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ABSTRACT 

Resistance to cancer chemotherapeutics and antimalarial drugs is a major obstacle 

to the successful treatment of these diseases.  Membrane transporters have been identified 

as contributing to this drug resistance.  The HuMDR1 protein is thought to reduce 

accumulation of chemotherapeutics by ATP-dependent transport of the toxic compounds 

out of the cell.  Though previously believed to be a major component of clinical cancer 

drug resistance, HuMDR1 is now accepted as playing only a minor role, secondary to 

other mechanisms.  The Plasmodium falciparum protein homologue, PfMDR1, may be 

acting in a similar manner within the malarial parasite, affecting the partitioning of 

antimalarial drugs amongst cellular compartments.  However, the evolving picture of 

quinoline antimalarial drug resistance may point to a mere modulatory role for PfMDR1 

in comparison to another membrane protein, PfCRT, which has been proven to be 

causative of some drug resistance phenotypes but through an unknown mechanism. 

Since the protein is native to a subcellular organelle within an intracellular 

parasite, molecular level analysis of PfMDR1 would benefit from heterologous 

expression in a simpler system.  This thesis reports the successful inducible 

overexpression of PfMDR1 in Pichia pastoris yeast.  The tagged protein can be purified 

by affinity chromatography and functionally reconstituted in proteoliposomes.  ATPase 
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assays of many PfMDR1 variants show the protein to have high basal activity, with very 

little drug-induced responsiveness.  These results support a model in which PfMDR1 acts 

to modulate the drug resistance profiles determined by PfCRT or to compensate for 

fitness losses incurred by mutation of PfCRT. 

All current hypotheses for the molecular mechanism by which PfCRT confers 

quinoline antimalarial drug resistance entail the direct interaction of the drug molecule 

with the protein, but evidence for these theories is inferential.  This thesis reports the 

labeling of PfCRT with a photoactivatable chloroquine analogue.  The probe is shown to 

be specific and labeling is efficiently competed with other antimalarial drugs, suggesting 

a single drug binding site is present in the protein.  The photolabeling site is mapped to 

within 11 amino acids, and a model is proposed in which PfCRT transmembrane helices 

1, 9 and 10 form a drug binding pocket. 
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CHAPTER 1:  BACKGROUND 

 

1.1 Malaria 

 
1.1.1 Epidemiology and pathology 

 Each year, there are approximately 300-500 million cases of malaria, an infectious 

disease caused by protozoan parasites of the genus Plasmodium [1]. Of the more than 120 

species of Plasmodium, five infect humans: P. falciparum, P. vivax, P. ovale, P. malariae 

and P. knowlesi.  Infections with P. falciparum are typically the most severe and have the 

greatest potential for lethality, causing 700,000 – 2.7 million deaths per year globally, 

mostly in young African children [2].  Infection is transmitted through an insect vector, 

female Anopheles mosquitoes, which require blood for egg production.  Although there 

are more than 400 species of Anopheles, less than 50 transmit the infection.  In humans, 

common symptoms include ague (fever, sweating, and chills), nausea and vomiting, and 

headache.  Additionally, physical signs of anemia, jaundice, and splenomegaly may be 

present.  If left untreated, the disease may progress to coma, renal failure, pulmonary 

edema, and death. 

 
1.1.2 History 

 Evolutionary biologists estimate that parasitic ancestors of Plasmodia existed at 

least 500 million years ago, and became parasitic to vertebrates about 150 million years 

ago [3].  One of the first written documentations of the signs and symptoms of malaria is 

found in the Nei Ching, The Canon of Medicine, dated as early as 2700 BC [3].  Serious 
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scientific study of malaria (from the Italian for “bad air”) began in the late 19th century.  

While the disease was previously thought to be caused by miasma (the stench from 

decaying matter), in 1880 Charles Louis Alphonse Laveran identified parasites in the 

blood of a patient; he won the Nobel Prize for this discovery in 1907.  In 1886, Camillo 

Golgi distinguished between the forms of malaria caused by the different species based on 

the periodicity of symptoms.  In 1897, Ronald Ross demonstrated that parasites could be 

transferred from infected people to mosquitoes and also (working with avian Plasmodium 

species) that mosquitoes could transfer parasites from bird to bird; this work led to a 

Nobel Prize in 1902.  [4] 

 
1.1.3 Geographic distribution of malaria 

 The geographic distribution of malaria depends on the presence of Anopheles 

mosquitoes and the ability of parasites to grow within them, which in turn mainly depends 

on climatic factors, including temperature, humidity, and rainfall. Temperature is 

particularly critical because P. falciparum cannot complete its incubation in the mosquito 

below 20°C (68°F), and thus cannot be transmitted.  The highest disease prevalence is 

found in sub-Saharan Africa, where swampy areas that favor mosquito growth are 

widespread.  Malaria eradication has been achieved through economic development and 

public health measures in many temperate areas, such as Western Europe and the United 

States, but Anopheles mosquitoes are present in most of these areas, so resurgence of the 

disease may be a risk.  Global warming also threatens to expand the region of the globe 

where conditions allow for successful malaria transmission.  [5] 
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Figure 1.1  Geographic distribution of malaria (reproduced from Centers for Disease 
Control and Prevention, http://www.cdc.gov/malaria/distribution_epi/distribution.htm) [5] 
 

1.1.4 P. falciparum life cycle 

 During a blood meal, sporozoites are released from the salivary glands of the 

mosquito into the bloodstream of a human.  The sporozoites migrate to the liver and 

invade hepatocytes, where they replicate and develop into schizonts.  Mature schizonts 

burst, releasing merozoites into the blood stream. The merozoites invade erythrocytes 

(red bloods cells, RBCs) and develop progressively into ring stage parasites and then 

trophozoites. Immature trophozoites can differentiate into either gametocytes (male and 

female gametes) or, more commonly, merozoites.  Upon RBC lysis, the progeny parasites 

are released into the blood stream.  This massive loss of RBCs is responsible for many of 

the signs and symptoms of infection (e.g., anemia, jaundice).  The merozoites go on to 

infect a new RBC, while the gametocytes may be ingested by another mosquito in a 
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blood meal.  Within the mosquito midgut, a male and a female gametocyte fuse to form a 

zygote, which develops into an ookinete and then an oocyst. Mature oocysts burst, 

releasing sporozoites that migrate to the salivary glands of the mosquito where they can 

be injected into another human. 

 
Figure 1.2 Life cycle of Plasmodium falciparum. Reprinted by permission from 
Macmillan Publishers Ltd: Nature 419(6906): 495-496, Copyright 2002 [6] 

 
1.1.5 Intraerythrocytic growth   

 One of the primary physical markers of progression through the intrarerythroctic 

cycle is the development of the parasite digestive vacuole (DV).  The DV is an acidic 

organelle analogous to a human lysosome.  Within the DV, the parasite degrades 

hemoglobin (Hb) it ingests from the RBC cytoplasm.  From the Hb, it 1) acquires amino 

acids for protein synthesis [7] 2) creates physical space for growth within the cell [7] and 

3) helps maintain osmotic stability [8].  However, the digestion of Hb produces free heme 

(or ferriprotoporphyrin IX, FPIX, Fe1O41) as a toxic byproduct.  The parasite detoxifies 
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heme by converting it into hemozoin (Hz), an insoluble black crystal also known as 

malarial pigment, which is visible by light microscopy.  The crystal structure has been 

solved, and shows that the molecules dimerize through reciprocal iron–carboxylate bonds 

to one of the propionic side chains of each porphyrin ring, and these dimers crystallize by 

forming chains linked by hydrogen bonds [9] (Figure 1.3). 

 
 
Figure 1.3  Hemazoin structure and formation.   FPIX (left) forms head-to-tail dimers 
through hydrogen bonds between atoms Fe1 and O41.  The dimers (right) then link by 
hydrogen bonds between O36 and O37 to form an elongating crystal.  [Reprinted by 
permission from Macmillan Publishers Ltd: Nature. 404(6775):  307-10, Copyright 2000] 

 

1.2 Antimalarial Drugs 

 

 The liver stage is relatively short and asymptomatic, resulting in a scarcity of 

available treatment options and a narrow treatment window.  Therefore, drug therapy is 

generally directed at the erythrocytic stage. 
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1.2.1 Anti-folates 

 Antifolate drugs kill parasites by blocking parasite DNA replication.  The 

sulfonamide class of antifolates (including sulfadoxine, SX), compete with para-

aminobenzoic acid (PABA) as substrates for dihydroopterate synthase (DHPS), which 

normally converts PABA to folic acid.  Sulfonamides are often combined synergistically 

with inhibitors of dihydrofolate reductase (DHFR), another enzyme in the purine 

nucleotide biosynthesis pathway.  Pyrimethamine (PY) and other drugs in this class are 

folic acid antagonists that competitively inhibit DHFR, thereby preventing the reduction 

of dihydrofolic acid to tetrahydrofolic acid.  Tetrahydrofolate is the electron acceptor / 

methyl donor for the thymidylate synthase-catalyzed conversion of dUMP to dTMP, 

which is then phosphorylated to dTTP.  Without sufficient purine nucleotides, the 

parasites cannot replicate their DNA for daughter cells. 

 

Figure 1.4 Chemical structures of common anti-folate drugs. Left to right:  
pyrimethamine (PY), and sulfadoxine (SX), and proguanil (PG). 
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 Sulfadoxine-Pyrimethamine (SP) used to be a mainline treatment for malaria, but 

resistance to the treatment developed rapidly, currently rendering the drugs almost 

completely useless.  Resistance is ultimately due to point mutations in the dhfr and dhps 

genes that result in amino acid substitutions (N51I, C59R, S108N, I164L in dhfr and 

S436A/F, A437G, K540E, A581G and A613S/T in dhps) [10].    

 
1.2.2 Quinolines 

 Historical accounts of the use of the bark of the cinchona tree to treat fevers date 

back to the 1600s.  In 1817, Pelletier and Caventou extracted the compound responsible 

for the medicinal properties of the bark and named it quinine (QN).  Woodward and 

Doering published a formal chemical synthesis in 1944 [11], and a stereoselective 

synthetic scheme (which distinguishes QN from its diastereomer, quinidine (QD)) was 

subsequently reported [12], but artificial production is far too costly in comparison to 

isolation of the natural compound.  Drug toxicities and shortage of cinchona plants 

eventually lead to the search for other 4-amino quinolines with antimalarial activity.  

Chloroquine (CQ), first produced by Hans Andersag at Bayer laboratories in 1934, was 

the first fully-synthetic antimalarial drug to be mass produced.  CQ was the therapy of 

choice for decades due to its low production costs and relative lack of side effects, but 

rampant global resistance has lead to the search for replacement drugs.  Another synthetic 

4-amino quinoline, mefloquine (MQ), was introduced by the Walter Reed Army Institute 

of Research in the 1970s, but toxicities limit its use in some patient populations (e.g., 

children, pregnant women) [13]. 
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Figure 1.5 Chemical structures of common quinoline drugs. Left to right:  chloroquine 
(CQ), quinine (QN), mefloquine (MQ) 
 

 It is currently thought that the quinolines act selectively against stages of the 

parasite in which hemoglobin is degraded and hemozoin formed, but this tenet has 

recently been disputed [14].  In 1965, it was proposed that CQ acted by inhibiting DNA 

and RNA synthesis through direct binding to the nucleic acids [15], but this hypothesis 

has since been completely rejected.  Another hypothesis held that CQ inhibits the heme 

polymerase responsible for polymerizing heme monomers into hemozoin in the DV.  

However, the X-ray structure of heme shows that it is a crystal (not a polymer) consisting 

of dimeric FPIX oriented in a head-to-tail configuration [9] (see Section 1.15).  The 

currently prevailing mechanistic model is that CQ binds heme (Figure 1.5) and the drug-

heme complex caps the growing crystal [16], preventing further crystallization. This 

theory is supported by solution and solid state 13C and 15N NMR studies, which have 

shown that CQ forms a covalent complex with FPIX [17-18].  This could prevent Fe-O 

bond formation, and thereby prevent heme crystallization.  It is thought that all quinolines 

act in a similar manner to CQ. 
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Figure 1.6  FPIX-CQ complexes.  Axial (top) and side (bottom) views of superpositioned 
lowest-energy complexes formed between FPIX mu-oxo dimer and neutral, +1, and +2 
species of CQ.  The second FPIX monomer in the dimer has been omitted for clarity. 
Solution structures are also available for FPIX-QN, FPIX-QD, and FPIX-amodiaquine 
(AQ) at atomic resolution [17, 19] [reprinted from Leed et al Biochemistry.  41(32):  
10245-55. Copyright 2002 American Chemical Society ] 
 
 The mechanisms for resistance to quinoline drugs will be discussed in depth at a 

later point (see section 1.5). 

 
1.2.3 Aryl alcohols 

 Halofantrine (HF, Figure 1.7) is a phenanthrene methanol first developed in 1972 

that has vague structural similarities with QN.  Significant cardiotoxicity can occur even 

at standard doses, but it has a major advantage in its effectiveness against chloroquine 

resistant (CQR) malaria. Lumefantrine (LF) is a related drug that does not cause cardiac 

side effects.   The mechanism of action of aryl alcohols is currently unknown, although it 

is generally thought that they act in a manner similar if not identical to quinolines. 

9 



      

Figure 1.7 Structure of common aryl alcohol drugs. Left to right:  halofantrine (HF) and 
lumefantrine (LF)  
 

1.2.4 Endoperoxides 

 Artemisinin (ART, Figure 1.8) was first extracted from Artemisia annua (the 

sweet wormwood plant) by Chinese scientists in 1971 [20-21] and was shared with the 

rest of the world in 1979.  The compound has an unusual 15-carbon (sesquiterpene) 

peroxide structure, the synthesis of which has been achieved [22] but (like QN) is too 

expensive for mass production [21].  ART is metabolized in the liver to its active form, 

dihydroartemisinin (DHA).  Endoperoxides are extremely effective, killing nearly all the 

asexual stages of parasites in the blood as well as the gametocytes.  These drugs are also 

very fast-acting, but they have very short half-lives in the body and therefore must be used 

in combination with other drugs to insure clinical efficacy. 
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Figure 1.8  Chemical structures of common endoperoxide drugs. Left to right:  
artemisinin (ART), artemether (ARM), artesunate (ARU), and dihydroartemisinin (DHA). 
 

 The mechanism of action of this class of drugs remains under debate.  The 

endoperoxide bridge is necessary (but not sufficient) for activity.  One group has proposed 

that the primary drug target is the sarcoplasmic endoplasmic reticulum calcium adenosine 

triphosphatase (PfATPase 6) [23].  Ferrous iron-dependent alkylation is another 

hypothesis [24].  Finally, a mechanism similar to that of CQ, including binding to heme 

and interfering with hemozoin crystallization, has been put forth [25].  High levels of 

resistance to ART have not yet been reported.  Several isolates with somewhat decreased 

ART susceptibility were found in French Guiana [26] and their gene encoding for 

PfATPase 6 contained point mutations, but these findings have not yet been reproduced.   

 
1.2.5 Chemoreversal agents 

 Verapamil (VPL, Figure 1.9) is a calcium channel blocker used clinically to treat a 

variety of cardiac disorders.  In vitro, VPL has the property of re-sensitizing cells to the 

drugs to which they are resistant.  VPL is a monoprotic base with a pKa that is highly 
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temperature sensitive (8.9 at 25oC).  In neutral lipid membranes, VPL undergoes a pKa-

shift of 1.2 units and the percent of noncharged species increases from 5% to 45% [27].   

 
 

Figure 1.9 Chemical structure of verapamil (VPL) 
 

 

1.3 Transporters Involved In Multidrug Resistance 

 

1.3.1 ABC transporters 

ATP binding cassette (ABC) proteins comprise a ubiquitous family, members of 

which have been found in every organism so far examined.  ABC proteins are defined by 

the presence of the ABC unit, which is a 200-250 amino acid sequence that harbors two 

short, highly conserved peptide motifs (the Walker A and Walker B), which are involved 

in ATP binding. A third conserved sequence, the ABC signature, which is diagnostic for 

the ABC unit, is located between the Walker A and B sequences and is necessary for 

ATP hydrolysis.  As membrane transporters, this class of molecules contains membrane-

embedded, transmembrane domains (TMDs), which are usually composed of six 

transmembrane (TM) helices.  The minimal structural requirement for a functional ABC 

transporter seems to be two TM domains and two ABC units (also known as nucleotide 

binding domains, NBDs). These may be present within a single polypeptide chain (full 
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transporters) or within a multiprotein complex.  The x-ray crystallographic structure is 

available for at least 16 NBDs from ABC transporters (as well as for some single-cassette 

bacterial transporters, such as MsbA [28]), and these indicate that NBDs likely dimerize 

to form a functional ATP binding site [29].   

COO- 

NH3
+ 

 

Figure 1.10  General structure of full ABC transporters.  Grey rectangles represent 
TMDs, circles represent NBDs containing the Walker A (horizontally striped square) and 
Walker B (vertically striped square) motifs. 
 

Although a large number of the known ABC proteins are active pumps (that is, 

they use cellular energy to transport against the electrochemical gradient of the substrate), 

there are several examples deviating from this type of function.  The human ABC50 

associates with initiation factors and ribosomes and thus might be involved mRNA 

translation [30].  The cystic fibrosis transmembrane conductance regulator (CFTR) is a 

chloride channel, and the sulphonylurea receptors (SUR1 and SUR2) regulate the 

permeability of potassium channels. 

Mutations of many human ABC proteins are known to be causative in inherited 

diseases.  The most well-known and well-studied is the CFTR, but other examples 
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include MDR3, mutation of which causes progressive familial intrahepatic cholestasis 

(PFIC), and ABC7, whose mutation results in X-linked sideroblastic anemia and ataxia 

(XLSA/A).  

 
1.3.2 HuMDR1 

In 1976, a group working with Chinese hamster ovary (CHO) cells noted that cell 

lines selected for resistance to colchicine displayed an upregulation of a large cell surface 

glycoprotein. Since this glycoprotein appeared unique to mutant cells displaying altered 

drug permeability, it was named the “P” glycoprotein [31]. A corresponding protein was 

then looked for, and found, in anti-cancer drug resistant mouse and human cells [32].  

The human P-glycoprotein is called the Human MultiDrug Resistance protein, or 

HuMDR1.  Encoded by the mdr1 gene on chromosome 7q21 [33], HuMDR1 is 1280 

amino acid, 130-170 kDa protein that is variably glycosylated.  HuMDR1 is primarily 

localized to the plasma membrane, generally on the apical (or luminal) surface of 

polarized epithelial cells. These include the brush border membrane of intestinal cells, the 

biliary canalicular membrane of hepatocytes, and the luminal membrane of the proximal 

tubules in the kidney [34].  HuMDR1 is also present at the pharmacological barriers of 

the body, such as the blood-brain barrier.  

HuMDR1 was the first human ABC protein cloned [35].  In an attempt to 

determine the physiologic function of P-glycoproteins, knockout mice were made.  The 

mouse genome contains three homologues (mdr1, mdr2, and mdr3) but overexpression of 

mdr2 is not associated with the multidrug resistance phenotype [36].  The only 
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abnormality observed in mdr1, mdr3, and mdr1/mdr3 knockouts was a hypersensitivity to 

xenobiotic compounds, including a 100-fold increased sensitivity to ivermectin, a 

centrally neurotoxic pesticide [37-38].  This led to the hypothesis that HuMDR1’s 

physiologic function is protection against toxic compounds. Based on the sequence 

homology between HuMDR1 and known bacterial transport proteins, a model for P-

glycoprotein was proposed in which HuMDR1 actively effluxes drugs through a pore or 

channel in the membrane formed by the transmembrane domains of one or more 

HuMDR1 molecules [39-41].  The protein was found to bind ATP [42] and exhibit 

ATPase activity [43], which was taken as evidence of thermodynamically active 

transport.  Using site directed mutagenesis and photoreactive drug analogues, TM helices 

5 & 6 and 11 & 12 were defined as contributing to the protein’s drug binding site(s) [44-

48].  Some studies suggest that there are as many as 4 different drug binding sites, three 

of which may be cooperative sites for transport and one of which is for regulation of the 

transport [49].   

Another important observation was that the altered cellular transport drugs by 

HuMDR1 could be inhibited by certain drugs called chemoreversal agents, named for 

their ability to re-sensitize drug resistant cells.  Some identified chemoreversal agents 

include calcium channel blockers [50], calmodulin inhibitors [50-51], the anti-estrogen 

tamoxifen [52], and the immunosuppressant cyclosporin A [53].  However, most 

investigators have proposed that these drugs do not exert their effects through ion 

modulation or signal transduction, but rather through competitive binding to and blocking 

of HuMDR1. 
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In the mid-90s, evidence began accumulating that drug resistance could not be 

fully attributed to HuMDR1.  In 1996, a paper was published in Cancer Research that 

reported the results from a workshop attended by 15 global institutions.  It was found that 

there is no consistent correlation between HuMDR1 expression and disease progression 

or outcome [54].  (The conclusion of this workshop was an agreement on the need to 

standardize HuMDR1 detection methodology. Their failure to find a correlation was 

assumed to be due to inadequate testing, and it was apparently never considered that the 

correlation just might not actually exist.)  Furthermore, enzymatic analyses of HuMDR1 

found that transport kinetics are not correlated with drug toxicity [55].  This paper 

concluded that a drug efflux model cannot adequately explain their results.  Then, it was 

shown that in HuMDR1-overexpressing cell lines, which were not obtained by drug 

pressure but were stably transfected with HuMDR1 driven by the CMV promoter, the 

maximum amount of resistance achieved was 2- to 5-fold for a panel of chemotherapeutic 

drugs [56].  This is nowhere near the degree of resistance seen in drug-selected lines 

(which can reach hundreds-fold), which implies that the drug selection must be affecting 

other cellular processes aside from just the upregulation of HuMDR1.  In addition, it was 

shown that chemoreversal agents induce changes in membrane 'viscosity' and therefore 

the mechanism of chemoreversal may proceed independently of HuMDR1 [57].  Finally, 

it is important to note that all HuMDR1 theories of drug resistance evolved before much 

was known about apoptosis and its role in tumor survival [58]. 

