NBD-CQ concentration 

was linear over this range, allowing for convenient molar quantification of flux.  

 

reconstituted reconstituted 
PfCRTPfCRTA B 
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Figure 3.36. NBD-CQ efflux assay based on sodium dithionite quenching. (A) Schematic 
representation of the efflux assay using reconstituted purified PfCRT. The movement of the CQ probe 
(asterisk denotes NBD) from the PL via PfCRT (red transmembrane domains) was studied using an extra 
PL quencher (sodium dithionite, S2O4

-2). (B) The presence of 2 mM sodium dithionite (∆) nearly 
completely quenches fluorescence of NBD-CQ ( ) in pH 6.5 Mes-Tris buffer at the range of 
concentrations used. 
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Figure 3.37 shows representative efflux assay data for NBD-CQ preloaded PL (1 

µM probe loaded PL in Figures 3.37A, B, & C; 5 µM probe loaded PL in Figures 

3.37D, E, & F) fast diluted into 3 ml of rapidly mixed Mes-Tris buffer that is rapidly 

mixed by a magnetic stir bar. Due to the hydrophobic weak base character of the probe, 

these PL contain multiple populations of NBD-CQ, including trapped 

intraproteoliposomal as well as intramembranous probe. To clearly distinguish actual 

transmembranous efflux of trapped intra proteoliposomal probe from intramembranous 

redistribution and other artifacts, two simple experiments were done for each NBD-CQ 

preloaded PL preparation. Gray traces in panels A and D show data obtained when the 

preloaded PL were fast diluted into buffer that already contains sodium dithionite (PL 

injected at the first arrow), whereas the black traces in the same panels show companion 

dilutions into the same buffer that did not initially contain quencher. For the black 

traces, sodium dithionite was instead rapidly injected at the asterisk. In both 

experiments, detergent was added at the second arrow to randomize probe throughout 

the cuvette. 

The instantaneous increase in signal (first arrow) upon dilution into buffer 

without sodium dithionite (black traces, A, D) was due to the sudden presence of NBD-

CQ loaded PL. This was followed by a decrease in fluorescence that reflects the sum of 

multiple changes in environment as NBD-CQ populations move from the acidic PL 

interior to lipid phase, perhaps between membrane leaflets, or from lipid phase to the 

aqueous exterior. Additional artifacts are also possible due to rapid mixing of the 
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preloaded PL. Five minutes after injecting the preloaded PL, that portion of NBD-CQ 

fluorescence that now truly represents extra proteoliposomal, aqueous probe in the 

mixture was revealed by instantaneous quenching upon addition of sodium dithionite 

(Figures 3.37A & D, black traces, asterisk) because the quencher does not cross the PL 

membrane (189). Addition of sodium dithionite at progressively shorter time points 

yielded progressively smaller levels of instantaneous quenching (not shown).   

In parallel experiments wherein sodium dithionite was added to the buffer prior 

to injection of the PL (Figures 3.37A & D, gray traces), the constant presence of sodium 

dithionite at the start led to more pronounced, immediate quenching of external NBD-

CQ as it exits the PL. Gray and black traces converged at 400 seconds, showing that the 

same portion of total NBD-CQ signal that was instantaneously quenched at 5 minutes (a 

time wherein we expect the majority of preloaded NBD-CQ to have left the PL) was 

also quenched vs. time as it exits towards the continuous presence of sodium dithionite 

(Figure 3.37A & D). Thus, simple subtraction of the companion traces (gray minus 

black) yielded a difference trace (Figures 3.37B & E) that removed changes in total 

NBD-CQ fluorescence that are not unequivocally due to transmembranous movement 

and that also isolates the kinetic character of NBD-CQ efflux.  
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Figure 3.37. Representative raw traces obtained in NBD-CQ efflux assays. (A, D) The first 
arrow indicates the addition of PfCRT PL preloaded with NBD-CQ for 20 minutes into the buffer. After 5 
minutes, 2 mM sodium dithionite was added to quench NBD-CQ molecules outside the PL (black traces, 
asterisk). The second arrow denotes the addition of 1% Triton X-100 which permeabilizes the membranes 
and immediately quenches remaining fluorescence. The gray trace corresponds to parallel experiments 
using the same PL preparations, performed with the sodium dithionite already present in the buffer at the 
start. (B, E) Subtracting the black traces from the gray traces generated difference traces for PfCRT 
containing PL. (C, F) Executing the same approach using control PL gave control difference traces. 
Panels A, B, & C correspond to traces obtained from PL preloaded with 1 µM NBD-CQ while panels D, 
E, & F were from those preloaded with 5 µM NBD-CQ.  
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Difference traces for control PL preloaded and fast diluted under identical 

conditions (Figures 3.37C & F) were subsequently subtracted from those for HB3 

PfCRT (CQS isoform) and Dd2 PfCRT (CQR isoform) PL. Multiple traces from at least 

three replicates for each of at least two independent PL (at least six in total) were then 

mathematically fitted to determine initial rates and rate constants. Representative 

PfCRT efflux traces are shown in Figure 3.38 for HB3 (black lines) and Dd2 (gray 

lines) with the single exponential fits superimposed on these traces.  
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Figure 3.38. Representative control subtracted difference HB3 (black solid lines) and Dd2 (gray 
dashed lines) efflux traces for various experiments: (A) without ∆pH and ∆Ψ, (B) with 2 unit ∆pH and 
without ∆Ψ, (C) with ∆Ψ- in the absence of ∆pH, and (D) with ∆Ψ+ in the absence of ∆pH. 
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PfCRT-mediated efflux was evaluated under various conditions. When PL 

prepared at pH 6.5 were diluted into buffer of the same pH, no ∆pH was present and 

rather slow diffusion of NBD-CQ was noted (Figure 3.38A). But when the same PL 

were diluted into pH 7.5 or pH 8.5 buffer, a ∆pH of 1 or 2 units was established and 

faster efflux of NBD-CQ was observed for both HB3 and Dd2 PL (Figure 3.38B, which 

shows efflux in the presence of a 2 unit ∆pH). To examine the effects of ∆Ψ in the 

absence of a ∆pH, 5 µM valinomycin was added to buffer at the same pH as that used to 

reconstitute the PL (148, 190). An internal negative membrane potential (∆Ψ-) is 

generated when PL reconstituted with KCl were fast diluted into equimolar NaCl buffer 

containing valinomycin (Figure 3.38C), and an internal positive potential (∆Ψ+) is 

generated for PL formed in the presence of NaCl fast diluted into KCl (Figure 3.38D). 

Efflux in the presence of ∆Ψ- was similar to efflux in the presence of no driving force, 

whereas ∆Ψ+ promoted conspicuously faster efflux relative to all other conditions 

tested.   

To test whether all interior NaCl PL samples generated ∆Ψ+ of similar 

magnitude, anionic oxonol V assays were used as described (148) to empirically 

calibrate the magnitude of ∆Ψ. As shown, PL reconstituted with 140 mM NaCl were 

diluted into 138.4 mM NaCl / 1.6 mM KCl and allowed to equilibrate with 5 µM 

oxonol V and 5 µM valinomycin to generate low ∆Ψ+ (Figure 3.39A, 0-50 seconds) 



before adding increasing amounts of KCl (Figure 3.39A, arrows). Percent change in 

fluorescence for each addition of KCl was plotted as a function of calculated Nernst 

potential (Figure 3.39B). HB3 PfCRT (Figure 3.39B, ), Dd2 PfCRT (Figure 3.39B, 

), and control PL (Figure 3.39B, ) gave similar fluorescence changes upon these 

additions of KCl aliquots indicating that the ∆Ψ formed for all samples were 

comparable in magnitude under these conditions. Hence, any kinetic differences 

between traces in Figure 3.38D were not due to differences in the magnitude of ∆Ψ. 
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Figure 3.39. Calibration of membrane potential via the anionic dye oxonol V showed no 
differences between PfCRT PL and control PL in the presence of symmetrical chloride. (A) Control PL 
reconstituted with 140 mM NaCl were equilibrated with 5 µM oxonol V and 5 µM valinomycin in buffer 
containing 138.6 mM NaCl and 1.6 mM KCl (0-120 seconds). Addition of KCl every 2 minutes resulted 
in the following final external KCl concentrations: 40 mM (121-240 seconds, first arrow), 60 mM (241-
360 seconds, second arrow), 80 mM (361-480 seconds, third arrow), 100 mM (481-600 seconds, fourth 
arrow), 110 mM (600-720 seconds, fifth arrow), 120 mM (721-840 seconds, sixth arrow). The experiment 
was performed three times and repeated for PfCRT PL. (B) The ∆Ψ-driven redistribution of oxonol V in 
HB3 ( ), Dd2 ( ), and control ( ) under symmetrical chloride conditions was evaluated by plotting the 
change in fluorescence as a function of Nernst potential, which were calculated using the Nernst 
Equation, E = (RT/zF)ln([Xout]/[Xin]). 
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With known ∆pH, empirically calibrated ∆Ψ, and the ability to control intra PL 

[NBD-CQ], initial rates and rate constants for NBD-CQ efflux were quantitatively 

compared for HB3 vs. Dd2 PL. Traces were converted to number of NBD-CQ 

molecules/second using linear molar NBD-CQ fluorescence calibration plots (not 

shown) and also fitted to a single-exponential decay function, y = y0 + ae-bx. Efflux rate 

constants for HB3 PfCRT and Dd2 PfCRT PL were nearly superimposable +/- ∆pH and 

∆Ψ (not shown), implying similar efflux is catalyzed by both PfCRT isoforms. To 

quantify any differences between HB3 and Dd2 PfCRT-mediated efflux, explicit 

turnover was calculated by dividing the initial rate of efflux (obtained from fitting the 

first 20 seconds of NBD-CQ efflux to a linear equation, y = y0 + ax) by the number of 

PfCRT-h molecules in a given PL preparation, which was calculated via quantitative 

densitometry as described previously (191).  

Figure 3.40 highlights several important conclusions. First, PfCRT-h PL 

preloaded with 5 µM NBD-CQ yielded the same turnover number of 0.17 NBD-CQ 

molecules per PfCRT per second for either HB3 (black bars) or Dd2 (gray bars) when 

neither a ∆pH nor ∆Ψ was present across the PL membrane (Figure 3.40A, left side).  

Introducing a one unit ∆pH increased turnover to 0.83 and 0.80 NBD-

CQ/PfCRT/second for HB3 and Dd2 PL, respectively, while a 2 unit ∆pH raised these 

values further to 1.59 and 1.61 NBD-CQ/PfCRT/second, respectively. Surprisingly, 

these results suggest that the rate of outward-movement of CQ via PfCRT is similar for 

either CQS or CQR parasites, when the magnitude of DV ∆pH is the same. The data 



also suggest CQ flux could be either H+-coupled or electrogenic, since the presence of 

∆pH significantly increases turnover. Turnover calculated for PL with ∆Ψ− or ∆Ψ+ 

(Figure 3.40A, right side) support the latter. In the case of a ∆Ψ+ formed by diluting PL 

with 140 mM entrapped NaCl into 140 mM KCl with valinomycin (Figure 3.40A, far 

right), Dd2 PL reproducibly showed slightly faster efflux relative to HB3 (mean = 3.41 

vs. 3.27 NBD-CQ/PfCRT/second), but within our resolution, the increase was not 

statistically significant. Table 3.2 further summarizes NBD-CQ turnover numbers 

calculated for PL preloaded with 5 µM NBD-CQ vs. various parameters and for an 

array of control experiments.  
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Figure 3.40. PfCRT-mediated NBD-CQ efflux is via facilitated diffusion. (A) HB3 (black bars) 
and Dd2 (gray bars) PL preloaded with 5 µM NBD-CQ gave similar turnover numbers under different 
conditions denoted on the x-axis. (B) NBD-CQ efflux in HB3 ( ) and Dd2 ( ) PL in the absence 
(dashed-dotted lines), presence of 1 unit (dashed lines), or 2 units (dotted lines) ∆pH gradient was linear 
over the range of concentrations used, as well as in the presence of ∆Ψ+ (solid lines).  
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Table 3.2. NBD-CQ turnovers numbers of HB3 and Dd2 PfCRT PL 

Turnover Numbers            

(NBD-CQ molecules/ PfCRT 
molecules*second) 

Set-upa ∆pHout ∆Ψin
CQex or  
VPLex

HB3 Dd2 

A − − − 0.17 ± 0.04 0.17 ± 0.13 

B + 1 − − 0.83 ± 0.05 0.80 ± 0.11 

C + 2 − − 1.59 ± 0.11 1.61 ± 0.18 

D − - positive − 0.00 ± 0.00 0.00 ± 0.00 

E − - negative − 0.25 ± 0.06 0.11 ± 0.01 

F − + positive − 3.27 ± 0.55 3.41 ± 0.41 

G − + negative − 0.19 ± 0.09 0.20 ± 0.09 

H − + positive 0.7 µM CQex 1.08 ± 0.18 1.19 ± 0.11 

I − + positive 12.5 µM CQex 0.10 ± 0.02 0.08 ± 0.03 

J − + positive  125 µM CQex 0.24 ± 0.07 0.15 ± 0.05 

K − + positive 1 µM VPLex 1.07 ± 0.12 1.08 ± 0.25 

L − + positive 10 µM VPLex 1.09 ± 0.10 0.92 ± 0.21 
a (A) KCl pH 6.5 PL into KCl pH 6.5 buffer; (B) KCl pH 6.5 PL into KCl pH 7.5 buffer; (C) KCl pH 6.5 
PL into KCl pH 8.5 buffer; (D) NaCl pH 6.5 PL into KCl pH 6.5 buffer; (E) KCl pH 6.5 PL into NaCl 
pH 6.5 buffer; (F) NaCl pH 6.5 PL into KCl pH 6.5 buffer with valinomycin; (G) KCl pH 6.5 PL into 
NaCl pH 6.5 buffer with valinomycin; (H) NaCl pH 6.5 PL into KCl pH 6.5 buffer with valinomycin and 
0.7 µM CQ; (I) NaCl pH 6.5 PL into KCl pH 6.5 buffer with valinomycin and 12.5 µM CQ; (J) NaCl pH 
6.5 PL into KCl pH 6.5 buffer with valinomycin and 125 µM CQ; (K) NaCl pH 6.5 PL into KCl pH 6.5 
buffer with valinomycin and 1 µM VPL; (L) NaCl pH 6.5 PL into KCl pH 6.5 buffer with valinomycin 
and 10 µM VPL. 