Another major shortcoming in the HuMDR1 literature has been the inability to 

translate in vitro work to in vivo results.  Attempts at modifying clinical drug resistance 
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by inhibiting HuMDR1 with chemoreversal agents have for the most part been 

unsuccessful.  The first clinical trial with a chemoreversal agent took place in 1985, and 

found no increase in cancer drug efficacy [59].  Further investigations varied dosing 

schedules, mode of administration, and the chemoreversal agent used, but to no avail [60-

64].  Two reviews, both published in 1993, reported failure to successfully modulate 

resistance by targeting HuMDR1 [65-66], and a meta-analysis conducted a decade later 

came to the same conclusion [67].  It is believed that blood plasma concentrations of 

reversal agent sufficient to affect HuMDR1 cannot be reached without incurring 

unacceptable toxicity.  Nevertheless, clinical trials still continue, much with the same 

results [68-69].   

It is now generally accepted that HuMDR1 alone cannot fully account for the 

spectrum of drug resistance found clinically.  Since efflux pumps are localized to the 

plasma membrane, and are therefore one of the first components of the cell to interact 

with drugs, reduced accumulation may be a first line of defense.  Although two more 

ABC transporters, ABCC1 (MRP1) and ABCG2, are proposed to contribute to the efflux 

phenomenon, the majority of the MDR phenotype is determined by altered drug 

metabolism, p53 mutations, DNA repair capacity, a hostile intratumor microenvironment, 

and modified apoptotic pathways [29].   

 
1.3.3 PfMDR1 

It was noted in the late 1980s (just after human HuMDR1 was identified) that 

there were several similarities between anti-malarial and anti-cancer multidrug resistance, 
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including decreased drug accumulation (which raised the possibility of drug efflux), 

patterns of pleiotropic resistance (resistance to more compounds than just the selecting 

agent), and reversibility [70].  Additionally, some antineoplastic drugs (such as 

doxorubicin and vincristine) share chemical properties with the quinoline-based 

antimalarial drugs:  they are polyaromatic, amphipathic, and weakly basic with at least 

one titratable nitrogen that has a pKa between 6 and 9.  In light of these parallels, a search 

of the malarial genome was performed looking for homologues to HuMDR1, and two 

candidate genes were found.   

The smaller gene was named Plasmodium falciparum multidrug resistance 2 

(pfmdr2) [71] and was localized to chromosome 14 [72].  Its protein product was 

predicted to have 10 TMDs and one ABC [73], which is somewhat different from 

canonical drug transporters, and indeed numerous studies failed to find an association 

between pfmdr2 and drug resistance [72-74].  However, it was noted that pfmdr2 is 

similar to the yeast hmt1 gene [73], which is involved in cadmium resistance, and 

PfMDR2 has recently been implicated in protection from heavy metals [75]. 

The larger gene identified in the homology search had 54% similarity to 

HuMDR1 [76], and was designated Plasmodium falciparum multidrug resistance 1 

(pfmdr1).  pfmdr1 is a 4257 basepair gene on chromosome 5 that encodes a protein 

(PfMDR1) with a predicted topology of 12 TMDs and 2 cytoplasmic ATP binding sites 

organized in two identical tandem cassettes, thereby placing it in the ABC superfamily.  

PfMDR1 looked to be a very promising candidate for mediating drug resistance, as it was 

localized to the membrane of the parasite DV [72], but the orientation of the molecule 
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was found to be with the ATPase domains facing the cytoplasm, which via conventional 

models suggests that it would act to translocate drugs into the DV, towards the primary 

drug target (FPIX or Hz, see Section 1.2.2).  Initial work suggested that PfMDR1 might 

be acting in a similar manner to HuMDR1, which is a pretty remarkable finding 

considering the evolutionary distance between the two organisms.  It was found that 

sensitive and resistant strains released different percentages of pre accumulated CQ, 

which hinted at a possible increased rate of efflux in the resistant strains [77].  Then it 

was found that some resistant cell lines had amplified pfmdr1 gene copy numbers as well 

as increased amounts of pfmdr RNA [76].  Finally, one group was able to use pfmdr1 

mutational status as a predictor of drug resistance status [78]. 

 
1.3.4 PfCRT 

In 1990, a paper was published in Nature documenting a genetic cross of a CQ 

sensitive (CQS) malaria strain with a CQ resistant (CQR) strain [79].  From the progeny 

of this cross, it was determined that CQ resistance does not segregate with inheritance of 

the pfmdr1 locus.  Further analysis revealed that the resistance locus maps to a segment 

on chromosome 7 [80].  Finally, in 2000, the critical gene within this region was 

identified as the Plasmodium falciparum Chloroquine Resistance Transporter gene, or 

pfcrt [81].  Pfcrt is a 13 exon gene spanning 36 kb of chromosome 7 that encodes a 424 

amino acid protein with 10 transmembrane helices.  Although not an ABC transporter, 

PfCRT is a polytopic integral membrane protein localized to the membrane of the DV 
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[81] and it belongs to a drug and metabolite transporter superfamily [82-84].  More 

importantly, it has been shown that mutations in PfCRT are causative of CQR.  

CQR took a relatively long time to develop (>20 years between the introduction 

of the drug in 1934 and the first reports of resistance in the late 1950s), which implies 

either a multigenic cause or a requirement for multiple mutations in a single gene.  

Genetic analysis has revealed that CQR arose geographically in at least five independent 

events:  Cambodia, the Thai-Cambodian border, Papua New Guinea [85], Peru [86] and 

the Philippines [87].  The African focus first observed in 1983 is predicted to have been 

derived from a Southeast Asian focus [88].   

 

Figure 1.11  Origin and spread of CQR.  (reprinted by permission from Macmillan 
Publishers Ltd:  Nature Med 10:  1169-71, Copyright 2004)  [89] 

 

There are at least 21 single nucleotide polymorphisms (SNPs) in pfcrt that 

distinguish CQR strains from CQS.  Of these, the 12 positions usually used to define a 

haplotype lie within codons for amino acids 72, 73, 74, 75, 76, 77, 97, 220, 271, 356, 

356, and 371.  CQR strains of African and Southeast Asian origin (Old World) carry the 
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haplotype CVIETIHSEST/II, while those from South America (New World) generally 

have SVMNTIHSQDLR [90].  Both field studies and allelic exchange experiments have 

confirmed that the lysine to threonine mutation at position 76 (K76T) is critical for CQR 

[91].  However, this one mutation alone is not sufficient to confer resistance; it must be 

present within a background of at least 4 other amino acid substitutions [87].  

 
1.3.5 PfNHE 

Quantitative trait loci (QTL) analysis has implicated a region of chromosome 13 

(as a partner with pfcrt) in conferring resistance to QN [92].  This chromosomal segment 

harbors a putative sodium / proton exchanger.  The encoded protein, PfNHE, is 1920 

amino acids in length with 12 predicted TM helices and a signal peptide cleavage site 

[92-93].  High PfNHE activity has been found to correlate with high levels of QNR [94].  

It has been proposed that the ratio between the number of C-terminal DNNND repeats 

and the number of histidine residues in the adjacent polyhistidine rich region (both of 

which vary amongst isolates [95]) changes the physiologic set point of the protein, which 

in turn alters cytosolic pH and modulates levels of QNR. 

 
1.4 Mechanisms of Drug Resistance 

 

1.4.1 HuMDR1 

 The most popular model for the action of HuMDR1 is active drug efflux.  

HuMDR1 is thought to bind to polar drugs that have passively diffused through the lipid 

bilayer of the membrane into the cell and actively pump them out, even against a 

21 



concentration gradient. Similarly, HuMDR1 is also believed to interact with nonpolar 

drugs that segregate within the membrane bilayer and pump them out of the cell.  The 

only difference between these two scenarios is the relative hydrophobicity of the substrate, 

which largely determines its partitioning within cellular compartments.   A variation of 

the efflux pump model is the “flippase” model, which posits that HuMDR1 transports 

drugs from the inner leaflet of the plasma membrane to the outer leaflet or the external 

medium [96].   Most of the evidence for flip-flop activity comes from studies using lipids 

and lipid derivatives as HuMDR1 substrates [97], and its validity has been disputed by 

data showing equivalent unidirectional flux of substrate in HuMDR1-positive and             

-negative cells [98]. 

An alternative hypothesis accounting for the decreased accumulation of drugs in 

MDR cells is that the altered partitioning of the drugs between the extracellular and 

intracellular compartments is due to a perturbation in the chemical environment and/or the 

number of drug binding sites.  MDR cells overexpressing HuMDR1 have shown altered 

intracellular pH homeostasis and decreased membrane potential [56, 99-100], which cause 

significant variations in the rates of passive diffusion of chemotherapeutic drugs, thereby 

affecting the efficiency of their retention within MDR cells.  As mentioned earlier, CFTR 

and SUR1/2 are ABC proteins that control ion permeability, so it is possible that huMDR1 

is either an ion transporter itself or indirectly regulates an ion transport process.  
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1.4.2 PfCRT 

There is currently disagreement in the literature as to the exact mechanism by 

which PfCRT confers CQR.  One hypothesis is that the protein mediates active drug 

efflux (similar to that of HuMDR1), using energy to transport CQ out of the DV and thus 

away from its targets [101].  Via this model, mutations in the protein may alter its 

substrate specificity, leading to greater CQ affinity for mutant isoforms.   

Another suggestion is that PfCRT facilitates diffusion of the charged drug species 

(often referred to as the “charged drug leak” hypothesis; [102-103]).  Within the acidic 

DV, a greater proportion of the drug molecules present is charged compared to that 

outside the DV, which (neglecting drug binding) sets up a concentration gradient oriented 

outwards.  Since charged molecules generally cannot pass through the hydrophobic 

environment of a membrane, they require some sort of carrier.  One particular advantage 

of this model is that it provides an explanation for the importance of the K76T mutation:  

the lysine in wildtype CQS isoforms has a basic side group whose positive charge repels 

protonated CQ, while the neutral threonine allows for an open pore through which 

charged CQ may pass.   

An additional proposed mechanism is based upon alterations in the pH of the DV, 

which may be directly or indirectly influenced by PfCRT.  Measurements of DV pH have 

shown that CQR parasites have a more acidic DV than CQS parasites [104], which is 

unexpected because weak base partitioning would predict increased drug accumulation at 

low pH.  However, the rates of hematin aggregation and hemozoin formation are 

increased at acidic pH, which would reduce the amount of target available for CQ 
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binding [81]. The excess unbound drug could alter the equilibrium of passive drug 

accumulation [103] or could be transported out of the digestive vacuole by mutant PfCRT 

[105]. 

 
1.4.3 PfMDR1 

PfMDR1 is hypothesized to work by the same mechanisms as those put forth for 

HuMDR1.  However, there is an added layer of confusion in that the gene is not only 

overexpressed in MDR parasites, but also mutated. 

Multiple field studies have found that increased pfmdr1 copy number is associated 

with decreased clinical response to several antimalarial drugs, including MQ [106-108], 

QN [107], ART [107-108], and HF [106].  These correlations have been supported by 

laboratory experiments.    Parasite strains pressured with MQ resulted in amplification of 

the pfmdr1 locus, as well as concomitant decreased sensitivity to QN and HF [109-110].  

Conversely, exposure of parasites with increased pfmdr1 copy number to increasing CQ 

led to pfmdr1 deamplification and increased MQ sensitivity [111].  The genetic disruption 

of one of the two copies of pfmdr1 in a CQR line, with confirmed knockdown of mRNA 

and protein, resulted in a 3-fold reduction in MQ resistance as well as increased 

susceptibility to LF, HF, QN, and ART [112].  In addition to these changes at the DNA 

level, pfmdr1 mRNA transcript levels are also responsive to drug treatment; parasites 

exposed to CQ, MQ, and QN had increased pfmdr1 transcript levels, while those treated 

with PYR did not change [113].   
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Five mutations in pfmdr1 have been identified and implicated in multidrug 

resistance:  N86Y and Y184F in the N-terminal cassette and S1034C, N1042D, and 

D1246Y in the C-terminal cassette (Figure 1.10).  The Y184F mutation seems to be 

globally distributed, while the N86Y is common in Africa and Asia [114], and 

combinations of the 3 C-terminal mutations are more prevalent in South America [115].  

Transfection experiments suggest that PfMDR1 mutations may make very small 

contributions towards relative sensitivity to QN, MQ, HF and ART [116-117].  Using 

allelic exchange, one group reported that introduction of the three C-terminal mutations 

into a CQS strain conferred resistance to QN and mildly increased susceptibility to MQ, 

HF and ART; the MQ and HF effects were even more apparent in a strain bearing only 

the 1246Y mutation.  Reversion of the same three mutations back to wildtype in a CQR 

(strain 7G8) background resulted in the opposite phenotype (MQ, HF, and ART 

resistance and QN sensitivity) [116].  These results were later confirmed in additional 

transfection studies by another group [117], which also suggested the 1042D mutation 

was particularly influential.  Finally, analysis of the progeny from a genetic cross 

between two CQS strains (which have identical PfCRT sequences but differ in PfMDR at 

two amino acids, 184 and 1042) observed a complete association between mutant pfmdr1 

and increased sensitivity to MQ, HF and ART [118].  Clinical isolates in both Thailand 

[119] and The Gambia [120] specifically associate the 86Y mutation with MQ sensitivity.  
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Figure 1.12  Predicted topology of PfMDR1.  Grey ovals represent TMDs and triangles 
represent NBDs.  Stars indicate the position of amino acid substitutions implicated in 
drug resistance. 

 
1.5 Heterologous Expression of Proteins   

 

 The complexity of natural biological systems often makes the study of protein 

structure and function difficult in the native environment.  For example, PfCRT and 

PfMDR1 are found in the DV membrane, which itself is enclosed by the parasite’s plasma 

membrane and parasitophorous vacuole, all of which is encircled by the plasma membrane 

of the RBC.  Isolation of intact, functional DVs is problematic.  Detailed determination of 

the molecular properties of some proteins is therefore better accomplished via 

heterologous expression in simpler systems.  Such systems are especially helpful when the 

expression level of the protein of interest is low or when there are no known methods by 

which to assay its function in vivo. 
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1.5.1  Expression in bacteria 

 E. coli are by far the most popular host for heterologous protein expression.  Much 

is already known about the genetics (including the entire genomic sequence) and 

physiology of the organism, which facilitates gene cloning and cultivation.  E. coli have a 

high growth rate and can grow to high densities in simple, inexpensive media.  Protein 

production is also very high, with the recombinant product comprising up to 30% of total 

cellular protein [121].  However, there are also some serious disadvantages to prokaryotic 

systems, the most significant being the lack of post-translational modifications (including 

proper folding, glycosylation, phosphorylation, and disulfide bridging).  E. coli can 

neither N- nor O-glycosylate proteins, and other bacteria that do O-glycosylation (such as 

Neisseria meningirulls) add a different trisaccharide than that found in eukaryotes.  

Another disadvantage is that many highly overexpressed proteins aggregate into inclusion 

bodies that must be solubilized under denaturing conditions and then refolded.  A final 

drawback is that bacteria often produce endotoxins or toxic cell wall pyrogens that might 

need to be thoroughly removed depending upon the downstream use of the expressed 

protein (e.g., vaccine immunogen).  

 
1.5.2 Expression in yeast 

 Yeast have become the favored alternative to bacteria for expression of eukaryotic 

proteins requiring post-translational modifications.  Like bacteria, yeast grow rapidly to 

high cell density in simple media and a great deal is known about their genetics.    

Expression in yeast is faster and less expensive than other eukaryotic expression systems 
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(insect baculovirus, Dictyostelium slime mold, or mammalian cells).  Inducible systems 

are also available for regulating the protein expression.   

 
1.5.3  Heterologous expression of Plasmodium proteins 

A major limitation to heterologous expression of foreign genes is the difference in 

codon usage and codon bias between the originating organism and the host [122-123].  A 

dramatic example is exemplified by the work in this thesis; the P. falciparum genome is 

extremely AT-rich (~82% overall, [124]), which can result in premature termination of 

transcription in eukaryotes [125-126].  Low levels of expression for some endogenous P. 

falciparum cDNAs (encoding smaller soluble proteins or soluble domains of larger 

proteins, [127]) have been reported, but the combination of unusual gene structure, large 

size, and other features has prevented routine high level heterologous overexpression of 

large malarial polytopic integral membrane proteins.  One previous study reported 

expression of the native pfmdr1 cDNA in yeast on the basis of indirect evidence [128], but 

this paper was subsequently retracted [129].  There was no western blot confirmation of 

PfMDR1 expression, and the published retraction suggests that inadvertent false positive 

transfection with the yeast homologue STE6 was likely responsible for some, if not all, of 

the phenotypic features analyzed in the selected clones.  The problem of codon mismatch 

can be overcome through the replacement of cDNA with synthetic genes constructed 

using the preferred codons of the host system [130].  A further advantage to the use of 

synthetic genes is the ability to engineer convenient restriction sites, which facilitates 
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subcloning and the creation of mutants. The Roepe laboratory has previously used this 

strategy to express PfCRT in Pichia pastoris yeast [131].   

 
1.6 Purification and Reconstitution of Membrane Proteins 

 

 Biological membranes are complex systems containing a great number of proteins, 

which greatly complicates any effort to separate discrete qualities and accurately ascribe 

them to a single source.  The investigation of transport by and/or catalytic properties of 

any individual membrane protein can be accomplished by its isolation and reconstitution 

into a closed lipid vesicle (proteoliposome, PL), which removes the interference of other 

proteins found in the natural environment.  Membrane proteins are known to exert or 

retain full activity only when incorporated in the correct orientation within a lipid bilayer 

[132]. 

 Purification of recombinant membrane proteins can easily be achieved by affinity 

chromatography if the gene sequence is fused in-frame with an epitope tag.  HuMDR1 has 

previously been tagged with a biotin acceptor domain (BAD) to enable purification via 

avidin chromatography [99-100] or either the hexahistidine or decahistidine tag to enable 

purification via Ni+NTA chromatography [133].  A single fusion with both epitope tags 

can enable a two-step purification [134].  

 
1.6.1  Biotin-avidin chromatography 

 Avidin is a tetrameric glycoprotein with a molecular weight of ~67 kDa (each 

monomeric unit is comprised of 128 amino acids, with a molecular weight of 16 kDa).  
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Biotin (cis-hexahydro-2-oxo-1H-thieno [3,4] imidazole-4-pentanoic acid, also known as 

vitamin H, vitamin B7, and coenzyme R) is a cofactor necessary for cell growth, the 

production of fatty acids, and the metabolism of fats and amino acids.  Avidin’s 

extraordinary binding capacity for biotin was first noted in 1941 [135-136] and its crystal 

structure was deduced a year later [137].     

 Avidin and its subunits have been immobilized to a matrix and used for affinity 

purification since 1973 [138].  The avidin-biotin interaction has a Ka = 1015M-1 [139-

142], which is the strongest known noncovalent biological interaction between a protein 

and a ligand.  The presence of detergents in the binding buffer may weaken the 

interaction, but very harsh conditions are required to break it [142].  An alternative to 

avidin is streptavidin, a tetrameric biotin-binding protein isolated from Streptomyces 

avidinii.   It binds 4 moles of biotin per mole of protein, but is not glycosylated and 

therefore has less nonspecific binding compared to avidin.  Furthermore, its Ka is an 

order of magnitude lower (1014M-1), so 2-4 mM free d-biotin is sufficient to 

competitively elute bound biotinylated proteins.  Monomeric avidin is another substitute 

for avidin in affinity chromatography as it also has a reduced Ka (108M-1) and operates 

under the same mild elution conditions as streptavidin.  

 Propionic acid bacteria possess a unique biotin-containing enzyme, a 

transcarboxylase that catalyzes the reversible transfer of a carboxyl group from 

methymalonyl CoA to pyruvate.  The isoform from Propionibacterium shermanii, 

methylmalonyl CoA-oxalacetate transcarboxylase, has a molecular weight of 67 kDa and 

is composed of 30 polypeptides of three different types: 1.3S, 5S, and 12S.  The enzyme 
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core contains six 12S subunits, and there are three pairs of 5S subunits on each side, with 

each pair attached to the core by two 1.3S subunits.  The 1.3S subunit (MW ~12 kDa) 

contains all the biotin of the active enzyme (6 moles biotin per mole enzyme, [143]), 

which is attached to lysine-89 by another enzyme, biotin holoenzyme synthetase [144].  

The sequence of the 1.3S subunit can be fused to another protein so that it acts as a BAD, 

thereby tagging the protein of interest with biotin. 

 
1.6.2 Immobilized metal affinity chromatography 

 Immobilized metal affinity chromatography (IMAC) is based on the specific 

coordinate covalent binding of amino acids (particularly histidine) to metals.  This 

technique was first described in 1975 [145].  In these first experiments, iminodiacetic 

acid (IAD) was charged with a transition metal ion such as Ni2+ or Zn2+.  However, the 

presence of only three chelating sites led to weak binding of loaded proteins.  

Nitrilitriacetic acid (NTA) has four chelation sites, which binds metal ions more tightly, 

preventing ion leaching and resulting in greater protein binding capacity and higher 

purity.     

 While some proteins have sufficient unmodified surface amino acids to allow 

binding, most must be engineered to express a tag consisting of at least six consecutive 

histidine residues (6His or polyHis), which bind metal-charged NTA with an affinity of 

10-13 M [146].  One major advantage to the polyHis tag is its very small size, which has 

minimal effects on the structure and function of the fusion protein [147].  Affinity 

purification using a polyhistidine tag usually results in relatively pure preparations when 
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the recombinant protein was expressed in prokaryotic host, but purification from higher 

organisms may require a tandem affinity purification.  Polyhistidine tag columns retain 

several well known proteins as impurities, including the E. coli FKBP-type peptidyl 

prolyl isomerase (SlyD, [148]).  In most IMAC applications, imidazole is used to both 

increase selectivity for poly-histidine tagged proteins as well as to elute the protein from 

the metal. 

 
1.6.3 Purification of membrane proteins 

 The purification process begins with the lysis of host cells, followed by harvesting 

of the membrane fraction.  The content of integral membrane proteins can be enriched 

through the use of a mild chaotrope, such as high concentrations of sodium chloride or 

moderate concentrations of urea, which serves to remove peripheral membrane proteins 

that are not strongly embedded within the lipid bilayer.  Chaotropic agents are ions which 

favor the transfer of apolar groups to water, increasing its lipophilicity and thereby 

increasing the aqueous solubility of some hydrophobic proteins [149].  The integral 

membrane proteins must then be removed from their lipid environment, which is usually 

accomplished through solubilization with mild nonionic detergents with low critical 

micellar concentrations (CMCs) such as octylglycoside (OG) or dodecylmaltoside (DM).  

The solubilized protein can then applied to an affinity purification column, washed to 

prevent contaminants, and eluted.  To reconstitute the pure protein into PLs, the column 

eluate is first mixed with rehydrated isolated lipids, and then dialyzed, diluted, or 

adsorbed onto polystyrene beads (Bio-Beads®) to remove the detergent [150].  Detergent 
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removal causes growth of the lipid-protein micelles with detergent concentrating at the 

edges.  At a critical detergent-phospholipid ratio (~0.2), the micelles fuse to form 

permeable bilayer sheets.  The protein is incorporated into the bilayer, and these unstable 

sheets fragment into small unilamellar vesicles [151].    

 
1.7 Functional analysis of MDR proteins 

 
1.7.1  ATP hydrolysis 

The main assay used to determine activity of an ABC transporter relies upon the 

protein’s ability to hydrolyze ATP.  ATP hydrolysis can be indirectly calculated through 

the quantification of the catalysis products, inorganic phosphate (Pi) or ADP.  Many assay 

procedures utilize γ-32P ATP, in which the cleaved radiolabeled Pi can be quantified by 

thin layer chromatography followed by scintillation counting.  Disadvantages to this 

method include the use of radioactivity and the high background due to impure ATP.  

With colorimetric ATPase assays, based on the early work of Fiske and Subbarow [152], 

the amount of Pi released can be determined spectrophotometrically through the detection 

of a blue molybdate-orthophosphate complex (sometimes enhanced by malachite green, 

[153]).  Finally, ATPase activity can be evaluated by a coupled enzyme assay [154], in 

which the conversion of phosphoenolpyruvate (PEP) to pyruvate by pyruvate kinase (PK) 

is coupled to the conversion of pyruvate to lactate by lactate dehydrogenase (LDH).  The 

second reaction requires the oxidation of NADH (which absorbs strongly at 340 nm) to 

NAD+ (which does not).  Since every molecule of NADH oxidized to NAD+ corresponds 
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to the production of one molecule of ADP by the ATPase, the decrease in OD340 can be 

converted into ATPase activity. 

In addition to ATP hydrolysis, a related characteristic of an ABC transporter is its 

ability to bind ATP, which can also be assayed using radiolabeled ATP. Some ABCs, 

including HuMDR1, display a phenomenon known as vanadate trapping, in which 

vanadate forms a complex with the protein that traps ADP in the active site [155].  With 

the use of a radiolabeled or photoactive ATP analogue, the rate of ATP hydrolysis is 

proportional to the intensity of the trapped labeled ADP.  

There has been extensive analysis of the ATPase activity of HuMDR1.  An early 

study working with protein from adriamycin-resistant leukemia cells found that 

HuMDR1 ATPase activity was not affected by the antineoplastics adriamycin and 

vincristine, but was stimulated 50% by 100 µM concentrations of the chemoreversal 

agents verapamil and trifluoperazine [156].  Similarly, up to 50% activation was 

produced by colchicine, progesterone, nifedipine, verapamil, and trifluoperazine with 

protein partially purified from a colchicine-selected line of CHO cells [157].  However, 

protein purified from these cells and reconstituted into PLs displayed ATPase activity 

that increased 2-fold with verapamil and trifluoperazine, but was unaffected by 

colchicine, daunomycin, and vinblastine [158].  These results were for the most part 

replicated in a different CHO cell line, with the exception that verapamil increased 

activity over 10-fold [159].  HuMDR1 purified from vinblastine-resistant nasopharyngeal 

carcinoma cells was stimulated 1.5- to 3-fold by doxorubicin, vinblastine, daunomycin, 

actinomycin D, verapamil, and colchicine [160].  The ATPase activity of HuMDR1 
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expressed in insect cells increased 2-3-fold with the addition of anti-cancer drugs 

(including vinblastine, vincristine, daunomycin, and colchicine), and up to 5-fold with the 

chemoreversants verapamil and nifedipine [161].  Sf9 insect cells were also used to 

express the individual ABC cassettes of HuMDR1, both individually and together (the 

two cassettes in the same cell, but not linked as a full-length protein; [162]).  In this 

system, the half-transporters exhibited ATPase activity, but their activities were not 

stimulated by drug substrates.  Conversely, the ATPase activity of the coexpressed 

cassettes was found to be drug-stimulatable, which suggests that the coupling of drug 

binding to ATPase activity requires an interaction between the two different halves of 

HuMDR1. 

 
1.7.2 Protein photolabeling 

Photoaffinity labeling is a well-established technique for probing the proximity of 

components within biological systems, particularly the nature of protein-ligand 

interactions.  A traditional photolabeling reagent is a biological compound chemically 

linked to a photoactive moiety.  When irradiated, carbonyl, azide, and diazirine groups 

produce extremely reactive species (excited carbonyl groups, nitrenes, and carbenes, 

respectively) that are capable of crosslinking to proximate amino acid functional groups.  

The success of the photolabeling reaction thus depends upon the formation of a covalent 

bond between the probe and the target.  Aryl azides are a very popular photolabeling 

agent, but the activated nitrene will only react with a nucleophile, such as a free amine, 

and thus will only insert into the target protein if a lysine or arginine residue is found 
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within the binding pocket.  Perfluorophenyl azides are much more reactive, and offer 

improved carbon–hydrogen insertion efficiency [163]. 

The conventional photolabeling approach usually relies on radioactive tags to 

identify the labeled fragments, but isolation of these fragments by HPLC is difficult due 

to the co-elution of a relatively large ratio of unlabeled fragments [164].  One solution to 

this problem is the replacement of radiolabeled isotopes with a biologically functional 

tag, such as biotin [165].  After photolabeling and proteolysis, the biotinylated fragments 

can be recovered by avidin chromatography and/or detected by avidin-HRP conjugates. 

Photolabeling with subsequent proteolysis and peptide mapping by mass 

spectrometry (MS) has been used to successfully characterize the substrate binding sites 

of a number of diverse proteins.  However, integral membrane proteins pose a particular 

challenge in that the hydrophobicity of the amino acid sequences found within 

transmembrane domains (coupled with the interference of the detergents often used to 

solubilize the proteins out of their native membrane environments) prevents the proper 

ionization required for MS analysis [166].  Nevertheless, substantial progress has been 

made in the field, and the MS mapping of several large membrane proteins has been 

achieved [166-168]. 

 
1.7.3  CQ binding 

Most of the data supporting a direct interaction of PfCRT and antimalarial drugs is 

inferential.  The Sudan-106 P. falciparum strain has a PfCRT sequence identical to Dd2 

except for the critical K76T, and displays a CQS phenotype.  Upon selection with CQ, 
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resistant clones were obtained containing a 76I mutation [169].  These parasites exhibit a 

stereoselectivity in their drug resistance profiles (hypersensitivity to QN and reduced 

sensitivity to its diastereomer QD), which suggests drug-protein binding is involved in the 

resistance mechanism.  Further selection of this 76I line on QN led to the generation of 

second-site suppressor mutations [170]:  C72R, Q352K, and Q352R all resulted in QNR / 

CQS clones.  As amino acid position 72 lies within TM domain 1 and 352 within TM 9, 

these two segments may constitute important structural components of a substrate 

recognition site.  Another study, which obtained CQS strains from CQR lines through 

amantadine or halofantrine pressure, identified S163R in TM 4 as another putative 

component of the drug interaction domain [171].   

A previous attempt to detect CQ-binding proteins utilized an azido-based 

radioiodinated probe [172], and obtained labeling of 33- and 42 kDa proteins, the former 

of which was later identified as the parasite lactate dehydrogenase [173].  However, these 

experiments were performed using intact parasite cultures in which the relative 

abundance of CQ target proteins is unknown.  A molar ratio of the amount of photolabel 

to the amount of protein can therefore not be calculated.  The photolabeling of the two 

bands was reduced by 75-85% in the presence of 1000-2000 times as much unlabeled 

CQ, but a careful titration of competition was not done.   

Previous work in the Roepe laboratory [103] using equilibrium centrifugation 

assays found that yeast-optimized heterologously expressed PfCRT binds 3H-CQ.  Some 

small differences were observed in affinity between HB3 (CQS) and Dd2 (CQR) PfCRT 

isoforms (Kd of 385 vs. 435 nM, respectively), but the propagation of error involved in the 
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calculations did not results in a statistical distinction.  In addition, equilibrium binding 

experiments are tedious, expensive, and do not easily allow for examination of multiple 

isoforms or competition studies (e.g., determination of relative affinity for CQ vs. QN vs. 

MQ, etc.). 

 
1.8 Objectives of this study 

 
1.8.1  Analysis of the molecular function of PfMDR1 

The malarial parasite is a very complex system in which to attempt to study 

membrane proteins.  The DV membrane that harbors PfMDR1 is a subcellular 

compartment within the confines of the parasite plasma membrane, which is itself 

contained within the parasitophorous vacuole, and of course the whole parasite resides 

within the RBC host.   There are several other ATPases in these membranes that severely 

complicate any measurement of this activity.  Purification of native protein from intact 

parasites is nearly impossible and certainly cannot be achieved on a scale conducive to 

detailed analysis in multiple experiments.  Indirect information can be obtained through 

genetic manipulation of parasites, but transfection in Plasmodium cultures is an 

extremely difficult process that has only been successfully attempted by a few 

laboratories.  Detailed molecular analysis of PfMDR1 would therefore be greatly aided 

by heterologous expression in a simpler system.   

Currently, the main controversy regarding PfMDR1 in the malaria literature 

concerns whether its effects on drug resistance phenomena are due to mutations in or 

overexpression of the protein.  If its behavior is similar to the homologue HuMDR1, then 
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PfMDR1 ATPase activity will be modulated by the drugs to which it is believed to 

influence resistance.  Compounds may either stimulate or inhibit activity, seemingly 

without any dependence on whether the protein confers resistance or hypersensitivity.  

Since the protein is oriented in such a way as to translocate its substrates into the DV 

(towards the major target of the quinoline class of drugs), increased ATPase activity 

should theoretically result in sensitivity while decreased ATPase activity should correlate 

with resistance.  Previous work [106-113] has linked PfMDR1 expression with MQ 

resistance and QN sensitivity, but the protein is not thought to be a major contributor to 

CQ response.  Thus, it is hypothesized that if PfMDR1 is a significant contributor to drug 

resistance, MQ at a chemically relevant dose will significantly inhibit PfMDR1 ATPase 

activity, QN will stimulate ATPase activity, and CQ will have no effect on the protein.  

On the other hand, allelic exchange experiments have indicated that the three observed C-

terminal PfMDR1 mutations result in MQ sensitivity and QN resistance [116-117].  

Therefore, it is predicted that relative to wildtype, mutant variants of the protein will 

display increased ATPase activity in the presence of MQ and decreased activity with QN 

treatment.  Additionally, it has been proposed that mutations in PfMDR1 influence the 

parasite’s susceptibility to the toxic effects of VPL [174].  Dd2 is a P. falciparum strain 

that is CQR and VPL-reversible while 7G8 is a parasite strain that is CQR but VPL-

irreversible.  It is hypothesized that the drug effects on the ATPase activity of the Dd2 

PfMDR1 variant will be inverted in the presence of VPL, while the 7G8 variant will be 

unaffected.  Despite all these possible scenarios, if the relative contribution to drug 
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resistance in comparison to PfCRT is minor, it is expected that the overall drug effects on 

PfMDR1 will be small. 

 
1.8.2  Characterization of the binding of CQ to PfCRT 

Despite the fact that PfCRT has been proven to be the indisputable cause of CQR, 

the mechanism by which various PfCRT isoforms confer various resistance phenotypes is 

still unknown.  Several hypotheses have been suggested (see Section 1.5.2), all of which 

somehow involve binding of CQ to the PfCRT protein.  However, with one exception 

[103], all of the evidence for a direct interaction between the drug and the protein is 

circumstantial, having been inferred from the drug resistance profiles of various mutant 

strains in vitro.  In order to confirm the proposed binding of CQ to PfCRT, purified 

heterologously expressed protein will be photolabeled with a candidate CQ analogue 

synthesized by Roepe laboratory colleague Dr. JK Natarajan.  Since all the models of 

PfCRT-mediated CQR depend upon decreased drug accumulation within the DV, and it 

is known that mutant PfCRT confers CQR, it is expected that the drug-protein interaction 

will be stronger between the analogue and mutant variants, thus resulting in “better” 

photolabeling (defined several ways) compared to the CQS variant.  If the probe is 

specific and acts similarly to the parent compound (i.e., occupies the same binding site), 

the labeling should be efficiently competed by excess amounts of “cold” (unlabeled) 

drug.  Since PfCRT is linked to resistance of CQ and other quinoline antimalarials, such 

as QN, the presence of these drugs should decrease the amount of photolabeling observed 

if the drug binding sites overlap.  Conversely, drugs from other classes of antimalarials to 
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which PfCRT is not supposed to confer resistance (e.g., endoperoxides), should not 

efficiently compete the probe’s ability to photolabel the protein.  Furthermore, since some 

CQR parasite strains are VPL-reversible and some are not, and this difference may 

possibly be attributable to PfCRT [175], it is expected that VPL may compete the 

photolabeling of VPL-sensitive variants of the protein but will not affect labeling of 

VPL-insensitive variants.  These photolabeling studies will provide insight into the 

mechanism of CQR mediated by PfCRT.  Finally, if labeling is found to be specific, it 

should be possible to map the drug binding site via proteolysis and mass spectrometry. 

 

1.8.3  Summary 

Hypotheses:   

• Mutations in PfMDR1 affect the protein’s ability to confer resistance to MQ and 

QN, but not CQ. 

• PfCRT protein binds CQ directly. 

Specific Aims: 

• Heterologous expression of PfMDR1 

• Analysis of basal and drug-stimulated ATPase activity of multiple PfMDR1 

isoforms 

• Purification of PfCRT 

• Analysis of photolabeling of PfCRT variants representing multiple parasite strains 

• Definition of the PfCRT CQ binding site 
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CHAPTER 2:   MATERIALS AND METHODS 

 

2.1 Materials 

PfuUltra, QuikChange Multi Site-Directed and Quikchange II XL Site-Directed 

Mutagenesis Kits were from Stratagene (La Jolla, CA).  Streptavidin HRP, ECL detection 

reagents and His GraviTrap columns were from Amersham Biosciences / GE Healthcare 

(Piscataway, NJ). Prestained and biotinylated SDS-PAGE molecular markers were from 

Bio-Rad (Hercules, CA). Yeast growth media components were from Difco (Sparks, MD). 

The PentaHis-HRP conjugate, 6xHis Protein ladder, QIAquick gel extraction kit, 

QIAquick PCR purification kit and QIAquick spin miniprep kits were from Qiagen 

(Valencia, CA).  Pichia strains and expression plasmids, EasyComp transformation kit 

and the SilverQuest silver staining kit were from Invitrogen (Carlsbad, CA).  Factor Xa 

and all restriction enzymes were from New England Biolabs (Ipswich, MA)  

Oligonucleotides were from MWG Biotech (High Point, NC) and Genscript (Piscataway, 

NJ).  E. coli polar lipids were from Avanti Polar Lipids (Alabaster, AL).  UltraLink 

immobilized monomeric avidin was from Pierce (Rockford, IL).  Mefloquine and 

halofantrine were a kind gift from Dr. Michael Ferdig (University of Notre Dame, South 

Bend, Indiana), and anti-PfCRT antibody was thoughtfully provided by Dr. Roland 

Cooper (Old Dominion University, Virginia).  All other materials were reagent grade or 

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

 

2.2.1 Strains and Growth Conditions 

The Escherichia coli strain DH5α (F- φ80lacZ∆M15 ∆(lacZYA-argF)U169 deoR 

recA1 endA1 hsdR17(rk -, mk+) phoA supE44 thi-1 gyrA96 relA1λ-) was used for all 

bacterial subcloning work.  Transformed strains were selected on Luria broth (LB) 

containing ampicillin and grown at 37oC. 

Pichia pastoris strain KM71 (his4, aox1::ARG4, arg4) from Invitrogen was used 

for all heterologous expression.  Yeast strains transformed with the expression plasmid 

pPIC3.5 (Figure 2.1) were selected for growth on minimal glycol medium (MGM) lacking 

histidine, while those transformed with pPICZc (Figure 2.1) were selected for growth on 

MGM supplemented with histidine and 100 mM zeocin.  Protein expression was induced 

in minimum methanol medium (MMM).  All yeast were cultured at 30oC. 

 

Figure 2.1 Plasmid maps of expression vectors.  pPIC3.5 is used for pfcrt, while the 
smaller pPICZc is used for pfmdr1 in order to accommodate the larger sized gene. 
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2.2.2  Optimized pfmdr1 gene design 

The wildtype pfmdr1 gene sequence (strain 3D7) was obtained from GenBank 

(www.ncbi.nlm.nih.gov, accession #AL929353) and translated.  The amino acid 

sequence was entered into CODOP (generously provided by Dr. Elisabeth P. Carpenter, 

Division of Protein Structure, National Institute for Medical Research, London, UK 

[130]), a software program that uses a pre-defined codon preference table to back-

translate amino acid sequences into “optimized” nucleotide sequences.  Both strands of 

one obtained sequence that had a beneficial distribution of unique restriction sites were 

split into 40-mer oligonucleotides which were further analyzed for poly-AT stretches and 

corrected.  Silent mutations were also inserted to engineer additional unique restriction 

sites, and all melting temperatures (Tms) of the oligos were adjusted by judicious AT:GC 

substitutions to fall within the range of 56-64oC.  Additionally, a Kozak sequence was 

engineered 5’ to the start codon, and a polyHistidine tag and Factor Xa cut site were 

appended to the 3’ end. 

Due to the large size of the gene and previous observations that 12 helix-2 NBD 

ABC transporters can be expressed as half transporter cassettes (N- or C-terminal half 6 

helix-1 NBD polypeptides; [160]), “yeast optimized” PfMDR1 was first designed and 

constructed in two parts and then later fused. 

 
2.2.3  Synthetic pfmdr1 pene construction 

N-terminal cassette (Figure 2.2):  A total of 114 40-mer overlapping oligos (57 

upper and 57 lower) encoding both strands of the first 2250 nucleotides of the pfmdr1 
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gene sequence were ordered from MWG.  Equal volumes of all 40-mers were combined 

(1.5 µM each), and the resultant mixture was diluted 25-fold in PfuUltra buffer 

supplemented with 0.5 mM each dNTP, 2 mM Mg2+, and 1.25 U PfuUltra.  The initial 

assembly PCR program was a 1 min denaturation at 95oC followed by 40 cycles of 

(denaturation at 95oC for 45 sec, annealing at 52oC for 45 sec, and elongation at 72oC for 

3 min), and a final elongation for 10 min at 72oC.  The assembled product was separated 

from excess dNTPs and oligos by using the Qiagen PCR purification kit.  1 µL of the 

clean product was then amplified in similar buffer with 1 µM of oligos #1 and #58 using 

the amplification PCR program of one denaturation at 95oC for 1 min, followed by 30 

cycles of (denaturation at 95oC for 1 min, annealing at 60oC for 1 min and elongation at 

72oC for 5 min), and a final elongation at 72oC for 10 min.  The PCR product was inserted 

into the EcoRI and NotI sites of the pPICZc vector.  After transformation and propagation 

in E. coli, several PCR product clones were fully sequenced, and the one with the fewest 

errors was selected for further work.  All spurious PCR errors were corrected using the 

multisite-directed mutagenesis kit (Stratagene) and the completed gene was confirmed by 

sequencing in both directions. 
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Figure 2.2  Diagram of N-terminal pmdr1 gene construction.  A pool of all 114 
overlapping oligos was mixed and allowed to anneal.  The assembled product was then 
amplified using the first 5’ sense primer (#1) and the first 3’ antisense primer (#58). 