 



A key observation made for live cells is that the rate constant for ATP dependent 

accumulation of probe was reduced for Dd2 vs. HB3 parasites. To examine whether this 

could be due to HB3 PfCRT-mediated uptake of probe that is lost upon mutation to the 

Dd2 isoform, we wished to reverse the directionality of our dithionite quencher PL 

assay (to monitor uptake into the PL). However, we were unable to form good PL by 

dialysis in the continuous presence of dithionite. ATP dependent accumulation of 3H-

CQ into yeast plasma membrane ISOV harboring PfCRT was therefore measured (137, 

143). As expected, Dd2 ISOV (Figure 3.41, ) showed reduced accumulation relative 

to control ISOV with no PfCRT (Figure 3.41, ). Importantly, and again consistent 

with previous results (137), HB3 ISOV (Figure 3.41, ) did not show any significantly 

increased accumulation of 3H-CQ relative to control.  
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Figure 3.41. ISOV harboring the Dd2 isoform ( ) showed less 3H-CQ uptake than HB3 ( ), 
which were the same as control ISOV with no PfCRT. Amount of 3H-CQ accumulated was measured 
from radioactivity measurements of filtered ISOV previously incubated with 100 nM 3H-CQ for 0, 5, 10, 
20, or 40 minutes. Single exponential fitting of data points gave rate constants for HB3 (solid black line, 
0.0532 per second) and control (dashed black line, 0.0803 per second) ISOV, which were both greater 
than for Dd2 (solid gray line, 0.0431 per second). 
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Finally, the effects of increasing external CQ and verapamil (VPL) 

concentrations on the efflux of 5 µM NBD-CQ from Dd2 and HB3 PL (Figure 3.42 & 

3.43, respectively) were measured. Increasing external CQ concentration progressively 

slowed efflux of probe from both Dd2 and HB3 PL, and to a similar extent (Figure 

3.42). External VPL concentration of 1 µM slowed efflux of 5 µM probe from both PL 

preparations by about 60 %, but raising it to 10 µM did not further decrease probe flux 

(Figure 3.43). 
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 Figure 3.42. External CQ did not produce trans-stimulated NBD-CQ efflux for both HB3 (black 
bars) and Dd2 (gray bars) PL preloaded with 5 µM NBD-CQ. Instead, 0.7 µM or greater concentrations 
of CQ (12.5 or 125 µM) on the opposite side of the membrane decreased the rate of NBD-CQ efflux 
when ∆Ψ+ was present. 
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 Figure 3.43. VPL inhibited HB3 (black bars) or Dd2 (solid bars) mediated NBD-CQ efflux. All 
turnover numbers were derived from 5 µM NBD-CQ preloaded PL in the presence of ∆Ψ  and absence of 
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CHAPTER 4. DISCUSSION 

Excerpts taken with permission from:    

Paguio, M. F., Cabrera, M., and Roepe, P. D. (2009) Chloroquine Transport in 
Plasmodium falciparum 2: Analysis of PfCRT Mediated Drug Transport Using 
Proteoliposomes and a Fluorescent Chloroquine Probe. Biochemistry 48, 9482-9491. 
Copyright © 2009 American Chemical Society. 

 

The burden of malaria, with an average morbidity of 300 million cases and 

mortality of 1 million people annually, is very overwhelming. How can a disease that 

has propagated through many centuries be tackled? It was almost 130 years ago when 

Laveran discovered malaria parasites in the blood of sick patients and with each 

advance in revealing its complex nature over the years, it has become more challenging 

to come up with solutions to this public health problem. Different strategies have been 

adopted to treat the disease and prevent transmission including development of 

antimalarial drugs targeted primarily to the asexual erythrocytic stages. Unfortunately, 

the emergence and spread of resistance to drugs like CQ only reminds us of the 

parasites’ adaptability and lethality. Scientists have responded by improving drugs and 
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designing new ones. And as long as chemotherapy remains a viable approach in fighting 

this disease, the need for convenient ways to study the effectiveness of drugs is crucial. 

Traditionally, the effect of drugs on parasite growth was examined by counting 

parasitemia of cultures incubated with different drug concentrations for 48-72 hours 

using Giemsa-stained smears. Microscopy, however, is prone to error and is very 

tedious so methods in measuring drug efficacy have been expanded in order to test 

antimalarial drugs. The need for more efficient and precise in vitro drug sensitivity 

measurements led to the birth of the isotopic hypoxanthine assay (102), the colorimetric 

parasite lactate dehydrogenase assay (103), and the histidine rich protein II enzyme-

linked immunosorbent assay or HRP II ELISA (192). The common problem among all 

of them is the expense and lengthy procedure involved in preparing the samples before 

the actual measurements unlike the simple fluorescence-based assay developed in the 

Roepe laboratory.   

The SybrGreen assay (Chapter 3.1) is a faster and easier way to assess drug 

efficacy. Since it eliminates the use of any radioactive material, it is also inexpensive 

and safe. It employs instead a DNA-intercalating dye that fluoresces when bound to the 

minor groove of DNA. Given that DNA is absent in RBC, fluorescence of malaria DNA 

in iRBC incubated with various concentrations of drugs can be measured. This principle 

was adopted from PCR-based assays employed for gene detection (193-195) and 

detection of DNA repair (196), gel mobility assays (197), and bacterial detection assays 

(198). The strength of this assay relies on its simplicity. After parasite growth, only one 
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reagent is added and no washing or filtering steps are needed. Subsequent fluorescence 

measurements and quantification of growth inhibition can be made in a very short 

period of time. More importantly, several candidate drugs or combinations of drugs can 

be analyzed simultaneously because of the 96-well format. This translates to a very 

efficient screening against different malaria strains. Several studies have confirmed the 

reliability and ease of the assay (150, 151) as well as its applicability to examine clinical 

isolates (152, 199). A large scale full library testing of 1.7 million compounds was even 

ventured recently using an automated, 1536-well high throughput screening system 

which identified 648 compounds with good antimalarial activity and discovered several 

novel chemical scaffolds (200). 

Clearly, the assay developed has accelerated antimalarial drug discovery and 

consequently has aided in tackling drug resistance. But in order to really facilitate the 

development of new therapies, the molecular basis of CQR needs to be well understood. 

Fortunately almost 10 years ago, analysis of the progeny of the HB3 and Dd2 cross 

mapped the genetic determinant for CQR within the 36 kb CQR-associated segment in 

chromosome 7 (114). A subsequent study using allelic exchange experiments confirmed 

that CQR is conferred by pfcrt mutations (115) and this basic knowledge opened new 

avenues for research as questions arose regarding the role of pfcrt in CQR. Does the 

encoded protein, PfCRT, bind CQ? Are the binding affinities for CQS and CQR PfCRT 

different? And since bioinformatic analysis has categorized it under the family of the 

drug/metabolite transporters, does it transport CQ and/or other ions? If it does, what 
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kind of transport is involved? Meaning, what are the thermodynamics and kinetics 

involved? 

To address these questions, various groups tried to elucidate the mechanism of 

CQR by employing CQS vs. CQR iRBC. But since it’s difficult to study how PfCRT 

mediates CQ transport due to its subcellular DV localization and its low protein yield, 

other groups expressed PfCRT in Dictyostelium discoideum (135) or Xenopus laevis 

oocytes (139, 201). In the Roepe laboratory, wild-type (HB3) and mutant isoforms 

(Dd2, 7G8) of PfCRT were over-expressed in Pichia pastoris cells. Heterologous 

expression in yeast has the advantage of producing properly translated proteins in high 

yields and at low cost. Furthermore, the methods for isolating plasma membranes and 

creating vesicles for transport research are already established. Initial experiments 

utilized PfCRT CM or ISOV with 3H-CQ. With the subsequent purification of PfCRT 

and reconstitution into PL as well as development of new CQ probes, more in-depth 

analyses of CQ binding and transport were accomplished. The results for these binding 

and transport experiments are discussed below. 

The binding of drugs with membrane proteins linked to drug resistance 

phenomena is commonly quantified through Scatchard analysis of data from a 

saturation binding experiment. But one drawback for employing Scatchard plot analyses 

is that the high background association of hydrophobic drugs to membranes complicates 

quantification of their binding to membranes and/or transport across membranes. 