 
C-terminal cassette:  The optimized gene sequence encoding the last 2115 

nucleotides of the pfmdr1 gene was ordered from the custom gene synthesis service 

offered by Genscript.  The product was received cloned into the pUC57 vector, which   

was treated with EcoRI and XmaI to liberate the pfmdr1 fragment, which was then 

inserted into the multiple cloning region of pPICZc. 

Full-length fusion:  pPICZc/N-terminal was treated with NotI to excise the 6H-

BAD tags (vector) and dephosphorylated with calf intestinal phosphatase (CIP) while 

pPICZc/C-terminal was treated with NotI to liberate the ABC2 cassette fused with the 

6His and BAD tags (fragment).  The vector and fragment were ligated in using T4 DNA 

ligase and transformed into XL Gold competent cells (Stratagen). Two good constructs 

were sequenced bi-directionally. 
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This fusion strategy resulted in a construct containing 3 extra alanine residues in 

the region linking the N- and C-terminal cassettes.  A pair of complementary primers was 

created to “loop out” these 3 A using the QuickChange XL site-directed mutagenesis kit.  

The primer sequence was: 

Linker: 5'-AACTGCAAGAACACTGCTGAGAACGAGAAGGAGGAG-3'                      

 
2.2.4 Creation of mutants 

All amino acid substitution mutants were created using the QuikChange Multi 

Site-Directed and Quikchange II XL Site-Directed Mutagenesis Kits from Stratagene 

according to manufacturer’s instructions.  The primers used (with mutation bolded and 

underline) were: 

PfDMR1: 

N86Y: 5’-GGTTATCTTGAAGAACATGTACTTGGGGGACGATATCAAC-3’ 

Y184F:  5’-GTCTTTCCTTGGGCTGTTCATCTGGTCCCTGATCAAGAAC-3’ 

S1034C:  5’-CGCTGCACTTTGGGGATTCTGCCAATCGGCACAACTGTTC-3’ 

N1042D:  5’-AATCGGCACAACTGTTCATCGACTCGTTCGCGTACTGGTT-3’ 

D1246Y:  5’-TGCGACTACAACCTTAGGTACCTACGAAACCTCTTCTCAA-3’ 

PfCRT: 

T76K: 5’-GTCAGTTTGCGTGATCGAAAAGATCTTCGCGAAGAGAACC-3’ 

T76I:  5’-CAGTTTGCGTGATCGAAATCATCTTCGCGAAGAGAAG-3’ 

T76N: 5’-GTCAGTTTGCGTGATCGAAAACATCTTCGCGAAGAGAACC-3’ 
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2.2.5  Insertion of 6His tag and Factor Xa site into pfcrt plasmids 

A DNA sequence encoding for six consecutive histidine residues (6H), a Factor Xa 

sequence (IDGR) and a SacII site was designed as two complementary 45bp primers with 

sticky ends simulating NotI and XmaI cuts (Figure 2.3).   

 
upper:  5’-GGCCGCGGTACATCATCATCATCATCATATTGACGGTAGATCCAC-3’ 
lower:      3’-CGCCATGTAGTAGTAGTAGTAGTATAACTGCCATCTAGGTGGGCC-5’ 
 
Figure 2.3  Sequence of the 6His tag.  SacII site is in italics, 6H sequence is underlined, 
and Factor Xa site is bolded.  The 5’ end of this sequence simulates the 3’ end of a NotI 
cut while the 3’ end simulates the 5’ end of an XmaI cut.  This fragment can thus be 
inserted directly into a plasmid with a NotI site upstream of an XmaI site. 
 
The primers were annealed to each other by heating a mixture of 50 pmol of each at 98oC 

for 5 minutes and slowly letting it return to room temperature. The annealed fragment was 

ligated into the NotI and XmaI sites of pYKM77/pfcrt-HB3-BAD (previously created in 

the laboratory, [131]) to create pYKM77/pfcrt-HB3-6H-BAD (Figure 2.4).   

PfCRT    BAD PfCRT 6H  BAD HHHHHHIDGR + 

NotI XmaI EcoRI XmNotI aI NotI EcoRI NotI XmaI NotI 

pYKM77  pYKM77 

Figure 2.4  Insertion of the 6H tag.  The fragment on the left gives the amino acid 
sequence of the 6H tag and the Factor Xa cleavage site, later condensed to 6H in the full 
plasmid representation on the right.  Diagram is not drawn to scale. 
 

A large scale preparation of the 6H-BAD fragment was obtained by treating 80µg 

of pYKM77/pfcrt-HB3-6H-BAD with NotI.  pPIC3.5/pfcrt-HB3-BAD and other CRT- 

BAD mutants in the pPIC3.5 vector were digested with NotI to liberate the BAD tag and 
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then dephosphorylated with CIP. The appropriate vectors and fragment (Figure 2.5) were 

ligated at 16oC overnight and transformed into E. coli. 

NotI 

 

Figure 2.5  Transfer of 6H-BAD from pYKM77 to PPIC3.5-based plasmids.  Both 
plasmids on the left of the arrow were treated with NotI.  The 6H-BAD fragment from 
pYKM77 was inserted into the vector from pPIC3.5.  Diagram is not drawn to scale. 
 

 
2.2.6  Removal of BAD from pfcrt constructs 

A pair of complementary primers was designed to destroy the NotI site at the 3’ 

end of the BAD in pPIC3.5-PfCRT-6HBAD (rightmost diagram in Figure 2.5) and create 

an XmaI site in its place through site-directed mutagenesis.  The sequence was: 

XmaI upper: 5'-GCAGGCATGCAAGCGGCCCCGGGTTAATTCGCCTTAGACATG-3'  

Colonies transformed by the reaction product were screened by restriction digest:  

positive colonies had one NotI site and two XmaI sites.  One good construct from each 

mutant plasmid was digested with XmaI. The fragment representing the BAD tag was 

discarded, and the vector was circularized by the addition of quick ligase for 5 min at 

room temperature.  

 

+ 
 PfCRT     BAD PfCRT 6H  BAD PfCRT  6H  BAD 

EcoRI NotI XmaI NotI EcoRI NotI XmaI NotI EcoRI NotI XmaI NotI 

pPIC3.5 pYKM77 pPIC3.5 
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2.2.7 DNA sequencing 

All DNA samples were sequenced using the Sanger method of dideoxynucleotides 

(BigDye terminator).  A 10 µl reaction mixture containing 0.75 µg dsDNA, 2.5 µl BigDye 

ready mix and 2.5 pmol primer was cycled in a GeneAmp 2400 PCR system (Perkin 

Elmer) using the parameters of 25 cycles at 96oC for 10 sec, 50oC for 5 sec, and 60oC for 

4 min.  Extension products were purified form unincorporated dye terminators using a 

BioMax Spin-50 mini-column. The recovered sample was lyophilized and sent to the 

Lombardi Cancer Center DNA sequencing facility for the gel run.  Alternatively, DNA 

samples were sent to the Northwestern University sequencing facility to be sequenced via 

similar methods. 

 
2.2.8  Yeast transformation 

KM71 cells were grown in YPD to an OD600nm of 0.8, harvested by centrifugation 

at 1600 x g at room temperature for 5 minutes, and made competent using the lithium 

chloride protocol from Invitrogen.  Briefly, 50 µg of salmon sperm DNA, 100 mM LiCl, 

35% polyethylene glycol (PEG), and 5 µg of linearized plasmid DNA were added to 

freshly prepared competent cells.  Cells were incubated at 30oC for 1 hr and then heat 

shocked at 42oC for 10 min.  To allow for cellular recovery and/or expression of the 

zeocin resistance gene, 1 mL YPD was added to each heat shocked sample and incubated 

at 30oC for 1 hr. The cells were pelleted by centrifugation 3000 x g for 5 min at room 

temperature and resuspended in 500 µL sterile water.  Various amounts were then plated 

on agar media containing the appropriate selection markers.  Alternatively, the Pichia 
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EasyComp Transformation Kit from Invitrogen was used according to manufacturer’s 

instructions. 

 
2.2.9  Screening for yeast protein expression 

100 mL of MGM was inoculated with cells picked from a single colony; at least 

three colonies from each transformation were selected for screening.  Cultures were grown 

at 30oC with shaking to an OD600nm >2.  The cells were harvested by centrifugation at 

1600 x g for 5 min at room temperature and resuspended in 20 mL of MMM to induce 

protein expression. 1 mL samples were removed after 0, 8, and 24 hr of induction and 

centrifuged. The pellets were resuspended in ice cold breaking buffer (50 mM sodium 

phosphate / 1 mM EDTA / 5% glycerol / pH 7.4) and 0.5 mm glass beads were added.  

The tubes were vortexed for 10 min at 4oC and centrifuged at 16,000 x g for 10 min to 

pellet the glass beads and unlysed cells.  The supernatant (containing the membrane 

fraction) was removed and analyzed for protein expression by SDS-PAGE and Western 

blotting.  

 
2.2.10  Yeast crude membrane (CM) preparation 

A starter culture consisting of a one yeast glycerol backup in 30 mL of MGM was 

grown at 30oC with shaking to an OD600nm of 2.  The starter culture was then bulked up 

into a 4L flask containing 2.5 L of MGM.  After ~24 hr of growth (OD600nm >4) the cells 

were pelleted and resuspended in 500 mL of MMM.  After ~20 hr of methanol induction, 

the cells were harvested by centrifugation at 3000 x g for 5 min at 4oC.  The cells were 

kept on ice from this point forward.  The cells were washed three times with 5-fold (v/w) 
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Harvest Buffer (100 mM glucose / 50 mM imidazole / 5 mM DTT / pH 7.5), resuspended 

to 2 mg per mL in Breaking Buffer (100 mM glucose / 50 mM imidazole / 250 mM 

sucrose / 1 mM MgCl2 / 5 mM DTT / pH 7.5), and finally lysed by physical disruption 

with 0.5 mm glass beads [176].  For cell lyses, 50 mL conical tubes were filled with ~15 

mL cell suspension and an equal volume of glass beads.  The tubes were snap frozen in a 

dry ice / ethanol bath and either vortexed for 1 hr or disrupted for six 1 min cycles in a 

BeadBeater. The resulting cell suspension was decanted from the glass beads. The glass 

beads were washed with excess Breaking Buffer and the wash added to the decanted cell 

suspension. Unbroken cells and cell wall debris were removed from the suspension by two 

10 min centrifuge spins at 1500 x g followed by another 10 min spin at 4000 x g. The 

cleared supernatant was centrifuged at 100,000 x g for 1 hr. The CM pellet from this high 

speed spin was resuspended in Suspension Buffer (10 mM imidazole / 1 mM MgCl2 / pH 

7.5). The CMs were either stored at -80oC or used immediately for plasma membrane 

(PM) preparations or affinity purification.   

 
2.2.11 Preparation of urified yeast PMs 

Plasma membranes were prepared via acid precipitation using a protocol adapted 

from [177]. CMs were resuspended to 3 mg per mL in Precipitation Buffer (10 mM 

imidazole / 1 mM MgCl2 / pH 5.2) and adjusted to pH 5.2 with 100 mM HCl. The 

suspension was centrifuged at 7500 x g for 5 min.  The supernatant was decanted and the 

pH was immediately readjusted to 7.5 using 100 mM NaOH.  The PMs were pelleted by 
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centrifugation at 100,000 x g for 1 hr, resuspended in Suspension Buffer, and stored at     

–80oC. 

 
2.2.12 Preparation of yeast inside out plasma membrane vesicles (ISOVs) 

The method used to prepare ISOVs was an adaptation of [178]. Yeast cells were 

grown, induced, and harvested as described above for preparation of CMs. 10-12 g of cells 

were washed twice in Buffer A (10 mM Tris / 700 mM sorbitol / 1 mM DTT / pH 7.5) 

with centrifugation at 3000 x g for 5 minutes. The washed pellet was resuspended in 5 ml 

Buffer A / 1 g cells and gently mixed with 5 mg zymolase-20T / g wet cell.  The 

suspension was incubated at 30oC while shaking at 100 rpm for 1 hr.  Spheroplasts were 

collected by centrifugation at 3000 x g for 5 min, and zymolase was removed by two 

washes with Buffer A.  The pellets were resuspended in 1.5 mL Buffer B (15 mM Mes-

Tris / 500 mM sorbitol / 100 mM glucose / pH 6.5) / 1 g cells and then incubated at 30°C 

for 10 minutes to induce ATPase activity.  All subsequent steps were performed at 4oC.  

The spheroplast suspension was osmotically lysed by dilution with two volumes of ice 

cold Buffer C (25 mM Mes-Tris / 5 mM EDTA / 0.2% (w/v) BSA / 0.2% (w/v) casein 

hydrolysate / 1 mM DTT / 1 mM PMSF / 1 µg/µL aprotinin / 2 µg/mL leupepetin / 1 

µg/mL pepstatin A / pH 6.5) and homogenized with eight strokes of a Potter homogenizer.  

Cell wall fragments were removed by centrifugation at 300 x g for 15 min, and the. 

supernatant was centrifuged at 35,000 x g for 15 min to yield a cell membrane pellet.  The 

membranes were then resuspended in 9 g Buffer D (5 mM potassium phosphate, dibasic / 

330 mM sucrose / 1 mM DTT / pH 7.8).  27.0 g of Buffer E (5 mM potassium phosphate, 
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dibasic / 330 mM sucrose / 7.6% (w/w) Dextran 500,000 / 7.6% (w/w) polyethylene 

glycol 3350 / 1.4 mM EDTA / 1 mM DTT / pH 7.8) was added to the suspension and the 

tubes were vigorously shaken.  The mixture was allowed to phase separate on ice at 4oC 

for 2 hr.  The ISOV-enriched lower phase and the inter-phase were collected, diluted with 

2 volumes of Buffer F (15 mM Mes-Tris / 330 mM Sucrose / pH 6.5), and centrifuged at 

60,000 x g for 30 min.  The pellets were resuspended in Buffer F and stored in aliquots at 

-80oC. 

 
2.2.13 Determination of protein concentration 

The amido black assay is a reliable method for the determination of protein content 

in high lipid and detergent environments.  Samples and bovine serum albumin (BSA) 

standards were denatured by heating at 30oC in 1 mM Tris / 1% (w/v) SDS / pH 7.5 for 10 

min.  Proteins were precipitated in 11.5% TCA at room temperature for 15 min and 

vacuum filtered through a 0.45 µm Protran membrane.  The membrane was stained in 

0.1% Amido Black in 45% methanol / 10% acetic acid and destained in 90% methanol / 

2% acetic acid.  Stained protein spots were cut out of the membrane and dissolved in 25 

mM NaOH / 50 µM Na2EDTA in 50% ethanol.  The absorbance of the resulting blue 

solutions was read at 630 nm and quantified by extrapolation from a curve constructed 

from the known BSA standards (Figure 2.6).  
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Figure 2.6  Representative amido black standard curve.   

 
2.2.14 Protein purification 

Integral membrane proteins were enriched and peripheral membrane proteins were 

removed with a chaotropic wash.  Crude membranes were resuspended to 2 mg per ml in 

Wash Buffer (50 mM Tris-Cl / 250 mM sucrose / 20% (v/v) glycerol / 1 mM MgCl2 / pH 

7.5) containing either 3 M urea or NaCl.  The samples were rotated on a rotisserie mixer 

for 20 min and the washed membranes were recovered by centrifugation at 100,000 x g 

for 1 hr.  The resulting pellet was resuspended at 2 mg/mL in Solubilization Buffer (Wash 

Buffer supplemented with 500 mM NaCl and 1% DM) and mixed for 30 min. 

Unsolubilized materials were removed by centrifugation at 100,000 x g for 1 hr.  The 

detergent extract was applied to a pre-equilibrated affinity chromatography column. 

IMAC:  Pre-packed 1 mL bed volume His GraviTrap columns were equilibrated 

with  10 bed volumes Column Wash Buffer (Solubilization Buffer supplemented with 20 

mM imidazole). The column was filled with detergent extract, washed twice with 10 bed 
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volumes Column Wash Buffer and eluted with 4-6 bed volumes Elution Buffer 

(Solubilization Buffer supplemented with 500 mM imidazole). 

Avidin chromatography:  Disposable polypropylene columns were packed with 2 

mL 50% monomeric avidin slurry (1 mL bed volume) and equilibrated overnight with 

Solubilization Buffer.  The column was loaded with detergent extract, washed twice with 

10 bed volumes Solubilization Buffer and eluted with 6 bed volumes Elution Buffer 

(Solubilization Buffer supplemented with 5 mM d-biotin). 

Both types of column were eluted directly into E. coli lipid reconstituted in 50 mM 

Tris-Cl / 50 mM NaCl / 0.01% DM / pH 7.5 to a final concentration of 1.4% lipid.  The 

protein/lipid/detergent was gently rotated for 30 min on a rotisserie shaker and then 

transferred into a pretreated dialysis membrane or Float-A-Lyzer (MWCO 12,000-

14,000). Dialysis was carried out against at least 50 volumes of Dialysis Buffer (50 mM 

Tris-Cl / 250 mM sucrose / 1 mM EDTA / pH 7.5) for >16 hr with one change in buffer 

after the first 4 hr.  The dialyzed proteoliposomes (PLs) were transferred into pre-cooled 

ultracentrifuge tubes and spun for 1 hr at 100,000 x g.  The PL pellet was resuspended in 

Dialysis Buffer and small aliquots were snap frozen and stored at -80ºC.  
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Crude Membranes 

Chaotropic Extraction (NaCl or Urea) 

Chaotropically Extracted 
Pellet 

 

Figure 2.7  Flow chart of protein purification procedure. 

 
2.2.15 ATPase assay 

The ATPase activity of purified PM fractions was measured by the colorimetric 

determination of orthophosphate released through ATP hydrolysis as described previously 

[179, 100] but optimized for high throughput on a microliter scale in a 96-well plate 

format (Figure 2.8).  Plates were set up on ice:  assay buffer (180 mM NH4Cl / 100 mM 

Mes-Tris / 10 mM MgCl2 / 0.01% NaN3) was added to each well, followed by relevant 

drug solutions, and finally 2 µg membrane protein to a total volume of 100 µl.  The plate 

was shaken at 650 rpm on an Eppendorf MixMate for 1 min, warmed to 37oC in a water 

bath for 1 min, and ATP was added to each well. The plate was then shaken at 165 rpm in 

a 37oC incubator for 15 min (except when performing a time course assay).  The reaction 

(recovery = 30%) 

Wash fraction 

Washing 

Washed Pellet Wash fraction 
(recovery = 90 %) 

Solubilization (1% DM) 

Residual Pellet Detergent Extract 
(recovery = 12%) 

affinity column 

Column Eluate 

Incubation with E. coli lipid

dialysis 

Proteoliposomes 
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was stopped with 50 µl of 1% sodium molybdate / 12% SDS / 4% 12 N HCl followed 

immediately by an equal volume of 6% sodium ascorbate in 1 N HCl.  The reaction was 

stabilized 10 min later by addition of 100 µl 2% sodium citrate / 2% sodium arsenate / 2% 

glacial acetic acid.  Absorbance at 720 nm was read 30 min later on a Victor 3V plate 

reader.   Solutions of 6% sodium ascorbate in 1 N HCl and assay buffer at various pH 

were made daily, while molybdate / SDS and stabilizing solutions were made weekly and 

stored at 4oC.  Stock aliquots of ATP and drugs stored at -20oC were thawed on ice, used 

once, and then discarded.  

ZC           3D7          Dd2          7G8 

Increasing [drug] 

standards 
 

Figure 2.8  Schematic of typical plate set-up for ATPase assay.  Three replicates for each 
of three PfMDR1 strains as well as negative control membranes at seven different drug 
concentrations plus two standard curves can be fit on the same plate. 
 

Negative control membranes from zeocin-resistant yeast transformed with empty 

vector (pPICZc) were included in all assays.  Absorbance readings were converted to 

nmol Pi using a standard curve generated with K2HPO4 samples. Values for PM samples 

were then also scaled for total amount of protein and relative PfMDR1 content (see 
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condition was subtracted from that of each PfMDR1 sample.  When comparing activity 

of the half transporter constructs to those of full length PfMDR1, data were also 

normalized for relative number of NBD. 

 
2.2.16 Saponin isolation of parasites 

Dd2 and HB3 stra g standard techniques at 

2% he

 trophozoite stage was washed 

twice in

 
2.2.17 AzBCQ binding 

0.1 nmol of PLs were di ris buffer at varying pH.  The 

mixture

ins of P. falciparum were cultured usin

matocrit in phenol-red free RPMI-1640 (Sigma R8755) supplemented with 

NaHCO3 (23.8 mM), d-glucose (10 mM), hypoxanthine (730 µM), HEPES (25 mM), 

gentamicin sulfate (20 µg/mL), and serum (10%). Cultures were triply synchronized with 

sorbitol (5%, w/v) as described in detail elsewhere [180]. 