Fortunately, CQ is not quite as hydrophobic as many of the drugs that are believed to 
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bind to membrane transporters. So despite high non-specific membrane binding, 

Scatchard analysis of 3H-CQ binding (Chapter 3.2) to yeast membrane samples 

harboring equivalent protein and equivalent PfCRT amounts revealed specific binding 

to wild-type and mutant PfCRT at meaningful affinity and stoichiometry. Equilibrium 

binding studies showed that PfCRT binds CQ, with HB3 and Dd2 CM having a Kd of 

415 and 385 nM, respectively. These results were important because it provided 

evidence that PfCRT does bind CQ and that the affinities for CQR and CQS isoforms 

are not significantly different. More importantly, although the external CQ 

concentration is typically a few nanomolar in culture or in plasma, estimates for CQ 

concentration in the DV (where it acts to inhibit heme processing) are predicted to be 

102- to 104-fold higher. Interestingly, the affinities measured are likely relevant for 

interaction of CQ with the intra-DV face of PfCRT but perhaps not the cytosolic face, 

where CQ concentrations would only be several nanomolar under physiologic 

conditions. In contrast, the related drug QN did not specifically bind to either PfCRT 

isoform. This might seem paradoxical since P. falciparum strain Dd2 is resistant to both 

CQ and QN. However, QNR requires additional physiologic or genetic events along 

with expression of mutant PfCRT. Quantitative trait loci analysis of QN responses of 

the progeny from HB3 and Dd2 cross identified additive interactions between segments 

from chromosomes 5 (pfmdr), 7 (pfcrt), and 13 (202). Out of the ~100 genes on 

chromosome 13, proton-sodium exchanger (pfnhe) polymorphisms have been 

associated with QNR (203, 204).  
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Preliminary transport data from flow dialysis assays showed that accumulation 

of QN and CQ are similar for HB3 ISOV and 3.5 ISOV (negative control), which is 

expected because previous work showed that these ISOV preparations maintained 

similar ∆pH upon addition of ATP (143). Since these drugs are weak bases, they are 

predicted by the Henderson-Hasselbach equation to accumulate within acid 

compartments such as the interior of energized ISOV. If the magnitude of pH gradients 

is similar between two vesicle preparations, then accumulation is expected to be similar 

as observed. Transport of QN into Dd2 ISOV has a higher steady state than that for 

either 3.5 or HB3 ISOV, but has a similar rate constant. This is also expected since Dd2 

ISOV maintains a conspicuously higher ∆pH upon addition of ATP and QN 

accumulation into the ISOV is expected to be via passive diffusion. On the other hand, 

analysis of CQ transport showed lower CQ accumulation for Dd2 ISOV at significantly 

slower rate was observed despite formation of a higher ∆pH (acid inside) across these 

ISOV membranes upon addition of ATP. At this lower internal ISOV pH, virtually all 

concentrated CQ entrapped within the ISOV is expected to be in the doubly protonated 

state at any given instant, whereas significant external CQ will be singly charged. That 

is, there is a concentration gradient in CQ2+ oriented outward. So in order to explain 

reduced CQ accumulation for Dd2 ISOV, one possibility is that mutant PfCRT 

catalyzes downhill facilitated diffusion of CQ2+ molecules out of the ISOV. But because 

there is also a large gradient in H+ oriented outward under these conditions, another 

possibility is that mutant PfCRT performs H+- (or perhaps HCO3
- - or Cl--) coupled 
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active transport of CQ+ in the outward direction. Either scenario could in theory reduce 

net expected accumulation in the ISOV, as is observed, or within the parasite CQR DV. 

With regard to the second possibility, it should be noted that mutation of PfCRT also 

causes pH changes within the DV (135, 153, 205). These pH changes influence 

resistance to CQ and other heme-acting antimalarial drugs because their interactions 

with the heme target are highly pH dependent (65, 66, 68). In general, an ion-coupled 

CQ+ transport model provides an attractive basis for explaining the reduced passive 

accumulation of CQ shown here, as well as DV acidification measured previously (37, 

153). The endogenous transport activity of wild-type PfCRT is currently unknown, but 

if PfCRT is an active transporter, this transport would likely be ion-coupled since a high 

∆pH exists across the endogenous DV membrane and since there is no generation of 

ATP within the DV. With two regions harboring basic nitrogen that can assume several 

conformations, CQ might partially mimic the structure of certain amino acids as they 

are released upon hemoglobin digestion within the DV. These amino acids (or peptides 

containing them) must be exported from the parasite DV to the cytosol via some yet to 

be defined transport process. So it is also possible that CQ transport via mutant PfCRT 

represents a modified endogenous amino acid transport function of the wild-type 

transporter, with the spectrum of Dd2 PfCRT mutations allowing for better recognition 

of CQ. 

The results from this preliminary study were enlightening because they gave the 

first direct evidence for PfCRT binding to CQ and suggested that PfCRT mediates the 
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transport of CQ out of the DV through facilitated diffusion. To further test our initial 

conclusions, more comprehensive experiments were designed to be carried out using 

purer PfCRT samples. This objective was first achieved by purifying PfCRT (Chapter 

3.3).  Since PfCRT constructs were made with either biotin acceptor domain (PfCRT-b) 

or histidine tag (PfCRT-h) or both (PfCRT-hb), the affinity of these tags to avidin or 

nickel were helpful in the purification process. Affinity chromatography has been a 

popular method for purifying membrane proteins after recombinant expression in yeast 

because of its convenience and specificity (148, 206-210). Here, the strategy employed 

involved solubilizing CM made from PfCRT-hb or PfCRT-h expressing yeast cells with 

a mild detergent like DM and loading the extract onto a column with avidin or nickel 

immobilized on a resin. After washing the column, bound proteins were easily eluted 

using competing substrates. Eluates were then mixed with E. coli lipid and dialyzed 

against excess buffer to remove the detergent as well as to establish the desired pH and 

salt concentrations. Ultracentrifugation of the mixture yielded PL in the pellet fraction 

which were finally resuspended in a small amount of buffer. This entire procedure takes 

about 1 week, from yeast culturing to protein quantification of PL using Amido black. 

Western blot analyses estimated that 4 mg of PfCRT PL is generated from 50 mg of 

CM, which is produced from 2 L of yeast culture. It was also approximated later that 

76% of the solubilized PfCRT are properly oriented when reconstituted into PL through 

slow dialysis. Protein production can, of course, be amplified if yeast culturing is done 

via a fermentor that can grow up to 20 liters of culture instead of a shaker flask. In 
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addition, the use of a microfluidizer instead of a bead beater can make cell disruption 

more efficient.  

PfCRT reconstituted into PL is the best system to study the protein because it is 

pure and is reconstituted to mimic endogenous PfCRT topology in the DV of malaria 

parasites. The majority of the PfCRT molecules have the correct orientation and there 

are no other proteins that can interfere with its function. Moreover, the factors that 

possibly influence drug transport such as ∆pH and ∆Ψ can be easily manipulated based 

on the nature of the buffers used when making the PL and when performing an 

experiment. With purer samples in hand, CQ binding and transport studies can be 

performed with more confidence.  

As a complementary approach to the initial binding experiment employing 

radiolabeled drugs, a perfluoroazido, biotinylated chloroquine analogue named AzBCQ 

was synthesized by our collaborators (Chapter 3.4). Photolabeling of transporters, 

channels, or receptors with azido substrate analogues is a well-known approach for 

defining substrate binding and mapping binding site domains. Perfluoroazido probes 

have not been used as extensively as other azido moieties but nonetheless have proven 

to be quite valuable (211, 212). Only a handful of studies have engineered non-

radioactive, biotinylated, azido probes for labeling studies (213, 214) and none have 

incorporated use of the more reactive perfluoroazidophenyl group, which upon UV 

illumination efficiently inserts at a C-H bond and so is more versatile than the 

azidophenyl group (178).  
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Previously, Tilley and colleagues (172) used a 125I-labeled azidosalicylate CQ 

analogue in an attempt to identify CQ binding proteins in P. falciparum. This probe 

used azidophenyl instead of perfluoroazidophenyl group and its synthesis also required 

loss of the chlorine atom at position 7 of the CQ pharmacophore. It is now known that 

7-chloro group is crucial for full activity of the 4-aminoquinoline. This might also 

explain why the earlier probe did not label proteins with a mass equal to that of PfCRT. 