A 5mL iRBC pellet of ~7.5% parasitemia at the

 50 mL PBS and then resuspended in 50 mL PBS containing 0.5 % (w/v) saponin.  

The isolated parasites were collected by centrifugation at 1500 x g for 10 min, and then 

washed twice in 1 mL of ice-cold PBS.  The trophozoites pellets were stored at -80oC. 

 

luted in 50 mM Mes-T

 was aliquotted into wells of a 96-well plate and appropriate drugs were added 

(Figure 2.9).  All future steps were performed in the dark.  AzBCQ was added to each 

well, and the plate was shaken on a MixMate at 650 rpm for 30 sec and incubated at 37oC 

for 10 min.  The plate was then exposed to short wave ultraviolet radiation (220-280 nm, 

254 nm peak) from a hand-held lamp (Spectroline Model ENF-280C, 115 V, 60 Hz, 200 
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mA) for 10 min.  The lamp was placed directly upon the plate so that the samples were 

0.8 cm from the light source.  The reaction was stopped by mixing equal volumes of the 

sample and 2X Laemelli buffer.  After a 10 min incubation at 37oC, the samples were 

split in half and equal amounts were loaded onto two 12% polyacrylamide gels and 

electrophoresed at a constant voltage of 200 V for 1 hour.  Each gel contained one well 

loaded with PfCRT-his-BAD as a positive control.  The proteins were then transferred to 

two polyvinylidene difluoride (PVDF) membranes at a constant current of 350 mAmp for 

1 hour.  One membrane was immunoblotted for biotin to detect the presence of AzBCQ, 

while the other was blotted for the polyHis tag to detect total levels of protein.  

UV light source 

 

 of typic

HB3 Dd2 

Increasing AzBCQ, pH, time, cold CQ, etc. 

Figure 2.9  Schematic
 

al set-up for AzBCQ binding assay. 
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2.2.18 Gel purification and trypsin digestion 

 A large-scale photolabeling reaction was performed as described above.  The 

samples were run in large-well gels with prestained MW ladders (BioRad) on either end.  

The section of the gel containing the protein of interest was excised, minced into ~1mm x 

1 mm cubes, and transferred to an Eppendorff tube.  The gel pieces were then ground 

using the plunger of a 1 mL syringe as a pestle.  1% acetonitrile was added to just cover 

the acrylamide, and the tube was incubated at 37oC with vigorous shaking for 1-3 hours.  

The acrylamide was pelleted by a short centrifugation at 16,000 x g and the supernatant 

was removed.   

 Sequencing-grade trypsin (Sigma) was reconstituted in molecular grade water at a 

concentration of 0.1 µg/µL.  0.5 µg from this stock were activated in 15 µL of 25 mM 

ammonium bicarbonate, and 10 µL of this mixture (0.25 µg trypsin) was added to the 

protein eluted from the gel.  The reaction was allowed to continue at room temperature 

for various timepoints and was stopped by the addition of 5X Laemelli buffer.  The 

samples were heated at 37oC for 10 min and then run on a 15% Tris-Glycine gel.  Some 

gels were silver stained using the MS-compatible SilverQuest kit (Invitrogen) and bands 

of interest were excised, destained, and given to the Lombardi Cancer Center Proteomics 

Core Facility (Georgetown University Medical Center) for further processing. 
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2.2.19  Mass spectrometry and peptide identification 

 The gel slices were washed with 100 mM ammonium bicarbonate and incubated 

with 50 mM ammonium bicarbonate and 10 µl of 10 mM DTT at 60°C for 30 min. The 

tubes were cooled to room temperature and 10 µl of 55 mM iodoacetamide was added 

and the sample incubated further for 30 min in the dark at room temperature.  The solvent 

was discarded and the gel slice was washed in 50% acetonitrile / 100 mM ammonium 

bicarbonate. Subsequently, the gel slice was transferred onto a 96-well Montage plate 

(Millipore) and destained with 50% acetonitrile in 25 mM ammonium bicarbonate, 

dehydrated with acetonitrile for 5 min, and vacuum dried. Gel pieces were then 

rehydrated with 15 µl of ammonium bicarbonate:acetonitrile (25 mM:10%) supplemented 

with trypsin (5 ng/µl, Promega) at 37 °C for 16 h. Afterwards, tryptic peptides were 

extracted in 0.1% TFA / 50% acetonitrile and mixed with an equal volume of  5mg/ml 

CHCA (Acros Organics). Mass spectra were recorded with a matrix assisted laser 

desorption/ionization–time of flight, time of flight (MALDI-TOF-TOF) spectrometer 

(4800 Proteomics Analyzer) set in reflector positive mode by spotting the samples onto a 

MALDI plate. The samples were ionized with a fixed LASER intensity of 3800J and 

1000 LASER shots were collected per subspectrum and were shot randomly with uniform 

bias. The detector voltage was 2.1 kV, the bin size was set at 0.5 ns and the Signal/Noise 

threshold was set at 15. The spectra were collected with a specified mass range of 700-

4000 Da with a focus mass of 2100 Da.   
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 Once the mass spectra were obtained from the Proteomics Core, tryptic digest 

maps were generated using the PeptideMass program available on the ExPASy 

proteomics server (http://ca.expasy.org/tools/peptide-mass.html), and the predicted 

fragment masses were compared to the experimentally-derived ones with the FindPept 

tool (http://ca.expasy.org/tools/findpept.html), also available from ExPASy. 

 

2.2.20 Protein detection 

Hand-poured 7.5% (for PfMDR1) or 12% (for PfCRT) Tris-Glycine SDS-PAGE 

gels were run on a Mini-Protean II apparatus (BioRad) and transferred onto PVDF 

membranes.  

Biotin detection:  The PVDF membranes were washed once for 5 min with PBS-T 

(20 mM phosphate / 150 mM NaCl / 0.1% Tween-20 / pH 7.4), incubated for 1 hr in 10% 

milk (in PBS-T), and washed again for 5 min. The blocked membranes were probed with 

10 µL streptavidin-HRP in 20 mL PBS-T for 1 hour, and washed three times for 20 min in 

PBS-T.   

PolyHis detection:  The PentaHis detection kit from Qiagen was used according to 

manufacturer’s instructions.   Briefly, the PVDF membrane was washed twice for 10 min 

in TBS (10 mM Tris-Cl / 150 mM NaCl / pH 7.5), and incubated for 1 hr in proprietary 

blocking buffer.  The membranes were washed for 10 min twice in TBS-T/T (20 mM 

Tris-Cl / 500 mM NaCl / 0.05% (v/v) Tween 20 / 0.2% (v/v) Triton X-100 / pH 7.5) and 

once in TBS, then probed with 5 µL anti-pentaHis-HRP in blocking buffer, and washed 

again.   
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All immunoblots were developed using the Enhanced ChemiLuminescent (ECL) 

system from Amersham according to manufacturer’s instructions.  Equal volumes of 

Reagents A and B were mixed and applied to the PVDF membranes for 1 min in the dark.  

Membranes were then exposed to either film or a CCD camera for varying times.  

For total protein detection, gels were either silver or Coomassie stained.  Gels were 

fixed in 40% ethanol / 10% acetic acid.  Invitrogen’s SilverQuest MS-compatible kit was 

used following the manufacturer’s protocol.  Alternatively, fixed gels were stained for 1 hr 

in Coommassie Brilliant Blue R250 stain or 1 hr in BioSafe Coomassie and destained in 

50% methanol / 10% acetic acid or water, respectively. 

 
2.2.21 Data analysis 

All densitometry was performed using the gel analysis function of Image J  

(software available from the NIH, http://rsb.info.nih.gov/ij).  Data were plotted, curve-fit, 

and analyzed for statistical significance in either Microsoft Excel or GraphPad Prism 4.0. 
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CHAPTER 3:   RESULTS 

 

3.1 Heterologous Expression of PfMDR1 

 
3.1.1  Design of yeast-optimized pfmdr1 gene 

The strain 3D7 (designated wildtype in the malaria literature) pfmdr1 gene 

sequence was obtained from GenBank (accession #AL929353) and translated.  The amino 

acid sequence was then entered into the CODOP computer program to generate a yeast-

optimized nucleotide sequence (Table 3.1 and Appendix).   

amino 
acid codon 

P. falciparum 
usage 

( % codon used 
per amino acid) 

P. pastoris 
usage 

(% codon used 
per amino acid)

NCBI 
pfmdr1 gene 

(exact 
number used)

Synthetic N-
terminal pfmdr1 

gene (exact 
number used) 

Synthetic C-
terminal pfmdr1 

gene (exact 
number used) 

Ala GCA 43 26 30 6 1 
 GCC 11 25 5 4 6 
 GCG 4 5 0 5 11 
 GCT 42 44 25 13 8 

Arg AGA 62 47 41 3 2 
 AGG 15 17 0 7 3 
 CGA 9 10 3 1 9 
 CGC 2 6 0 2 7 
 CGG 1 5 0 1 4 
 CGT 12 16 7 6 5 

Asn AAC 15 50 16 90 57 
 AAT 85 50 129 1 2 

Asp GAC 13 42 5 32 31 
 GAT 87 58 75 7 11 

Cys TGC 14 35 1 7 5 
 TGT 86 65 13 4 0 

Gln CAA 88 61 24 2 5 
 CAG 12 39 4 12 9 

Glu GAA 87 59 65 11 10 
 GAG 13 41 12 31 28 

Gly GGA 44 32 35 10 8 
 GGC 4 14 0 6 5 
 GGG 7 10 2 6 4 
 GGT 44 44 31 17 17 

His CAC 17 44 3 6 7 
 CAT 83 56 15 4 7 
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Ile ATA 53 20 58 1 2 
 ATC 7 31 6 71 55 
 ATT 40 49 74 3 8 

Leu CTA 7 12 5 0 11 
 CTC 2 8 4 13 18 
 CTG 2 16 1 27 19 
 CTT 11 17 10 4 7 
 TTA 64 15 107 0 0 
 TTG 13 32 10 34 5 

Lys AAA 82 48 119 1 2 
 AAG 18 52 10 68 61 

Met ATG 100 100 34 16 19 
Phe TTC 18 43 11 32 50 

 TTT 82 57 72 0 2 
Pro CCA 51 39 15 5 4 

 CCC 10 16 113 2 3 
 CCG 4 10 2 5 0 
 CCT 35 35 8 3 7 

Ser AGC 6 9 57 7 9 
 AGT 32 15 33 17 17 
 TCA 27 19 45 11 7 
 TCC 8 20 14 24 17 
 TCG 4 8 2 11 12 
 TCT 23 29 23 16 4 

Thr ACA 51 26 29 3 5 
 ACC 12 23 8 24 12 
 ACG 8 11 3 9 9 
 ACT 28 40 25 4 3 

Trp TGG 100 100 6 5 2 
Tyr TAC 11 52 1 30 29 

 TAT 89 48 63 2 3 
Val GTA 42 16 33 2 8 

 GTC 6 22 2 18 11 
 GTG 11 20 5 2 13 
 GTT 41 41 31 13 5 

Stop TAA 73 48 0 0 0 
 TAG 11 30 0 0 0 
 TGA 17 22 1 0 0 

Table 3.1  Comparison of codon usage and base composition for the synthetic pfmdr1 
gene with the those of P.falciparum and P. pastoris. P. falciparum shows a strong AT 
bias which is corrected in the synthetic gene to closer resemble the P. pastoris usage 
pattern.  For the complete linear sequence of the synthetic gene, please see Appendix A. 

 
3.1.2  Construction of gene for  N-terminal cassette 

The yeast-optimized gene sequence for both strands of the N-terminal cassette of 

pfmdr1 was ordered as a series of 114 overlapping 40-mer oligonucleotides (#1-57 sense 
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and #58-114 antisense).  These were assembled into the full construct in a series of nested 

PCRs (Figure 3.1A), and the proper sequence was then inferred by restriction digest 

(Figure 3.1B, Table 3.2) and confirmed by DNA sequencing.   

B A 
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Figure 3.1 Agarose gels of N-terminal pfmdr1 construct.  (A) PCR amplification of N-
terminal pfmdr 1 as either half or full length gene fragments. Lane 1, EZ Load 100 bp 
PCR Molecular Ruler (BioRad); lane 2, 1.25 kb fragment obtained using oligos #1 & #89 
for amplification of the 5’ half of the fully assembled N-terminal construct (middle 
arrow); lane 3, 1.1 kb fragment corresponding to the 3’ half of the full construct, obtained 
from amplification of the assembly solution with oligos #27 & #58 (bottom arrow); lane 4, 
2.35 kb full length N-terminal pfmdr1 construct, obtained by amplification of the 
assembly solution with oligos #1 & #58 (top arrow).  (B)  Diagnostic restriction digests of 
the N-terminal pfmdr1 gene inserted into the pPICZc vector.  Lane 1, EZ Load 1 kb 
Molecular Ruler (BioRad); lane 2, EZ Load 100 bp Molecular Ruler (BioRad); lane 3, 
EcoRI & NotI; lane 4, EcoRV & NotI; lane 5, BglII & SacI; lane 6, BamHI & XhoI. 
 

Enzymes Expected fragments (bp) Actual fragments (bp) 
EcoRI & NotI 7738, 2261 ~8000, ~2200 
EcoRV & NotI 3825, 3676, 1982, 516 ~3800, ~1900, ~500 
BglII & SacI 6179, 2403, 819, 391, 207 ~6000, ~2300, ~800, ~350, ~200 
BamHI & XhoI 8426, 1407, 166 >8000, ~ 1500 

Table 3.2 Analysis of diagnostic digests pictured in Figure 3.1B.  The experimentally 
derived restriction patterns correspond well to the predicted values.  
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3.1.3  Design and construction of gene for C-terminal cassette 

The yeast-optimized C-terminal half of the pfmdr1 gene was designed by the 

same general methodology.  However, by the time the N-terminal gene construction was 

completed, the price of custom gene synthesis had dropped to the point where it was 

more time- and cost-effective to simply order the intact C-terminal construct instead of 

assembling individual oligos.  The received pPUC57/C-terminal plasmid was rehydrated 

and transformed into competent DH5α cells, and colonies were screened by restriction 

analysis to confirm sequencing results (Figure 3.2, Table 3.3).  The C-terminal gene was 

excised from the pUC57 vector with EcoRI and XmaI and ligated into a pPIC vector cut 

with the same enzymes (Figure 3.2B).  

      
Figure 3.2  Agarose gels of C-terminal pfmdr1 construct.  (A) Diagnostic restriction 
digests of the C-terminal pfmdr1 gene in its native pPUC vector as received from 
Genscript.  Lane 1, EZ Load 1 kb Molecular Ruler (BioRad); lane 2, EZ Load 100 bp 
Molecular Ruler (BioRad); lanes 3-5, three colonies treated with NotI & NruI; lanes 6-8, 
same three colonies treated with AfeI & SacII; lanes 9-11, same three colonies treated with 
SpeI & NdeI. Colony #3 (lanes 5, 8, & 11) did not contain the gene insert. (B) EcoRI & 
XmaI digest of pPIC and pPUC57/C-terminal. Lane 1, 1 kb Molecular Ruler; lane 2, pPIC 
vector; lane 3, pUC57/C-terminal. The vector (top arrow) from lane 2 and the fragment 
(bottom arrow) from lane 3 were ligated. 
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Enzymes Expected fragments (kb) Actual fragments (kb) 

NotI & NruI 2.9, 1.7, 0.35 ~2.8, ~1.7, ~0.35 
AflIII & SacII 3.7, 1.3 ~3.6, ~1.4 
SpeI & NdeI 3.6, 0.8, 0.6 ~3.5, ~0.7 
EcoRI & XmaI 2.8, 2.1 ~2.9,  ~2.1 

Table 3.3  Analysis of digests pictured in Figure 3.2.  The experimentally derived 
restriction patterns correspond well to the predicted values. 

 
 

3.1.4  Construction of the full-length pfmdr1 gene 

Plasmids containing N-terminal and C-terminal pfmdr1 were each treated with 

NotI (Figure 3.3A).  This enzyme is unique to the 3’ end of the N-terminal sequence 

(yielding a linear plasmid) and cuts at both ends of the C-terminal sequence (liberating 

this fragment).  Following ligation, the full length construct was transformed into XL-

Gold ultra-competent cells.  Colonies were screened for fragment insertion (Figure 3.3B) 

and directionality (Figure 3.3D).  
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Figure 3.3  Construction and analysis of full-length pfmdr1.  (A) NotI digest of plasmids 
harboring N-terminal and C-terminal genes.  Lane 1, N-terminal construct, lane 2, PCR 
Molecular Ruler; lane 3, C-terminal plasmid.  (B)  NotI digest of 4 colonies screened for 
full-length pfmdr1 construct.  Lane 1, 1 kb Molecular Ruler; lanes 2-5 plasmid isolated 
from four different colonies.  All colonies contained the insert, but directionality is 
uncertain.  (C)  Plasmid map of full-length pfmdr1 showing some important restriction 
sites and their positions marked in bp.  (D)  Diagnostic restriction digest of colony #1 
(lane 2 in (B)).  Lane 1, 1 kb Molecular Ruler; lane 2, 100 bp Molecular Ruler; lane 3, 
XmaI; lane 4, EcoRI & SacII; lane 5, SpeI; lane 6, PmeI.  Analysis confirmed that colonies 
#1 and #2 (not shown) contained the C-terminal section in the correct orientation. 
 

Enzymes Expected fragments (kb) Actual fragments (kb) 
NotI 5.5, 2.3 ~5, ~2.3 
XmaI 6.6, 1.27 ~6.5, ~1.4 
EcoRI & SacII 5.6, 2.26 ~6, ~2.2 
SpeI 7.87 ~8 
PmeI 7.87 ~ 8 

Table 3.4 Analysis of digests pictured in Figures 3.3B & D.   
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3.1.5  Removal of extra alanines in linker region 

The fusion of the N- and C-terminal halves resulted in a construct containing 3 

extra alanine residues in the region linking the N- and C-terminal cassettes.  A pair of 

complementary primers was created to “loop out” the 9 basepairs encoding these 3 Ala 

through site-directed mutagenesis.  This removal also caused the destruction of the NotI 

site between the two halves (compare Figure 3.3B to Figure 3.4).  At least one construct 

was sequenced all the way through to ensure that no spurious errors had been introduced 

by the PCR-based mutagenesis. 

Figure 3.4  NotI digest of colonies screened for removal of 3A.  Lane 1, 1 kb Molecular 

 

3.1.6  Creation of pfmdr1 mutants 

Site-directed mutagenesis was used on the N- and C-terminal cassettes as well as 

the full-length construct to create strains harboring various combinations of the 5 

mutations associated with drug resistance (Tables 3.5-3.6). 

 

   1           2    3     4     5    6     7     8     9

Ruler; lanes 2-9, eight colonies from transformation with “-3A” constructs.  Plasmids 
from colonies in lanes 2-5 and 7 only had one NotI site, indicating that the mutagenesis
reaction was successful. 
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Full Length Haplotype 
    N86Y        Y184F       S1034C        N1042D      D1246Y

3D7 (wildtype) N Y S         N         D       
Dd2 (86) Y Y S N D 
7G8 N F C D Y 
184 N F S N D 
1034 N Y C N D 
1042 N Y S D D 
1246 N Y S N Y 
1034/1042 N Y C D D 
1034/1246 N Y C N Y 
1042/1246 N Y S D Y 
Triple Mutant (TM) N Y C D Y 

Table 3.5  List of all created full length isoforms 
 
 

Half Cassettes Haplotype 
    N86Y     Y184F       S1034C       N1042D      D1246Y 

N-terminal wildtype N Y    
86 Y Y    
184 N F    
C-terminal wildtype   S N D 
1034   C N D 
1042   S D D 
1246   S N Y 
1034/1042   C D D 
1034/1246   C N Y 
1042/1246   S D Y 
Triple Mutant (TM)   C D Y 

Table 3.6  List of all created half-cassette isoforms 
 

3.1.7  Expression in yeast 

Expression vectors (Figure 3.5) harboring different alleles (both naturally 

occurring and artificial) encoding for pfmdr1 full-length or half transporter isoforms were 
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transformed into Pichia pastoris yeast.  The genes are fused in-frame to hexaHistidine 

(6H) and biotin acceptor domain (BAD) sequences, enabling protein detection by anti-His 

or avidin blotting, respectively (Figure 3.6).  The genes are under control of the alcohol 

oxidase promoter, so transcription is controlled by a metabolic shift from glycerol to 

methanol utilization (Figure 3.7).  A consensus Kozak sequence was engineered upstream 

of the start codon to improve initiation of translation.   

ACCATG 6His BAD 
TMD 1 NBD 1 TMD 2 NBD 2 

5’ AOX1 pfmdr1 

PmlI EcoRI SpeI  Xa NotI 

Figure 3.5  Schematic of pfmdr1 yeast construct.  The positions of the alcohol oxidase 
promoter (AOX), the Kozak sequence (italics) and start codon, restriction sites unique to 
the open reading frame, predicted 6 transmembrane helix domains (TMDs), nucleotide 
binding domains (NBDs), and fused hexa histidine (6His) and biotin acceptor domain 
(BAD) tags are labeled.  Stars indicate the locations of the 5 mutations present in some 
isoforms. 
 
 Since the individual half transporter genes were cloned into two vectors with 

different selection markers (histidine anabolism for pPIC3.5 and zeocin resistance for 

pPICZc), it was possible to transfect a single yeast strain with both plasmids and thus 

obtain coexpression of the unfused N-terminal and C-terminal halves (Figure 3.6, lanes 4 

& 9).  The same methodology was used to create yeast strains coexpressing full length 

PfMDR1 and PfCRT (Figure 3.8). 
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Figure 3.6  Expression of wildtype PfMDR1.  (A) Avidin and (B) polyHis blot of CMs 
(lanes 1-4) and PMs (lanes 6-9) harboring full length (lanes 1 & 6), N-terminal (lanes 2 & 
7), C-terminal (lanes 3 & 8), or coexpressed N- and C-terminal PfMDR1 protein.  The full 
length PfMDR1 protein migrates at 161.69 kDa (upper arrow; predicted mass = 171.81 
kDa), N-terminal cassette migrates at 87.44 kDa (middle arrow; predicted mass = 94.69 
kDa), and the C-terminal cassette migrates at 77.03 kDa (bottom arrow; predicted mass = 
86.94 kDa).  Lane 5 shows molecular weight standards, with sizes indicated in kDa. 

 

   1       2       3      4      5        6      7     

 

KDa 

213 

123 
97 

Figure 3.7  Time course of methanol induction of full-length PfMDR1 expression.  Lane 
1, high range biotinylated molecular weight standards (BioRad); lanes 2-7, yeast 
membranes harvested at 0, 3, 6, 9, 12, and 24 hours post-induction.  Mutants and half-
transporters show similar membrane insertion kinetics (not shown). 
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  Co-expression of PfMDR1 and PfCRT.  polyHis blot of C
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Figure 3.8 Ms (lanes 3-7) and 
PMs (lanes 8-11) expressing PfCRT alone, PfMDR1 alone, or both proteins together.  

3.1.8  Localization of heterologously expressed protein 

PfMDR1 t determine its 

subcell

3.9). 

Lane 1, polyHis MW standards; lane 2, negative control membranes; lane 3, HB3 PfCRT; 
lanes 4 & 8, 3D7 PfMDR1; lanes 5 & 9, 3D7 PfMDR1 / HB3 PfCRT; lanes 6 & 10, 3D7 
PfMDR1 / Dd2 PfCRT; lanes 7 & 11, 3D7 PfMDR1 / 7G8 PfCRT. 
 
 

does not contain any recognizable signal sequences tha

ular localization.  In P. falciparum parasites, the protein is found in the membrane 

of the DV, but it was unclear where the protein would be targeted when expressed in 

yeast.  Therefore, yeast cells were fractionated by differential centrifugation.  No 

PfMDR1 was found in the cytosolic fraction 24 hr post-induction, and crude membrane 

fractions or purified PM did not release PfMDR1 upon washing with high salt (Figure 
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Analysis of relative PfMDR1 abundance in various cell fractions and 
embrane integration.  Lane 1, cytosolic fraction; lane 2, 18,000 x g pe

lane 3, CM fraction; lane 4, 4 M NaCl wash of CM; lane 5, PM fraction; lane 6, 4 M NaCl 

75

100

KDa 

Figure 3.9  
assessment of m llet; 

wash of PM; lane 7, polyHis molecular weight standards (Qiagen). 

As an integral membrane protein, the purification of PfMDR1 begins with the 

removal of peripheral membra ash (Figure 3.10).  Moderate 

 
 

3.1.9  PfMDR1 purification 

 

ne proteins by a chaotropic w

concentrations of sodium chloride (1-4 M) effectively stripped peripheral membrane 

proteins without affecting PfMDR1.  Some PfMDR1 was lost in urea washes, which also 

failed to remove as many undesirable proteins as NaCl.  Therefore, 3M NaCl was chosen 

as the standard chaotrope for all purifications. 
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Figure 3.10  Silver stains of the optimization of the chaotropic wash.  Full length 
PfMDR1 (arrow) CMs were washed with increasing amounts (from 1M to 5M in 1M 
increments) of NaCl (A) or urea (B).  Lanes 1 & 13 are the original CM, lanes 2-6 are the 
washed membrane pellets, and lanes 8-12 are the wash supernatants.   The molecular 
weight markers in lane 7 are labeled in kDa.   
 

Following chaotropic extraction, PfMDR1 is solubilized out of its native 

membrane environment with a mild detergent (Figure 3.11).  Dodecyl maltoside (DM) is a 

nonionic detergent with low critical micellar concentration (CMC) that has been used 

extensively for the purification of integral membrane proteins [181].  In general, up to 

50% of total membrane protein was lost during this step.  Lysophosphatidylcholine (LPC) 
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and octyl-β-D-glucopyranoside (OG) were also investigated as potential detergents, but 

they were not found to selectively solubilize PfMDR1 (not shown). 

 1        2     3    4         5   6    7         8    9   10 

 
Figure 3.11  Coomassie blue stain of the optimization of detergent solubilization.  Full-
length PfDMR1 CMs were treated with varying concentrations of DM at varying pH.  
Lane 1, molecular weight markers (kDa); lanes 2-4, 0.25% DM at pH 6.5, 7.0, and 7.5; 
lanes 5-7, 0.5% DM at pH 6.5, 7.0, and 7.5; lanes 8-10, 0.75% DM at pH 6.5, 7.0, and 7.5. 
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Detergent-extracted proteins are next applied to an affinity chromatography 

column.   The 6H and BAD fused to the C-terminal end of PfMDR1 allow for purification 

via either an immobilized avidin (Figure 3.12) or nickel (Figure 3.13) column.  Avidin 

chromatography allowed for purification almost to homogeneity, while nickel columns 

always contained a greater number of contaminants. 
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Figure 3.12  Avidin purification profile of full-length PfMDR1.  Silver stain (A) and 
avidin blot (B) of various fractions in the purification process.  Lane 1,  MW standards 
(labeled in kDa); lane 2, negative control CM; lane 3, PfMDR1 CM;  lane 4, 
chaotropically washed pellet; lane 5, detergent extract; lane 6, column flow through; lane 
7, first column wash; lane 8, second column wash; lane 9, column eluate; lane 10, PL. 
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Figure 3.13  Nickel purification profile of full-length PfMDR1.  Silver stain of various 
fractions in the purification process.  Lane 1,  MW standards (labeled in kDa); lane 2, 
negative control CM; lane 3, PfMDR1 CM;  lane 4, chaotropically washed pellet; lane 5, 
detergent extract; lane 6, column flow through; lane 7, first column wash; lane 8, second 
column wash; lane 9, column eluate; lane 10, PL. 
 

The individual as well as the coexpressed N- and C-terminal cassettes could also 

be purified by affinity chromatography.  Interestingly, a band at the approximate size of 

full length PfMDR1 could be seen upon reconstitution of the coexpressed halves (Figure 

3.14), suggesting that the two halves can self-associate. 
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Figure 3.14   Purification of coexpressed N- and C- terminal cassettes.  (A) Silver stain 
and (B) avidin blot of various fractions of the purification process.  Lane 1, negative 
control membranes; lane 2, CM expressing both PfMDR1 halves; lane 3, membrane pellet 
from chaotropic wash;  lane 4, chaotropic wash supernatant; lane 5, residual unsolubilized 
pellet; lane 6, detergent extract; lane 7, column flow through; lane 8, column wash 1; lane 
9, column wash; lane 10, column eluate; lane 11, reconstituted PL; lane 12, MW 
standards.  Note the appearance of a high MW band in the PLs at the appropriate size for 
full-length protein (uppermost arrow in B). 
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3.2  Functional Analysis of PfMDR1 
 
 

[Reproduced in part with permission from Amoah LE, Lekostaj JK, and Roepe PD.  
Heterologous expression and ATPase activity of mutant versus wild type PfMDR1 
protein.  46(20):  6060-73. Copyright 2007 American Chemical Society]  [182] 
 

 
[Reproduced in part with permission from Lekostaj JK, Amoah LE, and Roepe PD.  A 
single S1034C mutation confers altered drug sensitivity to PfMDR1 ATPase activity that 
is characteristic of the 7G8 isoform.  157(1):  107-11. Copyright 2008 Elsevier] [183] 
 
 

For the initial survey of PfMDR1 activity, the designated “wildtype” isoform from 

a CQS strain (3D7) was compared to mutant isoforms from verapamil-reversible and         

-irreversible CQR strains (Dd2 and 7G8, respectively).  Follow-up studies were then 

conducted on other mutants to more precisely characterize the 7G8 isoform. 

Strain N86Y Y184F S1034C N1042D D1246Y 
3D7 N Y S N D 
Dd2 Y Y S N D 
7G8 N F C D Y 

Table 3.7  PfMDR1 amino acid identities at residues associated with MDR.  The 3D7 
PfMDR1 sequence has been designated wildtype in the field, while the Dd2 variant 
possess one mutation and the 7G8 variant possesses 4 of the 5 identified mutations. 
 

3.2.1  Determination of membrane protein content 

 The level of PfMDR1 expression varied slightly among different strains, and the 

induction times between membrane preparations also varied from 18-24 hours.  Before 

quantitative ATPase assays could be performed on purified PM fractions, the percentage 

of membrane protein constituted by PfMDR1 had to be determined.  This was done by 

comparing PfMDR1 membranes to polyHis tagged standards that were run on the same 

gel and developed together (Figure 3.15, Figure 3.16, Table 3.8). 
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Figure 3.15 Densitometry standardization of PfMDR1 membrane content.  HexaHis 
molecular mass standards (Qiagen) were serially diluted (inset, lanes 1-5) to yield 
variable nanograms of protein per lane [150, 120, 90, 60, and 30 ng for the 100 kDa band 
(top); 120, 96, 72, 48, and 24 ng for the 75 kDa band (middle); and 100, 80, 60, 40, and 
20 ng for the 50 kDa band (bottom)].  Densitometry of each band was obtained using 
ImageJ and plotted vs. moles protein. A linear fit was applied to the data, yielding a 
straight line with equation y = 1802.8x + 1201.7, R2=0.81.   
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Figure 3.16  Representative polyHis blot of the quantification of protein in PM 
preparations.  Lanes 1 & 2, two dilutions of 3D7 PfMDR1 PMs; lanes 3 & 4, two 
dilutions of Dd2 PfMDR1 PMs; lanes 5-9, serial dilutions of polyHis ladder as shown in 
Figure 3.15. 
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Isoform Percent PM protein 

3D7 1.19% 
Dd2 1.46% 
7G8 3.07% 

 
Table 3.8  PfDMR1 percentages of total PM protein.  The equation of the line from 
Figure 3.15 was applied to the densitometry of the bands from Figure 3.16 to extrapolate 
nmol PfMDR1 present.  After converting to mass (using the predicted MW of 171.81 
kDa), the values were divided by total amount of protein loaded in each lane (based upon 
amido black quantification) to determine PfMDR1 content.  The values from several such 
trials were averaged. 
 
 

3.2.2  Assay validation 

The ATPase assay protocol previously utilized in the Roepe laboratory [100] 

employs borosilicate glass test tubes and requires individual reading of samples in a 

spectrophotometer.  This is not an efficient method for testing a wide spectrum of drugs 

against a large number of samples.  Therefore, a 96-well plate-based assay was developed 

to evaluate the ATPase activity of PfMDR1 (see Section 2.2.15).  The original protocol 

ended with a total volume of 1 mL, and 96-well plates have a maximum capacity of 350 

µL per well, so it was decided to scale down by 75%.  Different forms of the reducing 

agent were investigated and it was found that sodium ascorbate yields more consistent 

results than ascorbic acid.  Potassium phosphate standards were also found to be superior 

to sodium phosphate.  Experience with the assay taught that thorough mixing of the 

solutions was necessary at each step, but that vigorous pipetting resulted in too many 

bubbles from the SDS-based stopping solution that interfered with the spectrophotometric 

reading.  A good indication of the success of the high throughput ATPase assay was the 

linearity of the data obtained from the phosphate standard curve (Figure 3.17), which was 
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linear to an OD720nm  >1.0.  The standards were not appreciably affected by temperature or 

pH of the the reaction buffer (not shown). 

y = 0.0325x
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Figure 3.17  Representative phosphate standard curve.  Standards were prepared by serial 
dilution and subjected to the procedure for colorimetric detection of orthophosphate-
molybdate (see Section 2.2.15). The optical density at 720nm of each standard was read by 
an automated plate reader and plotted vs. known phosphate content. 
 

3.2.3  Basal ATPase activity 

To test whether the expressed proteins were functional, ATPase activity was 

analyzed as a function of time, pH, ATP and magnesium concentration, and ATPase 

inhibitors (Figure 3.18).  Activity exhibited inhibition at high [ATP] with an optimum 

near 5 mM (Figure 3.18A), was linear with time for at least 15 minutes (Figure 3.18B), 

was clearly Mg++ dependent (Figure 3.18C), had high activity at neutral-to-alkaline pH 

(Figure 3.18D), and had relatively low sensitivity to vanadate (Figure 3.18E) but high 

sensitivity to concanamycin (Figure 3.18F).  Interestingly, the Dd2 PfMDR1 isoform was 

significantly more active under basal conditions relative to 3D7, yet 7G8 (the other drug 

resistance-associated isoform) was less active (p<0.001 by ANOVA).   
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Figure 3.18  Basal ATPase activity of recombinant PfMDR1 isoforms.  PfMDR1 ATPase 
plate assay as a function of (A) [ATP], (B) time, (C) [Mg++], (D) pH, (E) vanadate and (F) 
concanamycin for 3D7 (square symbols, solid lines), Dd2 (triangles, dashed lines) and 
7G8 (circles, dotted lines) PfMDR1 isoforms.  Each point is an average of at least 6 
determinations (3 replicates in each of 2 independent experiments) and error bars show 
standard deviation. 
 

 3D7 Dd2 7G8 
pH optimum 7.0 7.5 7.0 
Vmax (µmol Pi / mg / min) 62.9 109.9 42.7 
Km (mM) 2.14 2.00 3.42 
Vanadate IC50 (µM) 2.02 3.85 0.682 
Concanamycin IC50 (nM) 77.4 69.7 47.9 

Table 3.9  Kinetic parameters and inhibitor sensitivities of PfMDR1.  A summary of the 
results from Figure 3.16 is shown.  For row 1, activity was tested at pH = 5.5 to 8.0 in 0.5 
unit increments and the value at which the highest activity was measured is reported.  
Vmax and Km were calculated from double-reciprocal plots of data such as that in Figure 
3.16A.  The vanadate and concanamycin IC50s were calculated from the equations of the 
best-fit curves of the data in Figures 3.16E and F, respectively.  
 
 

3.2.4  Drug-stimulated ATPase activity 
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A hallmark feature of most ABC transporters involved in drug resistance 

phenomena is that drugs to which they confer resistance either stimulate or inhibit their 

ATPase activity.  Reported effects are usually stimulatory, can be mild (2-5 fold) or 

robust (10-20 fold), and are often, but not always, further modulated by VPL and other 

chemoreversal agents.  However, the range of drug concentrations used in such assays 

varies widely and is often non-physiologic.  In the case of PfMDR1, definition of the 

“physiologically relevant” drug concentration that should be examined is somewhat 

ambiguous.  For example, in vitro IC50 data suggest 10-20 nM CQ is physiologically 

relevant for CQS strains (e.g., 3D7), whereas 100-200 nM is relevant for CQR (e.g., 

those expressing Dd2 and 7G8 PfMDR1 alleles or overexpressing the 3D7 allele).  



Parasite cytosolic concentrations for CQ and other quinolines are predicted to be near 

growth medium concentrations [184], so if drugs interact with PfMDR1 via the 

cytosolically disposed face (that harboring the NBDs), then concentrations near IC50 

would be physiologically relevant with respect to possible PfMDR1 interactions.  

However, the DV membrane maintains a high ∆pH that acts to strongly concentrate weak 

base antimalarial drugs within the DV.  If the drug is effectively diprotic (e.g., CQ) this 

effect varies as the square of the net pH gradient (since the pH scale is logarithmic), 

whereas if the drug is effectively monoprotic (e.g., MQ, QN) its concentration is linearly 

related to the pH scale [184].   

Therefore, PfMDR1 ATPase activity +/- MQ, QN, and CQ in either the absence 

(Figure 3.19) or presence (Figure 3.20) of VPL was analyzed over two concentration 

ranges that reflect reasonable anticipated equilibrium cytosolic (lower range, left side of 

each Figure panel) and DV (higher range, right side of each Figure panel) concentrations. 

CQ, MQ and QN were chosen for this initial analysis based on data with field isolates 

and P. falciparum transfectants, which indicate that mutation and/or over-expression of 

PfMDR1 has the greatest effect on responsiveness to MQ and QN, but has no appreciable 

effect on susceptibility to the related drug CQ (see section 1.5.3).  

It had been hypothesized (see section 1.8.1) that MQ would inhibit ATPase 

activity in 3D7 PfMDR1 but stimulate the 7G8 variant.  Surprisingly, none of the 

isoforms tested were stimulated more than 1.5-fold at any concentration tested (Figure 

3.19A).  It had also been anticipated that QN would stimulate the 3D7 protein and inhibit 

7G8 PfMDR1.  Again unexpectedly, a mild QN stimulation was found for all three 
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isoforms, but only at very high dosages that correspond to the upper limit of what is 

expected within the DV (right of Figure 3.19B).  At 200 µM QN, the stimulatory effect 

was approximately 75% (1.75-fold), 30% (1.3-fold), and 50% (1.5-fold) for the 3D7, Dd2 

and 7G8 isoforms, respectively.  A t-test of these values compared to baseline (no drug) 

showed significant differences at the p<0.05 level for Dd2 and 7G8 and p<0.01 for 3D7.  

Interestingly, the largest effects on ATPase activity were seen for CQ (Figure 3.19C), to 

which PfMDR1 is not believed to confer resistance [79, 116-117]. CQ very weakly (non-

significantly) stimulated ATPase activity (10-20%) for the 3D7 and Dd2 isoforms at the 

higher range of anticipated cytosolic concentrations, but then very strongly inhibited all 

isoforms at anticipated DV concentrations to less than 10% of their basal activities 

(p<0.001 for all points ≥1.25 mM compared to no drug by ANOVA for all three 

isoforms). 

In some cases, VPL alone, and/or non-lethal doses of VPL along with drugs to 

which the ABC transporter confers resistance, further stimulates ATPase activity of the 

transporter.  Since some strains of CQR parasites can be resensitized by VPL, but the 

mechanism of this chemoreversal is unknown, it was hypothesized that VPL would affect 

the ATPase activity of Dd2 PfMDR1 but not 7G8.  Indeed, physiologic (non-toxic) 

dosages of VPL (1-2 µM) had a significant effect on Dd2 PfMDR1 ATPase activity 

(p<0.001 by t-test) but not 3D7 and 7G8, which appeared insensitive over this range 

(Figure 3.19D). The Dd2 isoform was inhibited by approximately 2-fold at 2 µM VPL, 

and ~60% stimulation from this value was then seen at progressively higher (toxic) 
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concentrations.  The 7G8 variant was particularly unresponsive to this drug, with activity 

fluctuating by only a couple of percent across a wide range of [VPL]. 
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Figure 3.19 Effects of drugs on PfMDR1 ATPase activity. Various concentrations of 
(A) MQ, (B) QN, (C) CQ, and (D) VPL were tested for their ability to modulate the 
ATPase activity of the 3D7 (squares, solid lines), Dd2 (triangles, dashed lines), and 7G8 
(circles, dotted lines) PfMDR1 isoforms.  The left half of each graph corresponds to drug 
concentrations present in the parasite cytoplasm, while the right half of each graph 
corresponds to drug concentrations predicted to accumulate within the DV.  Each point is 
an average of at least 6 determinations (3 replicates in each of 2 independent experiments) 
and error bars show standard deviation. 
 

Since VPL is capable of reversing the drug resistance phenotype, and may be 

exerting this effect through PfMDR1, it seems reasonable that this compound might also 

reverse any drug-induced effects on the ATPase activity of this protein.  While some 
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variants tested showed a slight activation in the presence of MQ alone, the addition of 2 

µM VPL did not further stimulate as has been seen in HuMDR1, but in fact negated or 

shifted the concentration dependence for MQ-induced stimulation (Figure 3.20A).  3D7 

and 7G8 variants displayed almost no response to the drug combination, while the Dd2 

protein was initially inhibited at cytosolic concentrations of MQ and then later recovered 

its basal level of activity at DV concentrations.  In the case of QN combined with 2 µM 

VPL (Figure 3.20B), again 3D7 PfMDR1 was unaffected across the entire range of [QN].  

The Dd2 isoform exhibited a biphasic profile, with up to 40% stimulation at cytosolic 

concentrations of QN followed by 25% inhibition at DV concentrations.  Somewhat 

similarly, the 7G8 variant was stimulated up to 50% in the low drug range and then 

brought back to basal activity by high drug concentrations.  Finally, when 2 µM VPL was 

added to various amounts of CQ, an almost complete reversal of the inhibition previously 

found at DV concentrations of CQ alone was achieved (Figure 3.20C).    The Dd2 protein 

variant was even mildly stimulated under these conditions. 