In addition, the photoactivatable group used in the Tilley study was attached to the 

quinoline ring system, not to the end of the CQ side chain via flexible linkers. On the 

basis of the AzBCQ binding site mapping, this bulky addition to the quinoline ring 

system pharmacophore would be predicted to negatively affect binding of the 

pharmacophore to intrahelical domains of PfCRT. In contrast, the perfluoroazidophenyl 

and biotin tags we engineered are attached by flexible linkers and are predicted to 

extend out into the extra-membranous space where they would not impede docking of 

the CQ pharmacophore of AzBCQ to the proposed CQ binding site. This might explain 

why competition of AzBCQ photolabeling with CQ, QN, and VPL is so impressive. 

It is tempting to correlate photolabeling efficiencies for the different PfCRT 

isoforms with binding affinities (meaning, more efficient photolabeling indicates more 

efficient binding). However, this is overly simplistic since environmental effects that 

are unrelated to probe affinity can also influence the net efficiency of the photolabeling 

reaction. Nonetheless, quantifying competition of the photolabeling reaction under early 

plateau conditions, where labeling is just beginning to saturate, likely yields relative 
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affinities for a competitor, assuming the binding sites for probe and competitor overlap. 

On the basis of calculated stoichiometries and the extremely efficient competition of 

CQ for the AzBCQ reaction versus all three PfCRT isoforms, it seems reasonable to 

suggest that this single AzBCQ binding site and a single CQ binding site overlap for 

PfCRT. Results with 7G8 PfCRT are particularly impressive. In fact, no examples of 

efficient drug probe competition can be found in the literature that is anywhere near 6-

fold. As mentioned, when competition has been carefully quantified previously for drug 

receptors (e.g., ion channels to which a drug binds with high affinity) or putative drug 

transporters (e.g., human P-glycoprotein), effective competition is not typically seen 

until a >200-fold molar excess of the cold drug relative to drug probe is reached. 

Competition by CQ at low molar excesses suggests that AzBCQ photolabeling is 

mimicking physiologically relevant binding of CQ to the PfCRT isoforms. 

Other evidence strongly supports this notion: (1) A single attachment site for the 

probe is mapped to residues 364-374 and is likely to lie within the F364-R371 segment. 

This loop is predicted by multiple algorithms (114) to reside within the DV 

environment, which is known to have an acidic pH between 5.2 and 5.6, depending on 

whether the parasite is CQR or CQS (153, 205); (2) Binding of AzBCQ appears to be 

strongly activated by an acidic pH that corresponds to that predicted for the DV interior; 

(3) Initial equilibrium binding studies with 3H-CQ calculated a Kd that corresponded to 

concentrations of CQ that are only predicted for the interior of the acidic DV (137). 

That is, all predictions from previous equilibrium binding studies are entirely consistent 
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with the AzBCQ photolabeling measured. Taking these observations together, one 

obvious conclusion is that AzBCQ binding is indeed mimicking physiologic CQ 

binding at an acidic, DV-disposed binding site that is in part defined by the helix 9-helix 

10 domain. 

The loop connecting helices 9 and 10, to which AzBCQ is found covalently 

attached, is predicted by multiple algorithms to lie within the DV interior (114). Again 

perhaps not coincidentally, residue 371 lying within this loop is mutated in a number of 

well-known CQR P. falciparum strains and isolates, including Dd2, W2, FCB, 2300 

(Indonesia), and 742 (Cambodia). Poorly understood patterns of mutations that include 

other nearby residues, 356 (helix 9), 326 (helix 8), and 271 (loop 7), are also found in 

most known CQR strains and isolates. On the basis of predicted models for PfCRT 

function (114, 137, 138), it is logical to assume that mutations in PfCRT associated with 

CQR might cluster within or near a CQ binding site. Another line of evidence that 

strongly supports the conclusion that AzBCQ photolabeling is mimicking 

physiologically meaningful CQ binding comes from the elegant studies of Cooper et al. 

(27). In these studies, “second site suppressor” mutations were found when pressuring 

Sudan 106/1-derived CQR clones harboring K76I mutations with QN. These clones had 

been unusually sensitive to QN but upon selection with the drug became QNR and 

concomitantly reacquired sensitivity to CQ. The suppressor site was found to be Q352; 

introduction of a positive charge (either K or R) at this residue conferred the unusual 

QNR/CQS phenotype to K76I clones. The authors interpreted these results to suggest 
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that putative helix 9, within which Q352 is predicted to lie, participates with helix 1, 

which is the site of well-known K76T, K76I, and K76N mutations that confer CQR 

(114, 120), to form a quinoline drug binding pocket. AzBCQ photolabeling results 

strongly support this hypothesis. 

By finding that the single attachment site for AzBCQ lays within residues F364-

R371, and knowing the geometry and size of the AzBCQ molecule, we suggest that 

helix 10 must also form part of the binding pocket. Other drug selection results suggest 

some possible interaction between drugs and helix 4 (120), but we are unable to 

construct a viable model that places helices 1, 9, and 10, loop 9 (the loop between 

helices 9 and 10), and helix 4 together to form one CQ pocket such that PfCRT residues 

found to be mutated in CQR are proximal to the CQ pharmacophore within AzBCQ and 

that allows for attachment of AzBCQ to loop 9. It may be possible that multiple PfCRT 

conformations exist and that binding of CQ (or other quinoline) biases toward one 

conformation over another. Additional studies with AzBCQ and similar probes with 

altered geometries may be able to test this idea. 

The requirement for larger amounts of VPL to compete away label (relative to 

CQ) is consistent with the need for relatively high VPL concentrations (1-2 µM) for 

chemoreversal in culture. The fact that AzBCQ binding to Dd2 PfCRT (found in VPL 

reversible CQR strains) is efficiently reversed by similar levels of VPL but binding  to 

7G8 PfCRT (found in VPL insensitive CQR strains) is not is again very strong evidence 

that the binding site revealed by AzBCQ photolabeling is physiologically relevant. 
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Moreover, it is very interesting that VPL also efficiently competes for AzBCQ labeling 

to HB3 PfCRT. It seems reasonable to suggest that mutations which distinguish Dd2 

from HB3 may not be relevant for VPL binding but that mutations that distinguish the 

7G8 isoform from both the HB3 and Dd2 isoforms destroy the VPL binding site. These 

are 72S, 326D, and 356L. Again, perhaps not coincidentally, two of these are near the 

AzBCQ attachment site and all three lie within or near the CQ binding pocket that we 

propose on the basis of these data.  

It is surprising that HB3 PfCRT more strongly binds AzBCQ under basal 

conditions than Dd2 and 7G8 isoforms do, and that VPL and CQ competition for 

AzBCQ photolabeling is quite similar for HB3 and Dd2 PfCRT isoforms [half-maximal 

competition at 35- and 40-fold (VPL) and 22- and 25-fold (CQ) molar excesses, 

respectively]. So unlike the case for 7G8 PfCRT, Dd2 mutations likely do not 

significantly alter HB3 PfCRT drug affinity. This is also consistent with the earlier 

equilibrium binding results with 3H-CQ which measured Kd values of 385 and 435 nM 

for the Dd2 and HB3 PfCRT isoforms, respectively. Dd2 mutations must therefore 

modify other functions of PfCRT that confer CQR and that remain to be  molecularly 

defined (137, 138). 

The attachment site identified is within a loop located outside of the membrane. 