Since VPL is monobasic, it will also accumulate in the DV.  Therefore, the effect 

of the quinoline drugs on PfMDR1 ATPase activity was also examined at 20 µM VPL 

(Figure 3.20D-F).  Again, very little stimulation or inhibition was seen with MQ, with the 

exception that the activity of the 3D7 isoform was raised to Dd2-like levels across the 

board.  This was also true for the QN-VPL and CQ-VPL combinations.  With the co-

treatment with CQ and VPL, Dd2 PfMDR1 displayed a particularly complex behavior, 

with an initially marked inhibition at low cytosolic concentrations that was then returned 

to baseline at mid-range concentrations, and finally re-inhibited at very high [CQ]. 
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Figure 3.20 Effects of drugs on PfMDR1 ATPase activity in the presence of 
verapamil. Various concentrations of (A, D) MQ, (B, E) QN, and (C, F) CQ were tested 
for their ability to modulate the ATPase activity of the 3D7 (squares, solid lines), Dd2 
(triangles, dashed lines), and 7G8 (circles, dotted lines) PfMDR1 isoforms in the presence 
of 2 µM (A-C) or 20 µM (D-F) VPL.  The left half of each graph corresponds to drug 
concentrations present in the parasite cytoplasm, while the right half of each graph 
corresponds to drug concentrations predicted to accumulate within the DV.  Each point is 
an average of at least 6 determinations (3 replicates in each of 2 independent experiments) 
and error bars show standard deviation. 
 

Finally, the ATPase activity of the 3D7 “half transporter” constructs expressed 

either alone (N-terminal, C-terminal) or together (coexpressed) was compared to the 

behavior of the full length 3D7 isoform (Figure 3.21).  As expected [162], ATPase 

activity of the N-terminal and C-terminal halves was lower than that of the full length, 

even after normalization to number of NBDs, yet exhibited similar [ATP] dependency.  

The two half transporters expressed together did not show maximum ATPase activity 

until higher [ATP].  The pH dependency for ATP hydrolysis was lost for the half 

transporters, yet was steeper for the coexpressed pair.  N-terminal PfMDR1 was found to 

have similar activity relative to C-terminal, and at optimum pH, the coexpressed halves’ 

activity was 100% that of the full length. Based on these data, it is likely that 

communication between the two halves is important with regard to optimal activity.  
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Figure 3.21  Basal ATPase characterization of N- and C-terminal half constructs 
compared to full-length PfDMR1.  (A) ATP dependence and (B) pH profile of wildtype 
full length (solid squares, solid line), N-terminal (open triangles, dashed line), C-terminal 
(open circles, dotted line), and coexpressed N- and C-terminal (closed diamonds, thatched 
line) PfMDR1.  Each point is an average of at least 6 determinations (3 replicates in each 
of 2 independent experiments) and error bars show standard deviation. 
 

QN and CQ drug stimulatory effects observed for the full length PfMDR1 were 

lost when the protein was expressed as N-terminal or C-terminal forms (Figure 3.22). 

However, mild MQ stimulation, but at higher dose (corresponding to predicted DV 

concentrations) was preserved for the N- and C-terminal half-transporters, as were 

inhibitory effects seen at high doses of CQ. 
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Figure 3.22  Drug effects on ATPase activity of wildtype half transporters in comparison 
to full length PfMDR1.  Two concentrations of (A) MQ, (B) QN, and (C) CQ  
(representative of one cytosolic and one DV concentration) were tested.  Each value is an 
average of at least 6 determinations (3 replicates in each of 2 independent experiments) 
and error bars show standard deviation. 
 
 

3.2.5  Further definition of 7G8 PfMDR1 ATPase activity 
 
Among the differences found between 3D7, Dd2, and 7G8 isoforms of PfMDR1, 

the disparity in basal activity was particularly intriguing.  The Dd2 (VPL-reversible CQR 

phenotype) variant exhibited higher ATPase activity relative to that of 3D7 (CQS), while 
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activity of the 7G8 (VPL-irreversible CQR) isoform was by far the lowest of the three.  

Also, in contrast to Dd2 and 3D7 isoforms, ATPase activity of 7G8 PfMDR1 was largely 

unaffected by quinoline antimalarial drugs, except at very high [CQ].  Since Dd2 

PfMDR1 possesses a single amino acid change relative to 3D7 (N86Y), some of the 

observed changes in activity may be assigned to this substitution.  However, 7G8 

PfMDR1 contains four additional substitutions relative to wild type:  Y184F, S1034C, 

N1042D, and D1246Y.  In order to investigate which of these mutations is responsible 

for the unusual 7G8 isoform ATPase activity (i.e., low Vmax, high Km, conspicuous loss 

of drug response), yeast strains expressing PfMDR1 harboring various combinations of 

these mutations were created.   This is the first step in identifying regions of the PfMDR1 

molecule that may or may not interact with specific drugs.  

Initial data indicated that a mutant containing the three C-terminal substitutions 

(called “triple mutant” or TM) behaved similarly relative to 7G8 PfMDR1.  Attention was 

therefore focused on the effects of the 1034C, 1042D, and 1246Y substitutions, both alone 

and in various possible combinations.  Three yeast strains expressing PfMDR1 with each 

single mutation as well as 3 strains with each possible double mutation (see Section 3.1.6) 

were created.  Plasma membrane fractions were purified from each strain (Figure 3.23) 

and quantified as previously described (Table 3.10; see Section 3.2.1).   
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   1     2     3     4     5    6     7     8 

 
Figure 3.23  PolyHis blot of C-terminal mutant plasma membranes.  There is 
approximately equal inducible expression of each mutant isoform.  Lane 1, negative 
control membranes (transformed with empty pPICZc plasmid); lane 2, 1034C; lane 3, 
1042D; lane 4, 1246Y; lane 5, 1034C/1042D; lane 6, 1034C/1246Y; lane 7, 
1042D/1246Y; lane 8, 1034C/1042D/1246Y triple mutant. 

 
Isoform Percent PM protein 

1034 3.63% 
1042 2.45% 
1246 2.71% 

1034/1042 1.94% 
1034/1246 2.85% 
1042/1246 2.05% 

TM 2.46% 
Table 3.10  Percent of total membrane protein constituted by PfMDR1.   

 
All mutants tested had an optimum pH near 7.0 or 7.5 and all but one showed 

optimal activity near 5.0 or 7.5 mM ATP (Table 3.11).  In terms of basal activity, the 

S1034C mutant closely approximates 7G8 PfMDR1, whereas N1042D is more similar to 

the Dd2 isoform, and D1246Y exhibits the highest ATPase activity of any variant yet 

tested (with a Vmax identical to that of Dd2).  However, Km for S1034C is conspicuously 

higher relative to 7G8.  That is, no single C-terminal substitution recapitulates both Vmax 

and Km seen for the 7G8 isoform.  Two or more mutations must therefore act in concert to 

produce an enzyme with 7G8 PfMDR1 kinetic characteristics.  Interestingly, the 

1034/1042 and 1034/1046 double mutant isoforms both show elevated Vmax and lower Km 

relative to the S1034C.  The 1042/1246 double mutant is similar to the 3D7 variant, and 
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shows higher Km relative to the single-site 1042 and 1246 mutants.  Thus the relatively 

lower Vmax and higher Km that is seen for TM and 7G8 PfMDR1 is not seen in any of the 

double mutants; all three C-terminal substitutions are required for this behavior.  The 

remaining mutation that converts the TM variant to a full 7G8 haplotype (Y184F) must 

produce a small effect that then mildly raises Vmax and lowers Km but does not alter drug 

response (consistent with previous suggestions from analysis of transfectants [116-117]). 
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Table 3.11  Kinetic parameters and inhibitor sensitivities of PfMDR1 isoforms.  Basal 
ATPase activity +/- VPL (rows 1,2) is measured under optimum conditions (temp, [ATP], 
pH) in the absence of antimalarial drugs, and numbers shown are the average of at least 6 
measurements +/- standard deviation.  For row 3, activity was tested at [ATP] = 2.5, 5.0, 
7.5 and 10.0 mM; for row 4, activity was tested at pH = 6.0 to 8.0 in 0.5 unit increments.  
For other rows, values were computed after curve-fitting the relevant plotted variables.  
N/A denotes not analyzed, as the measured activity in the presence of vanadate was too 
low to yield a statistically reliable calculation.   

 

Earlier, it was shown that the ATPase activity of 3D7 PfMDR1 is mildly 

stimulated (maximal of ~1.5-fold) over a wide range of estimated cytoplasmic and 
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digestive vacuolar concentrations of MQ (Figure 3.19A).  Amongst the C-terminal 

mutants, the N1042D and D1246Y single mutants as well as the 1034C/1042D double 

mutant are similarly stimulated by MQ, but only at cytoplasmic concentrations of the 

drug (Figure 3.24A).  A decrease in ATPase activity was then seen at DV concentrations 

for almost all the variants tested.  This inhibition was generally around 50%, but reached 

almost 75% for the double 1042D/1246Y isoform (p<0.001 by t-test).  In contrast, the 

S1034C single mutant showed very little response in either direction upon addition of any 

concentration of MQ, remarkably similar to the behavior of TM and 7G8.  A significant 

QN stimulatory effect was previously seen for 3D7 and Dd2 isoforms, but only at very 

high concentrations that correspond to the very upper range of what can be expected 

within the DV.  None of the C-terminal mutants display this stimulation, and indeed some 

(particularly the 1034C/1246Y and 1042D/1246Y) even seem to be inhibited by high 

amounts of QN (Figure 3.24B).  However, 1246Y and 1034C/1042D were stimulated (up 

to 50% and 70% respectively, corresponding to a p<0.01 by t-test) at much lower 

concentrations.  Considering the fact that CQ is generally not believed to interact with 

PfMDR1, it was surprising that the earlier studies found CQ had the greatest effect on 

ATPase activity: high DV-compatible concentrations of CQ severely inhibited both 3D7 

and 7G8 isoforms. Under similar conditions, all C-terminal mutants exhibit some degree 

of inhibition, but only S1034C and TM are rendered almost completely inactive (Figure 

3.24C).  In sum, of all mutants tested, only the S1034C variant exhibited a nearly 

identical “drug profile” to 7G8 PfMDR1.  Also, interestingly, S1034C and 7G8 are the 

only two isoforms that were not affected at all by VPL (Table 3.11).  
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Figure 3.24  Drug effects on C-terminal mutants.  Cytosolic (left) and DV (right) 
concentrations of MQ (A), QN (B), and CQ (C) were investigated for their effects on a 
panel of mutant PfMDR1 isoforms.  A visual legend has been provided to assist in the 
deciphering of the congested graphs.  Each point is the average of at least 6 
determinations (3 replicates in 2 independent experiments) and error bars indicate 
standard deviation. 
 
 

3.3  CQ binding to PfCRT 

 
3.3.1  Creation of “BAD-less” pfcrt constructs 

In anticipation of a biotinylated photoligand (see Section 3.3.3), site-directed 

mutagenesis was used to removed the BAD (see Section 2.2.6) from plasmids previously 

created in the laboratory [131].   
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Figure 3.25   Screening for removal of BAD from PfCRT.  (A) Avidin and (B) polyHis 
blots of yeast colonies transformed with HB3 (lanes 3-8) and Dd2 (lanes 9-14) BAD-less 
constructs.  Lane 1, MW standards labeled in kDa; lane 2, control CRT-HB membranes;  
odd-numbered lanes 3-13, CMs from 0 hours of induction; even-numbered lanes 4-14, 
CMs harvested 24 hours post-induction.  The removal of the BAD domain decreases the 
size of PfCRT from ~54 kDa (only arrow in A, upper arrow in B) to ~48 kDa (lower 
arrow in B).   
 

3.3.2  Purification of PfCRT 

The purification of PfCRT was accomplished using a similar procedure to that for 

PfMDR1 (Section 3.1.9).  As found previously, avidin chromatography resulted in much 
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purer PLs, while nickel IMAC produced PLs with more contaminating proteins (Figure 

3.26). 

 1     2      3     4      5      6     7      8      9      10   
97.4 
66.2 
45 

31 

21.5 

14.4 

6.5  

Figure 3.26  Purification of PfCRT.  Silver stain of various fractions from the purification 
process.  Lane 1, broad range MW standards; lane 2, CRT-His-BAD crude membrane; 
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, PL; Lane 10, CRT-His Nickel-purified PL.    
 
 In vivo, PfCRT is oriented with its N- and C-terminal tails in the cytoplasm [83].  

The directionality of the protein within the reconstituted lipid system was determined by 

cleaving the BAD from the rest of the molecule with Factor Xa (Figure 3.27).  Assuming 

a certain degree of “tightness” to the PLs that excludes the enzyme from accessing the 

internal environment, only proteins that mimic the native orientation within the DV 

membrane will be susceptible to Factor Xa digest.  Comparison of the amount of fully 

cleaved protein to the original sample shows that the majority of PfCRT is oriented 

correctly. 
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Figure 3.27  Determination of PfCRT orientation.  (A) Avidin (upper) and polyHistidine 
(lower) immunoblots of Dd2-His-BAD digested with Factor Xa.  Lane 1, biotinylated 
MW standards; Lane 2, original undigested PL; lanes 3-7, PL digested  for 30, 60, 90, 
120, and 150 min, respectively.  Note that the presence of the BAD seems to interfere with 
the binding of the anti-His antibody (compare lanes 2 and 3, which contain equal amounts 
of protein). (B)  Plot of amount of full-length CRT-His-BAD remaining over time.  Image 
J (NIH) was used to find the densitometry of the band corresponding to CRT-His-BAD in 
each of the blots in (A).  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 ¾ of the 
molecules are oriented with the C-terminal tail on the outside of the lipid.   
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3.3.3  Synthesis of AzBCQ 

A photoreactive analogue of CQ was designed by Dr. Paul Roepe and Dr. 

Christian Wolf and synthesized by Dr. Jayakumar Natarajan (all from the Department of 

Chemistry, Georgetown University).  As the molecule contains a perfluoro phenyl azide 

and a biotin tag, it has come to be called Azido-Biotinylated-Chloroquine (AzBCQ; 

Figure 3.28).  The essential pharmacophore of the drug is preserved, and the pKa of the 

side chain remains unaltered.  The aryl azide forms a reactive nitrene upon UV irradiation, 

which can undergo C-H insertion with proximal amino acid side groups, thus covalently 

attaching to the protein.  The biotin tag can be quantified by avidin-HRP detection and can 

also be used to purify protein-drug conjugates.  The azide and biotin groups are both 

attached by flexible linkers whose lengths can be easily modified. 

 

Figure 3.28 Synthetic scheme for Azido-Biotinylated-Chloroquine (AzBCQ).  Yields are 
marked in percentages underneath each product.  The final compound was assessed by 1H 
and 13C-NMR spectroscopy as well as HPLC and was found to be ~97% pure. 
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3.3.4  Photolabeling of PfCRT in native membranes 

Repeated attempts to photolabel PfCRT in several yeast membrane preparations 

(CMs, PMs, and inside-out vesicles (ISOVs)) were unsuccessful due to the high 

background caused by the relatively large number of endogenously biotinylated proteins.  

Plasmodium has no naturally occurring biotinylation, so efforts were then made to 

photolabel parasites directly.  HB3 and Dd2 strains of P. falciparum were maintained in 

culture by Mynthia Cabrera (Department of Chemistry, Georgetown University) and 

grown to ~10% parasitemia.  The prepared culture was harvested and the parasites were 

released from their red blood cell hosts by gentle treatment with saponin [185].  The intact 

parasites were then incubated with AzBCQ and photolabeled.  The protein extracts were 

analyzed by immunoblotting with avidin (to detect proteins bound to probe) as well as 

anti-CRT antibody (Figure 3.29).  The specificity of the label was demonstrated though 

competition of labeling with “cold” (non-azido-biotinylated) CQ. 

As shown in Figure 3.29A, endogenous wildtype (HB3) PfCRT protein is 

efficiently labeled with 10 µM AzBCQ, and labeling is competed by “cold” CQ.   Figure 

3.29B compares PfCRT labeling for approximately equal amounts of HB3 (CQS) and 

Dd2 (CQR) parasites and shows that competition of labeling by cold CQ is qualitatively 

similar for both isoforms.  It is noted that isolation of saponin-treated parasites routinely 

yields suspected partially proteolyzed PfCRT fragments and that some of these 

apparently include the AzBCQ binding site.  Other immunoreactive bands may represent 

108 



proteolyzed PfCRT domains that do not contain the AzBCQ binding site or nonspecific 

reactivity of the polyclonal antibody.   
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Figure 3.29  AzBCQ labeling of saponin-isolated parasites.  (A) Competition of AzBCQ 
labeling of native HB3 PfCRT.  Avidin (lanes 1-6) and anti-PfCRT (lanes 7-12) blots of 
HB3 parasites reacted with 10 µM AzBCQ in the absence or presence of unlabeled CQ.  
Lanes 1 & 7, no competitor; lanes 2 & 8, 0.8 mM CQ; lanes 3 & 9, 1.6 mM CQ; lanes 4 & 
10, 2.4 mM CQ; lanes 5 & 11, 3.2 mM AzBCQ; lanes 6 & 12, 4.0 mM CQ.  (B)  
Comparison of competition of photolabeling of HB3 and Dd2 PfCRT.  Avidin (lanes 1-6) 
and anti-PfCRT (lanes 7-12) blot of HB3 (lanes 1-3 & 7-9) and Dd2 (lanes 4-6 & 10-12) 
parasites reacted with 10 µM AzBCQ in the absence or presence of competing unlabeled 
CQ.  Lanes 1, 4, 7, & 10, no competitor; lanes 2, 5, 8, & 11, 2 mM CQ; lanes 3, 6, 9, & 
12, 4 mM CQ.  Arrow indicates major immunoreactive band with anti-PfCRT probe, 
while asterisk is presumably a degradation product that retains the AzBCQ binding site. 
 
 

3.3.5  Photolabeling of purified heterologously expressed PfCRT 

Extensive photolabeling of intact parasites requires complicated, expensive 

culture conditions (e.g., human blood, specialized gas mixtures) and such extremely large 

volumes of culture as to make it impractical.  It takes over a week of growth to obtain 

enough material for only a few photolabeling reactions.  In addition, there is no 

commercial source for anti-PfCRT antibody and the supply is severely limited.  Detailed 
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analysis was therefore carried out on yeast-expressed PfCRT reconstituted in PLs.  

Nickel-column purified PfCRT-H PLs were used in these experiments for two reasons: 

first, the BAD attached to PfCRT-His-BAD would obviously compete for avidin-HRP 

detection with the biotin moiety attached to AzBCQ, making quantation impossible (and 

residual biotin would remain even after Factor Xa cleavage, as in Figure 3.27); second, 

even though the PfCRT-His PLs are only partially purified (Figure 3.26) the presence of 

a number of contaminants represents an additional way to gauge specificity of the 

photolabeling reaction.  Meaning, if reaction conditions were too robust, additional 

crosslinking to contaminants would be seen, whereas if the conditions generated PfCRT-

specific binding, a single band would be observed.   

Each photolabeling experiment was analyzed using a normalization procedure 

(Figure 3.30) involving finding the ratio of AzBCQ binding (determined by avidin 

detection) to total PfCRT present (determined by polyHis detection).  Also, fortuitously, 

a naturally biotinylated yeast protein contaminant is carried through via the nickel 

chelation purification strategy (Figure 3.30A, band migrating near 30 kDa).  This band 

provides convenient verification in avidin-HRP blots that equal amounts of AzBCQ-

reacted PfCRTh PLs are loaded in each lane.  This is confirmed by the companion anti-

his-HRP western blot (Figure 3.30B).   Membranes expressing PfCRT-6H-BAD were 

always run as a positive control, remembering that the presence of the BAD causes the 

protein to run at a slightly larger MW. 
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Figure 3.30  Illustration of photolabeling analysis methodology.  (A) avidin blot  (B) 
polyHis blot and (C) normalized densitometry of CQ competition of HB3 labeling at 
different concentrations of AzBCQ.  pH of the reactions was 5.2 and UV illumination 
time was 10 minutes.  The densitometry of the PfCRT band in (A) was divided by that in 
(B) and averaged with the values from another set of gels to obtain the plot shown in (C).  
For both western blots: lane 1, MW standards; lanes 2-7, 50x AzBCQ; lanes 8-13, 100x 
AzBCQ; lane 14, HB3-His-BAD crude membrane (upper arrow).  Lanes 2 & 8, no 
competing CQ; lanes 3 & 9, 10-fold CQ relative to AzBCQ; Lanes 4 & 10, 20-fold CQ; 
Lanes 5 & 11, 40-fold CQ; Lanes 6 & 12, 60-fold CQ; Lanes 7 & 13, 80-fold CQ.  For 
(C), 50x AzBCQ, solid squares, solid line; 100x AzBCQ, open squares, dashed line.  
Nonlinear regression analysis of the data points fit the curves to an equation for one-phase 
exponential decay, y = span*e(-Kx) + plateau.  R2 values were 0.96 and 0.94 for HB3 and 
Dd2, respectively. 
 

Initial photolabeling experiments were conducted to optimize reaction conditions.  

First, the time of UV radiation was varied (Figure 3.31) to ensure complete lysis and 

maximum insertion of the photolabel.  Some binding can be seen in less than one minute 

of activation, consistent with the highly reactive nature of the perfluoro phenyl azide.  