This suggests that the chemical environment near the reactive perfluoroazidophenyl 

group is similar for all three isoforms (e.g., extra-membranous and aqueous). This 

observation, along with noting the highly reactive nature of the perfluoroazidophenyl 
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group, suggests photolabeling differences for the PfCRT isoforms likely reflect 

different binding affinities of the pharmacophore. These will be the product of on vs. off 

rates for the probe. On the basis of the pH dependence of labeling, pH either increases 

the CQ off rate or decreases the CQ on rate for Dd2 and 7G8 vs. HB3. The former is 

indirect support for mutant PfCRT acting as a pH-dependent facilitated CQ transporter 

(perhaps a channel specific to CQ2+), supporting  the conclusion from the earlier 

binding study (137).  

As discussed briefly before, several hypotheses have been proposed linking pfcrt 

mutations to CQR. They are all based on the premise that unprotonated CQ, as a weak 

base (with pKa1 and pKa2 of 10.2 and 8.4, respectively), will diffuse into the acidic DV 

of the parasite where it gets protonated, becomes entrapped in its membrane-

impermeant form, and interacts with different forms of heme. The most prevailing 

models include altered DV pH in CQR parasites, facilitated diffusion of charged CQ by 

mutant PfCRT, and active CQ efflux by mutant PfCRT. All of them attempt to explain 

why CQR parasites accumulate less CQ than CQS. Is this due to CQS parasites taking 

in more drugs as a result of more binding sites or an uptake process present only in 

them but not in CQR? Is it because CQR parasites allow more drugs to come out? Or is 

it a combination of these possibilities? 

The first model (129, 153), which can also work in combination with either of 

the two other models, contends that the lower DV pH caused by mutant PfCRT possibly 

will result in increased rate of Hz crystallization and aggregate formation or altered 
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drug-heme interactions. As a consequence, less heme can bind with CQ and less CQ can 

accumulate inside the DV. Some groups, however, question the validity of this model 

since their own data did not show any difference in the DV pH of CQS vs. CQR 

parasites (215-217). But then again, these studies were done with mass populations of 

parasites without proper CO2 buffering and then analyzed in bulk by a fluorometer or 

FACS. One of them even involved harsh treatment of parasites with detergent and 

processing outside a correct CO2 environment. It should be noted that proper CO2 

conditions are the most important factor when measuring pH in living cells as it forms 

carbonic acid in water. In addition, one study was performed with iRBC under constant 

illumination using confocal microscopy, which probably induced photo damage. 

Meanwhile, the second model  (121, 137-141, 185, 218) proposes that the K76T 

mutation in the DV side of the first transmembrane domain alters the substrate 

specificity of PfCRT. With the loss of the positive charge at position 76, PfCRT may 

operate as a channel by facilitating the diffusion of protonated CQ out of the DV down 

an electrochemical gradient. The presence of glucose can provide energy to drive the 

DV proton pump that maintains this electrochemical gradient. Since the charged CQ 

leaks out via mutant PfCRT, less CQ can then remain in the DV of CQR parasites. 

Several independent studies have supported this hypothesis and the most recent one 

published used Xenopus oocytes expressing CQR and CQS PfCRT isoforms. In this 

study, Dd2 PfCRT expressing oocytes transported 3H-CQ while both HB3 PfCRT and 

non-injected oocytes did not at pH lower than 7.4. If 1010-11 PfCRT molecules are 
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assumed to be expressed in the oocyte plasma membrane, the rates would translate to 

0.09-0.009 3H-CQ molecules/PfCRT*second for Dd2 and 0.02-0.002 3H-CQ 

molecules/PfCRT*second for HB3 and non-injected oocytes (seem much lower in 

magnitude compared to what was obtained in our study which will be presented later). 

The increased rate of efflux in Dd2 PfCRT oocytes observed only at acidic pH was 

attributed to the majority of CQ being protonated as predicted by the Henderson-

Hasselbach equation. Peptides were also shown to be significantly transported by Dd2 

PfCRT oocytes, some of which were predicted to be products of hemoglobin digestion 

(219). The transport mechanism for mutant PfCRT was defined as saturable because 

increasing concentrations of unlabeled CQ or VPL enhanced 3H-CQ efflux. The authors 

concluded that PfCRT in CQR parasites “allow the protonated drug to be transported 

down its electrochemical gradient”. There are a few problems, however, with this paper. 

First of all, the orientation of PfCRT was not addressed. No evidence was presented that 

confirms correct topology, which might have been affected by the removal of multiple 

putative signaling motifs. In fact, CQ efflux was presented as uptake because the 

orientation is (most probably) inside-out, yet this was not mentioned anywhere in the 

paper which can be confusing to an unfamiliar reader. Second, the levels of expression 

between all the different PfCRT isoforms were not compared. Only Dd2 PfCRT and 

non-injected oocytes were analyzed via a Western blot. The other samples should have 

been included to eliminate the possibility that Dd2 expressing oocytes were the only 

ones seen exhibiting CQ transport relative to the negative control because there are 
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more PfCRT molecules in the plasma membrane. Third, all experiments were 

normalized to the transport of Dd2 PfCRT expressing oocytes and expressed as percent. 

Why can’t the data be presented as moles of CQ so that a more critical assessment of 

the results can be made? And last, the rates of CQ transport were calculated from curves 

that did not reach plateau. 

In contrast to the first two models, the third model (125, 131-136) invokes an 

energy-dependent pumping out of CQ by mutant PfCRT against an electrochemical 

gradient. The addition of glucose generates ATP used for active efflux which ultimately 

reduces the amount of CQ accumulating in the DV of CQR parasites. Proponents of the 

third model claim PfCRT may behave as an energy-dependent carrier because it 

exhibits trans-stimulation, which is a phenomenon in which the presence of a substance 

at the trans face (the side towards which transport is occurring) of the membrane can 

stimulate the flow of substrate from the cis to the trans direction). Lanzer’s group 

showed in their first set of experiments that preloaded unlabeled CQ at low 

concentrations competes for PfCRT sites against external 3H-CQ that has diffused in, 

preventing 3H-CQ from moving outwards and thereby increasing the net uptake of 3H-

CQ. Then at high concentrations, preloaded CQ saturates these sites and outcompetes 

3H-CQ thus reducing 3H-chloroquine accumulation. This initial increase in the 

accumulation of 3H-CQ is supposedly characteristic of saturable carriers, such as the 

glucose transporter in human RBC, but not of channels that operate by diffusion (220). 

However, it seems inappropriate to draw parallel between CQ transport in iRBC to 
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previous work on the transport of hydrophilic substrates like sugars which are easily 

metabolized and thus end up in a different form. CQ, on the other hand, is hydrophobic 

and is not metabolized within the DV. More importantly, the increase in 3H-CQ 

accumulation at low concentrations is only based on 2-3 data points. The same group 

then asserted that the results of their second set of experiments, where preloaded 3H-CQ 

efflux is enhanced in the presence of external unlabeled CQ for CQR parasites only in 

the presence of energy, points to PfCRT being a carrier and not a channel. They 

speculated that PfCRT must be a low-affinity carrier in CQS parasites while it must be a 

high-affinity carrier in CQR parasites. 

Unfortunately, some of these transport data in the literature were derived under 

non-physiologic conditions and were only measured at a few time points using 

radiolabeled CQ. To make it more confusing, they are conflicting mainly due to varying 

experimental set-ups and methods. To properly distinguish between the different CQR 

models, the kinetics of CQ uptake and efflux by PfCRT should be exhaustively 

characterized in a more reliable manner. It was therefore our aim to use relevant, 

physiologic conditions in examining the contribution of PfCRT to CQ transport with 

high kinetic resolution. A chemically modified CQ probe was therefore created that can 

give a more accurate picture of CQ transport in real time. 

NBD-CQ data (Chapter 3.5) provide the most direct evidence to date for 

PfCRT-mediated transport of quinoline compounds (185, 218). NBD-CQ is a valid 

probe for CQ transport that behaves quite similar to CQ. Efflux assays using PL and 3H-
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CQ via pointwise fast filtration methods are exceedingly tedious, have very poor kinetic 

resolution, and also have quite large variability due to hydrophobicity of the PL, the 

drug, and filters across which filtration must occur. So in spite of the structural 

differences between NBD-CQ and CQ, we have found transport studies with the former 

to be particularly informative. Nonetheless, some caution in interpretation of these data 

is warranted since addition of the fluorescent moiety does change CQ structure.   

This study is the first to quantitatively compare quinoline transport at high 

kinetic resolution by purified reconstituted PfCRT-h isoforms as a function of ∆pH and 

∆Ψ. Since both ∆pH and ∆Ψ are high for the DV membrane (∆pH is ~ 2 units (153) and 

∆Ψ is expected to be >70 mV (221) and positive inside), the ability to quantify probe 

flux in the presence vs. absence of these parameters for PL preparations is crucial. 

Through both equilibrium binding measurements (137) and photolabeling techniques 

(160), direct binding of CQ to PfCRT protein was previously defined. Competition for 

photolabeling efficiency revealed only small but important differences in CQ and QN 

binding for CQR vs. CQS PfCRT-h isoforms (160). These data and others (132, 135-

138) further support PfCRT catalyzed transport of quinoline drugs.     

Data in this paper begin to more clearly quantify that transport. These data show 

that in the absence of any ∆pH or ∆Ψ, NBD-CQ flux mediated by either CQS (HB3) or 

CQR (Dd2) isoforms of PfCRT is low, corresponding to only 1 probe molecule per 

PfCRT molecule approximately every 5 seconds. In the presence of a 2 unit ∆pH 

however, this increases to ~2 probe molecules per PfCRT per second, and in the 
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presence of a high ∆Ψ+ , this increases further to >3 probe molecules per PfCRT per 

second.  One other study has reported experiments with PfCRT PL, but this study did 

not examine efflux, rather it monitored gradient driven uptake of 3H-CQ into PL via 

filtration, without manipulating ∆pH or ∆Ψ. Apparent turnover from 1 minute time 

points in an older study (222) yields 0.00002 CQ/PfCRT/second, which is 5 orders of 

magnitude lower than the turnover reported in the present study and far too low to 

account for reduced CQ uptake into CQR parasite DV (185).  Presumably, if any drug 

transport via PfCRT was measured in (222), this would suggest that PfCRT does not 

catalyze membrane transport at the same rate in both directions.  

Perhaps consistent with similar CQ binding efficiencies for HB3 and Dd2 

PfCRT isoforms (137, 160), our turnover calculations suggest NBD-CQ efflux mediated 

by PfCRT is similar for HB3 vs. Dd2 PL when either ∆pH or ∆Ψ are fixed at similar 

values. At high ∆Ψ, a small and reproducible increase is seen for Dd2 vs. HB3 PL, 

although this was not found to be statistically significant with our current methods.  

Experiments with 3H-CQ and ISOV did not suggest that HB3 PfCRT mediates 

increased influx relative to control, but did show similar to previous work (135, 137), 

that the presence of Dd2 PfCRT reduced accumulation into the ISOV. Kinetic 

resolution of the 3H-CQ data is poor so we are unable to unequivocally conclude 

whether accumulation into Dd2 ISOV proceeds with any significantly different rate 

constant relative to control or HB3 ISOV. However, accumulation of NBD-CQ into live 

intact iRBC (185) clearly showed a reduced rate constant for CQR parasites. Similar to 
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earlier interpretation (138), the ATP dependence for this effect could be (in part) 

reflecting a DV pH, ∆pH, or ∆Ψ dependence for PfCRT-mediated outward transport 

since these parameters are controlled by cytosolic ATP. The high ∆pH and 

∆Ψ dependence for PfCRT-mediated transport we observe in this paper is consistent 

with that idea.   

No statistically significant efflux turnover differences were found for HB3 vs. 

Dd2 PfCRT PL when ∆pH or ∆Ψ were similar for the two PL preparations. It should 

also be noted though that the actual ∆pH across the DV membrane in live malaria 

parasites may be variable. While some groups conclude there is no significant 

difference in DV pH for CQR vs. CQS parasites (215-217), other laboratories 

previously concluded DV pH for CQR vs. CQS parasites differs (135, 153, 205). The 

different conclusions are likely related to variable sensitivity of the methods as 

discussed (153, 217), since the pH differences are small (0.4–0.5 units), and calculated 

using indirect fluorescence from a small organelle. If DV ∆pH are taken to be ~ 1.5 

units for HB3 and ~ 2.0 units for Dd2 parasite (153), this would mean that the NBD-CQ 

turnover numbers reported for PL in this paper do not reflect the actual values that 

would occur for live parasites. Moreover, if these values for live parasite ∆pH are taken 

into consideration and if similar low DV ∆Ψ exists for CQS and CQR parasites, then at 

5 µM free NBD-CQ within the DV, HB3 PfCRT-mediated turnover would be 1.24 vs. 

1.96 for Dd2 (a net increase of ~0.72 NBD-CQ/PfCRT/second for CQR parasites). If 

these differences in DV ∆pH for CQS vs. CQR parasites are neglected, it might also be 
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possible that higher ∆Ψ for CQR DV membranes vs. CQS drives a higher flux of CQ 

from the CQR DV. Therefore, we speculate that higher ∆pH and/or ∆Ψ for CQR DV 

membranes, in some combination, promotes higher outward flux of CQ by mutant 

(CQR associated) PfCRT. Other studies have suggested CQ transport from the CQR 

DV occurs along with a significant H+ leak (139-141). This would also be explained by 

higher ∆pH and/or ∆Ψ for CQR DV membranes, along with the data in this paper. 

Obviously, additional methods for measuring DV ∆Ψ for live parasites within iRBC 

would help to further test key aspects of this model.  

Unfortunately, no precise measure of PfCRT site density in the DV membrane is 

currently available. In a companion study (185), we were able to quantify influx (at 

external concentrations that yield µM levels of probe within the DV in ~15 minutes) to 

be  ~150 NBD-CQ per second per DV. But without precise values for PfCRT site 

density, DV membrane ∆Ψ, or the exact percentage of intra DV drug that is bound vs. 

free when DV concentration approaches 5 µM (only free would be available for 

transport), it could not be unequivocally concluded whether the PfCRT-mediated efflux 

measured in this paper is sufficient to account entirely for the reduced accumulation rate 

constant noted for live CQR parasites. Moreover, although no significant flux in the 

opposite direction is expected at the much lower extra-proteoliposomal [NBD-CQ] that 

occur during a PL efflux experiment, our PL have ~75% of the PfCRT oriented one 

way, ~25% the other (160), which might in theory slightly effect our turnover 

calculations at particularly high [NBD-CQ].  However, assuming (1) high ∆pH and ∆Ψ 
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for the DV as expected, (2) small differences in these parameters do exist for CQR vs. 

CQS parasites as reported (153), and (3) a reasonable site density for PfCRT, then the 

efflux turnover differences calculated in this paper would be compatible with PfCRT 

providing a significant contribution to reduced drug accumulation for CQR parasite DV 

relative to CQS.   

Quantification of this meaningful but rather low turnover, along with data in 

(185), leads us to suggest that PfCRT-mediated flux cannot be the only contributing 

factor to altered net accumulation of CQ vs. time in CQR parasites. Data (128, 129, 

185) clearly indicate a contribution that is due to altered binding. When exposed to drug 

for longer times at lower external dose such that the same total level of drug is 

accumulated, CQR parasites clearly bind progressively lower proportions of the drug 

than CQS parasites, such that when zero trans efflux is initiated, more drug leaves the 

DV (Figure 5, in (185)). When external drug concentration is raised and incubation time 

shortened, CQS parasites bind less in an ATP dependent fashion (see also (124)) such 

that they then behave similar to CQR parasites in efflux assays. Intra DV drug binding 

behavior clearly differs for live CQS vs. CQR parasites and more extensive analysis of 

this altered binding is warranted. In the meantime, this leads us to suggest that the 

reduced rate constant for drug accumulation in CQR DV (185) is due to at least two 

effects: increased ATP dependent efflux via PfCRT (with ATP dependence manifested 

as ATP dependence for ∆Ψ or ∆pH) and altered ATP dependent drug binding.    
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Taking these data together, we are able to distinguish among detailed models for 

altered CQ accumulation within live CQR parasite DV. The CQS parasite DV must 

accumulate CQ via at least 2 processes: passive influx (Figure 4.1A, 1) and some 

form(s) of ATP-dependent accumulation. The ATP-dependent accumulation could be 

either via an ATP driven transporter (Figure 4.1A, 2) or via rate limiting ATP-

dependent binding to intra DV heme targets (Figure 4.1A, 3). Regardless, this ATP-

dependent accumulation is compromised for CQR parasites whereas 1 must remain the 

same (see also Figure 4E vs. F, solid symbols, in (185)). To explain a reduced rate 

constant for accumulation into CQR DV, either 2 could be reduced (Figure 4.1B, 2’), or 

a new PfCRT-mediated efflux (Figure 4.1C, labeled 4) could kinetically compete with 1 

and 2. In either scenario, 3 is altered (Figure 4.1B & C, 3’) which further contributes to 

reduced accumulation. If 3 depends critically upon ATP and is rate limiting for net 

accumulation, then the process labeled 2 in Figure 4.1A perhaps reduces to process 3 

(meaning, 2 is unnecessary). We have eliminated the possibility that either PfMDR1 

(see Table 2 in (185)) or CQS (HB3) isoform PfCRT (Figure 3.42) mediates a 

hypothesized 2’ (Figure 4.1B), thus we favor the model shown in Figure 4.1C.  
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Figure 4.1. Proposed mechanism for CQR in P. falciparum. (A) CQ transport in CQS parasites 
is regulated by passive influx (1), an ATP-dependent accumulation process (2), and binding to heme (3). 
(B) While similar passive influx is still present in CQR parasites, an ATP-dependent carrier becomes less 
active (2’) and heme binding is altered (3’) due to changes in DV pH and volume. These changes explain 
the reduced net accumulation of CQ associated with the CQR phenotype, including altered rate constant 
for influx shown in [9]. (C) Our data, however, support another model wherein CQR parasites harbor no 
change in ATP dependent carrier (similar 2, if it exists), altered binding (3’) and an additional ∆Ψ-
dependent efflux process (4) mediated by PfCRT. 
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driven efflux via mutant PfCRT that is due to a higher electrochemical driving force for 

CQR DV (Figure 4.1C; 4). Both of these processes are ATP dependent since cytosolic 

ATP controls intra DV pH and other parameters central to the efficiency of heme to 

hemozoin conversion and hence the availability of drug binding sites (63, 66, 68), and 

also controls the magnitude of DV membrane ∆pH and ∆Ψ,  which have large effects 

on drug efflux mediated by PfCRT.  

Other proposals have included that PfCRT mediates CQ exchange or counter-

transport (132-134, 136). Our data are not consistent with those models, as was also 

concluded in another study (138). One way to resolve whether PfCRT acts as a 

facilitated diffusion channel or as a transporter is to test for CQ counter-transport. Only 

transporters are characterized by their ability to stimulate efflux when the same 

substrate also resides on the opposite side of the membrane. Hence, trans-efflux 

experiments were conducted wherein PfCRT PL preincubated with 5 µM NBD-CQ 

were diluted into different concentrations of unlabeled CQ such that the transmembrane 

ratios examined spanned those examined previously (132, 136). The turnover numbers 

calculated for either HB3 (Figure 3.43, black bars) or Dd2 (Figure 3.43, gray bars) 

isoforms did not increase when 0.7 µM CQ was added externally. In fact, they were 

reduced and decreased even further when the CQ external concentrations were 

increased to 12.5 or 125 µM CQ. These findings do not agree with a recent study where 

trans-stimulated efflux was observed in both HB3 and Dd2 iRBC, with the latter giving 

higher initial efflux rates only when energy was present (136). Instead, data in this 
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paper indicate that PfCRT behaves more as a channel-like transporter for positively 

charged CQ. Channels or channel-like molecules typically show decreased efflux rates 

when outward flow is blocked by the presence of external substrate, and also exhibit 

linear rate vs. substrate concentration plots (Figure 3.41B). In contrast, rates of efflux 

for active carriers increase and eventually reach maximum when the concentration 

outside the cell is increased, and typically show hyperbolic rate vs. substrate 

concentration plots (220). 

In addition, the effect of VPL, a calcium-channel blocker that has been shown to 

reverse CQ resistance for some CQR P. falciparum (223), was investigated. In the 

channel model, VPL is speculated to work via positive charge which then blocks 

outward movement of protonated CQ through PfCRT (137, 138, 223). Alternatively, the 

transporter model proposes that VPL acts specifically by preventing the interconversion 

of CQR PfCRT to a state that allows the release of bound CQ (136). In this study, the 

presence of 1 or 10 µM VPL in the diluting buffer led to partially inhibited NBD-CQ 

efflux in Dd2 PL (Figure 3.44, gray bars). But unlike the results of other studies where 

VPL was found to inhibit CQ efflux only for Dd2 PfCRT (136, 138, 223), efflux was 

also inhibited in HB3 (Figure 3.44, black bars). Our initial VPL results therefore do not 

in and of themselves unequivocally distinguish the channel vs. carrier hypotheses. 

Nonetheless, the bulk of our data are much more consistent with the former.  

In conclusion, the kinetic and thermodynamic characterization of drug efflux 

from live parasite DV cannot be unequivocally quantified without controlling for 
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unresolved time dependent drug binding (Figure 5, in (185)), which is not well 

understood at present. Any contributions of PfCRT to live parasite DV efflux, as well as 

the effects of inhibitors and driving forces, can only be quantified with PL experiments 

at much higher kinetic resolution. Such work with a fluorescent CQ derivative that 

behaves similarly to CQ now clearly shows that PfCRT-mediated efflux is likely similar 

for CQS and CQR isoforms in the presence of similar electrochemical driving force, but 

differs when these driving forces are larger for DV of CQR parasites. This likely 

contributes in a meaningful way to reduced cellular accumulation of drug for CQR 

parasites, and along with altered ATP dependent drug binding within the cell, explains 

reduced net cellular drug accumulation for CQR parasites.  
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CONCLUSIONS 

The role of PfCRT in CQR P. falciparum was investigated by analyzing how it 

mediates CQ binding and transport employing different CQ probes. Using vesicles 

harboring PfCRT and reconstituted PfCRT purified from membranes of PfCRT-

expressing yeast cells, it was determined that the CQS HB3 and CQR Dd2 isoforms 

bind CQ with similar affinities. Preliminary studies on CQ uptake showed less and 

slower uptake for Dd2 relative to HB3, suggesting that either (1) CQS parasites have an 

ATP-dependent uptake process that is absent in CQR parasites, or (2) CQR parasites 

have an efflux mechanism that is absent in CQS parasites. More in-depth studies of CQ 

transport pointed to the latter, with CQ efflux being driven by transmembrane potential. 

All data supports the model for facilitated diffusion of charged CQ and altered heme 

binding in CQR parasites. 
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