Plateau is reached within 10 minutes of UV exposure, so this time was chosen for all 

future reactions. 
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Figure 3.31  AzBCQ labeling as a function of UV illumination time.  HB3 (squares, solid 
line) and Dd2 (triangles, dashed line) were labeled with 50-fold molar AzBCQ relative to 
protein at pH 5.2.  For avidin blots in (A):  Lane 1, 0 min; lane 2, 30 sec; lane 3, 1 min; 
lane 4, 5 min; lane 5, 10 min; lane 6, 15 min.  Data were curve-fit to a hyperbolic line with 
equation y = (Bmax*x)/(Kd+x).  For HB3, R2=0.99 and for Dd2, R2=0.95. 
 

Next, the concentration of probe was titrated relative to the amount of protein 

present (Figure 3.32).  For both HB3 and Dd2 isoforms, labeling plateaus by 200-fold 

molar excess of AzBCQ.  A concentration of 50x AzBCQ was chosen for all future work 

so as to avoid saturation, which might mask potential effects or differences between 

isoforms.  Densitometry reveals that half-maximal labeling (50% of the plateau value 

determined by nonlinear regression) occurs at a probe/protein ratio of ~34 and 102 for 

HB3 and Dd2, respectively.   Although photolabeling efficiencies of probes that are 

believed to be specific to transporters or channels varies widely [44, 186-188], these 

results are at the lower end of the range of apparent affinities for azido-drug probes and 
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suggest that AzBCQ photolabeling is quite efficient and specific.  Using known amounts 

of biotinylated protein standards (e.g., lane 1, Figure 3.30A) and quantitation of purified 

PfCRT protein, it is estimated that the stoichiometry of labeling is 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 initial plateau 

conditions is quite specific and involves a single drug binding site.   
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Figure 3.32  AzBCQ labeling as a function of photoprobe concentration.  HB3 (squares, 
solid line) and Dd2 (triangles, dashed line) were labeled at pH 5.2 with 10 min of UV 
irradiation.  For avidin blots:  Lane 1, no AzBCQ; lane 2, 20-fold AzBCQ relative to 
PfCRT; lane 3, 40-fold excess AzBCQ; lane 4, 60-fold excess AzBCQ; lane 5, 80-fold 
excess AzBCQ; lane 6, 100-fold excess AzBCQ.  Data were curve-fit to a equation for 
one-phase exponential association, y = ymax(1-e-Kx).  R2 values were 0.98 and 0.97 for 
HB3 and Dd2, respectively. 
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Once these experimental parameters had been optimized, the photolabeling 

studies were expanded to include a third PfCRT isoform, 7G8 (VPL-insensitive CQR).  

The pH inside the DV is a topic of great debate in the malaria literature.  The Roepe 

laboratory has previously measured the pH of CQR parasites to be 0.4 – 0.5 units lower 

than that of CQS [104], but this result has been disputed [189].  For all three isoforms 

examined, binding of AzBCQ was markedly better at low pH (Figure 3.33).  However, at 

pH 5.0 both CQR-conferring variants (Dd2 and 7G8) are less efficiently labeled than the 

HB3 (CQS) isoform.  Since absolute efficiency in these reactions is a function of several 

variables, both absolute densitometry for the three isoforms (Figure 3.33B) as well as 

percent labeling (Figure 3.3C), normalized to maximal labeling for each isoform, are 

plotted.  
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Figure 3.33  AzBCQ labeling as a function of pH.  HB3 (squares, solid line), Dd2 
(triangles, dashed line), and 7G8 (circles, dotted line) were labeled at 50-fold molar excess 
AzBCQ with 10 min of UV irradiation.  For avidin blots in (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.  In (B) and (C), 
nonlinear regression analysis fit the data to a one-phase exponential decay with equation y 
= span*e(-Kx) + plateau and R2 values of 0.98, 0.99, and 0.95 for HB3, Dd2, and 7G8, 
respectively. 
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Calculating the affinity of AzBCQ for PfCRT is difficult because the irreversible 

nature of the binding makes equilibrium conditions impossible.  However, an apparent 

affinity can be estimated through competition studies with unlabeled quinoline drugs.  

AzBCQ appears to be functionally comparable to CQ, as labeling is readily diminished 

by increasing concentrations of CQ (Figure 3.34).  In terms of maximum binding, the 

competition is similar for both HB3 and Dd2 isoforms, with 50% knockdown occurring 

at 22.2- and 24.9-fold molar excess of unlabeled CQ.  In contrast, labeling of 7G8 PfCRT 

seems particularly sensitive to competition with CQ, with half-maximal binding at only 

6.54-fold competing CQ.  Although the range of successful competition ratios for “cold” 

substrates vs. azido probes varies widely in the literature, it is noted that these ratios are 

very much at the low end of the range, particularly for the 7G8 variant.  For example, 

efficient competition for azido analogues of vinblastine (VBL) or VPL photolabeling of 

HuMDR1 is seen anywhere from 200 – 10,000-fold molar excess cold VBL or cold VPL 

vs. the corresponding azido derivatives [44, 186-187].    
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Figure 3.34  Competition of AzBCQ binding with unlabeled CQ.  HB3 (squares, solid 
line), Dd2 (triangles, dashed line), and 7G8 (circles, dotted line) were labeled at 50-fold 
molar excess AzBCQ at pH 5.2 with 10 min of UV irradiation.  For avidin blots in (A):  
Lane 1, no CQ competitor; lane 2, 8-fold unlabeled CQ relative to AzBCQ; lane 3, 16-fold 
excess CQ; lane 4, 24-fold excess CQ; lane 5, 32-fold excess CQ; lane 6, 40-fold excess 
CQ. Data were curve-fit to a one-phase exponential decay with equation y = span*(e-Kx) + 
plateau.  HB3 R2=0.97, Dd2 R2=0.95, and 7G8 R2=0.99. 
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 While not strictly correlated, CQR is often found concomitantly with QNR.  

Competition studies were therefore also performed with unlabeled QN (Figure 3.35).  The 



co ition profiles are more uniform for QN than CQ, with half the binding lost at 18.6, 

15.7, and 10.1-fold molar excess unlabeled drug for HB3, Dd2, and 7G8, respectively.   
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Lane 1, no QN competitor; lane 2, 8-fold unlabeled QN relative to AzBCQ; lane 3, 16-
fold excess QN; lane 4, 24-fold excess QN; lane 5, 32-fold excess QN; lane 6, 40-fold 
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  Competition of AzBCQ binding with unlabeled QN.  HB3 (squares
line), Dd2 (triangles, dashed line), and 7G8 (circles, dotted line) were labeled at 50-fold 
molar excess AzBCQ at pH 5.2 with 10 min of UV irradiation.  For avidin blots in (A): 
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excess QN.  Data were curve-fit to a one-phase exponential decay with equation y = 
span*(e-Kx) + plateau.  HB3 R2=0.98, Dd2 R2=0.97, and 7G8 R2=0.98. 
 

In order to exclude the possibility that AzBCQ binding could be nonspecifically 

competed by an excess of any exogenous compound, labeling was assayed in the presence 

of ART (Figure 3.36), a drug to which PfCRT does not confer resistance.  ART failed to 

reduce AzBCQ binding of any isoform tested, and even appeared to mildly increase 

labeling of the Dd2 and 7G8 variants at higher concentrations, perhaps by reducing 

nonspecific labeling of contaminating proteins in the PLs. 
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Figure 3.36  Competition of AzBCQ binding with unlabeled ART.  HB3 (squares, solid 
line), Dd2 (triangles, dashed line), and 7G8 (circles, dotted line) were labeled at 50-fold 
molar excess AzBCQ at pH 5.2 with 10 min of UV irradiation.  For avidin blots in (A):  
Lane 1, no ART competitor; lane 2, 8-fold unlabeled ART relative to AzBCQ; lane 3, 16-
fold excess ART; lane 4, 24-fold excess ART; lane 5, 32-fold excess ART; lane 6, 40-fold 
excess ART.  Data were analyzed by linear regression to generate a straight line with 
equation y = mx + b.  R2 values were 0.03, 0.53, and 0.93 for HB3, Dd2, and 7G8, 
respectively. 
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In live parasites, the CQR conferred by the Dd2 pfcrt allele is reversed by VPL 

through an unknown mechanism.  One possibility is that VPL associates with PfCRT and 

blocks it from transporting CQ out of the DV.  HB3 and Dd2 photolabeling with AzBCQ 

is competed by VPL (Figure 3.37), but at higher concentrations compared to CQ or QN 

(35.4-fold excess for HB3 and 39.7-fold for Dd2), which is consistent with data obtained 

in parasite culture, where CQ IC50 values are in the nM range, while 1-2 µM VPL is 

required for resensitization.  Remarkably, VPL failed to outcompete AzBCQ binding to 

the 7G8 isoform, consistent with its conferral of a VPL-irreversible phenotype in live 

parasites. 
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Figure 3.37  Competition of AzBCQ binding with unlabeled VPL.  HB3 (squares, solid 
line), Dd2 (triangles, dashed line), and 7G8 (circles, dotted line) were labeled at 50-fold 
molar excess AzBCQ at pH 5.2 with 10 min of UV irradiation.  For avidin blots in (A):  
Lane 1, no VPL competitor; lane 2, 20-fold unlabeled VPL relative to AzBCQ; lane 3, 40-
fold excess VPL; lane 4, 60-fold excess VPL; lane 5, 80-fold excess VPL; lane 6, 100-fold 
excess VPL. Data were curve-fit to a one-phase exponential decay with equation y = 
span*(e-Kx) + plateau.  HB3 R2=0.91, Dd2 R2=0.91, and 7G8 R2=0.66. 
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3.3.6  Identification of the AzBCQ binding site 

Since AzBCQ labels PfCRT so well, the next logical step was to define where in 

the protein the probe binds.  As a first step, PfCRT was reacted with AzBCQ and then 

partially digested with trypsin (Figure 3.38), which selectively cleaves at amino acid 

residues C-terminal to arginine or lysine.  The major initial degradation product was ~17 

kDa and must be the C-terminus of the protein as it retains the polyHis tag (Figure 3.39).  

Further digestion did not allow for resolution of smaller labeled fragments, although a 

~6.5 kDa unlabeled and non anti-his reactive fragment was identified on companion 

silver-stained gels (not shown).    
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Figure 3.38  Avidin blot of trypsin digest of PfCRT.  Lane 1, MW standards; lane 2, 
trypsin; lane 3, undigested PfCRT; lanes 4-9, PfCRT digested with trypsin for 2.5, 5, 10, 
15, 20, and 30 min respectively. 
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Figure 3.39  Identification of the major tryptic fragment as the C-terminus.  (A) silver 
stain, (B) avidin blot, and (C) polyHis blot of tryptic digest of PfCRT.  Lane 1, MW 
standards; lane 2, trypsin; lane 3, undigested PfCRT; lane 4, PfCRT digested with trypsin 
for 2.5 min. 
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 The labeled protein fragment was excised from the silver stained gel (Figure 

3.39A) and sent to the Georgetown Proteomics Core Facility for mass spectrometry 

analysis.  The peaks from the resulting mass spectrum (Figure 3.40) were examined for 

their amino acid composition and compared to the predicted masses of the expected 

tryptic fragments from the terminal ~17 kDa of PfCRT (Table 3.12).  A few peaks 

corresponded to keratin (a ubiquitous contaminant from human skin) and one to a trypsin 

autolytic fragment.  Peptides corresponding to PfCRT amino acids 285-317 and 405-424 

were also identified (Figure 3.41, italics).  Additionally, one low-mass peak could 

represent either a tripeptide from keratin or PfCRT amino acids 372-374.  Since their 

masses corresponded exactly to the observed MS peaks +/- 0.5 Da, these fragments 

cannot contain the AzBCQ tag. 

mass (Da) amino acid
position 

peptide sequence 

1768.9380 271-284 QLHLPYNEIWTNIK 
1097.5560 285-294 NGFACLFLGR 
1335.6395 295-307 NTVVENCGLGMAK 
1125.4339 308-317 LCDDCDGAWK 
2585.2996 318-339 TFALFSFFNICDNLITSYII DK 
2688.3452 340-363 FSTMTYTIVSCIQGPAIAIAYYFK 
876.4937 364-371 FLAGDVVR 
401.2143 372-374 EPR 

2137.1732 375-392 LLDFVTLFGYLFGSIIYR 
913.5465 393-400 VGNIILER 
147.1128 401-401 K 
147.1128 402-402 K 
306.1594 403-404 MR 

2235.9735 405-424 NEENEDSEGELTNVDSIITQ  
Table 3.12  Predicted tryptic fragments of the C-terminal 17 kDa of PfCRT. 
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Figure 3.40  Mass spectrum of PfCRT tryptic fragment. 
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Upon UV activation, the AzBCQ molecule loses N2, resulting in an adduct with 

MW 766.25 Da.  Subtraction of this value from the masses of all peaks displayed in the 

peptide m/z spectrum yielded only one peak that corresponds to a predicted tryptic 

fragment residing with the C-terminal region of HB3 PfCRT.  That peak has m/z of 

2024.64, which is within 0.30 Da of that expected for the peptide defined by residues 364 

– 374 (Figure 3.41, bold).  The AzBCQ must therefore be attached to one of these amino 

acids.  Moreover, the last three amino acids of this segment are those that may 

correspond to the low-mass unlabeled fragment mentioned earlier, thereby further 

narrowing the possible positions for the label.  These residues are believed to comprise 

the intra-digestive vacuolar loop connecting putative helices 9 and 10 (Figure 3.41, 

underlined) of PfCRT protein, and contained within this sequence is position 371, which 

is known to be mutated in some CQR strains (e.g., Dd2 R371I).    

…QLHLPYNEIWTNIKNGFACLFLGRNTVVENCGLGMAK
LCDDCDGAWKTFALFSFFNICDNLITSYIIDKFSTMTY
TIVSCIQGPAIAIAYYFKFLAGDVVREPRLLDFVTLFG
YLFGSIIYRVGNIILERKKMRNEENEDSEGELTNVDSI
ITQ 

 

Figure 3.41  C-terminal sequence of PfCRT containing the AzBCQ binding site.  Shown 
are amino acids 271-424, corresponding to the last 18.6 kDa of the protein.  Unlabeled 
peptide fragments identified by MS are in italics, predicted transmembrane domains are 
underlined, and the AzBCQ-bound fragment is in bold. 
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3.3.7  Preliminary photolabeling of PfMDR1 

Initial experiments have indicated that AzBCQ also binds to PfMDR1.  Half 

maximal labeling of the TM isoform occurs at 58.8 µM AzBCQ, and CQ inhibits half of 

the labeling at a probe/competitor ratio of 41.68 (Figure 3.42).  This is roughly twice the 

ratio needed to compete away half of HB3 and Dd2 PfCRT labeling, which indicates a 

greater affinity of the probe for PfCRT than PfMDR1.  Labeling is also competed by QN 

(with half the binding lost at 45.15-fold excess competitor) but is not affected by VPL 

(Figure 3.43). 
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Figure 3.42  AzBCQ labeling of PfMDR1.  (A) avidin and (B) polyHis blots of TM 
PfMDR1 labeled with increasing AzBCQ (lanes 2-7) and competition of the labeling with 
CQ (lanes 8-13).  Lane 1, MW standards; lanes 2-7, 20, 40, 60, 80, and 100 µM AzBCQ 
respectively; lanes 8-13, 0, 16, 32, 48, 64, and 80-fold unlabeled CQ relative to AzBCQ; 
lane 14, PfMDR1-His-BAD PL.  Note that the small difference in MW between PfMDR1-
His-BAD and PfMDR1-His is not detectable (unlike that for PfCRT) due to the relatively 
large size of the protein and the resolving power of the gels.  (C) normalized densitometry 
of PfMDR1 photolabeling as a function of [AzBCQ] from lanes 2-7 in A and B.  
Nonlinear regression analysis fit the data points to a hyperbolic curve of the equation y = 
(Bmax*x)/(Kd+x) with R2 of 0.90.  (D) normalized densitometry of competition of AzBCQ 
photolabeling by CQ from lanes 8-13 in A and B.  Data were curve-fit to a one-phase 
exponential decay with equation y = span*(e-Kx) + plateau and had an R2 of 0.94. 
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Figure 3.43  Competition of AzBCQ labeling of PfMDR1.  TM PfMDR1 was labeled 
with 50 µM AZBCQ at pH 5.2 and 10 min UV illumination.  Lanes 1-6:  0, 16, 32, 48, 64, 
and 80-fold unlabeled QN or VPL relative to AzBCQ, respectively.  For QN, nonlinear 
regression fit the data to an equation for one-phase exponential decay with equation y = 
span*(e-Kx) + plateau (R2 of 0.89) and for VPL, the data were fit to a straight line with 
equation y = mx + b (R2 of 0.03). 
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CHAPTER 4:   DISCUSSION 

 

4.1 Functional analysis of PfMDR1 

[Reproduced in part with permission from Amoah LE, Lekostaj JK, and Roepe PD.  
Heterologous expression and ATPase activity of mutant versus wild type PfMDR1 
protein.  46(20):  6060-73. Copyright 2007 American Chemical Society] [182] 
 
[Reproduced in part with permission from Lekostaj JK, Amoah LE, and Roepe PD.  A 
single S1034C mutation confers altered drug sensitivity to PfMDR1 ATPase activity that 
is characteristic of the 7G8 isoform.  157(1):  107-11. Copyright 2008 Elsevier] [183] 
 

 
4.1.1  ATPase activity of HB3, Dd2, and 7G8 PfMDR1 

Although a range of characteristics can be noted in the literature for ABC 

proteins, in general, PfMDR1 ATPase activity is similar to other 12-helix ABCB 

transporters.  However, at high [ATP] the ATPase activity of PfMDR1 is particularly 

robust relative to human or mouse P-glycoproteins, yeast PDR5, and other ABC-Bs 

involved in drug resistance phenomena, and is instead more similar to basal activity 

previously measured for prokaryotic ABC transporters.  Using densitometry to rigorously 

quantify PfMDR1 in the yeast PM, apparent Km and Vmax for 3D7 PfMDR1 were 

calculated to be 2.14 mM and 62.9 µmol Pi released / mg PfMDR1 / min, respectively (at 

pH 7.5 and 10 mM Mg++). Other eukaryotic 12-helix ABC transporters have been 

reported to exhibit Km for basal ATPase activity that range from 0.5 – 2.5 mM, and Vmax 

of 0.5 – 5 µmol / mg / min.  However, relatively few eukaryotic ABC Vmax have 

previously been quantified using integral native membrane preparations, and are instead 

more often calculated using purified detergent-extracted enzyme that could conceivably 
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have lost some level of activity.  Also, unlike PfMDR1, other ABC proteins exhibit up to 

20-fold stimulation in the presence of various drugs.  Thus, basal ATPase activity of 

heterologously expressed PfMDR1 is commensurate with the higher end of previously 

measured optimized (i.e., drug-stimulated) activity for various ABC transporters. 

Definition of the molecular mechanism behind any ABC-B transporter-mediated 

drug resistance phenomenon remains elusive.  In the particular case of PfMDR1 and 

antimalarial drug resistance, there is some disagreement in the relevant literature.  First, 

any antimalarial resistance mediated in vivo by mutated or alternately expressed PfMDR1 

appears to be dependent upon the simultaneous expression of CQR-conferring mutant 

PfCRT [81].  That is, mutation and/or increased expression of PfMDR1 likely does not 

promote appreciable drug resistance in and of itself, as shown recently for strain GC03 

parasites that express wildtype PfCRT [116]. The nature of this PfCRT-PfMDR1 

interaction (i.e., whether it is direct or indirect) is not known, but obviously merits 

additional study using heterologous expression and purification methods.  Second, the 

relative importance of PfMDR1 overexpression vs. mutation (as well as overexpression 

of wildtype vs. overexpression of mutant PfMDR1 isoforms) in contributing to 

antimalarial drug resistance is currently a topic of debate. Notwithstanding these two 

complexities, the data in this thesis do help to further define an emerging model for the 

role of PfMDR1 in antimalarial drug resistance. 

From prokaryotes to humans, there are multiple examples wherein overexpression 

or mutation of 6-helix or 12-helix ABC proteins contribute to pleiotropic resistance 

phenomena (resistance to multiple classes of antibiotics, heavy metals, antiparasitic 
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drugs, or anticancer drugs depending on the host organism).  In reviewing all of this, it is 

difficult and perhaps dangerous to attempt to draw too many general conclusions.  

However, there are important comparisons that are relevant for interpreting these data for 

PfMDR1.  PfMDR1 is a 12 helix, 2 NBD member of the ABC-B subfamily that is 

believed to confer resistance to hydrophobic weakly basic compounds. These drugs are in 

some respects structurally reminiscent of cancer chemotherapeutics, to which 

overexpression of the human ABC-B protein HuMDR1 confers resistance.  A similar 

parallel could be drawn using the yeast ABC-B protein PDR5 which is known to be 

similar to HuMDR1 in many respects [190].  Reports of how HuMDR1 or PDR5 ATPase 

activities are altered by the drugs to which these proteins confer resistance vary (e.g., 

[133, 162, 191-196]), but with a few exceptions they are stimulatory and typically at least 

2-3 fold, occasionally even as high as 10-20 fold.  Notably, PfMDR1 differs from these 

related resistance conferring ABC-B proteins in that the drug to which it is currently 

believed to most influence the parasite’s response (MQ) stimulates ATPase activity by at 

most only 30-50%.  Also, again in contrast to HuMDR1 and PDR5, the chemoreversal 

agent VPL does not further stimulate within the relevant concentration range.  This 

suggests that compared to the relationship between HuMDR1 or PDR5 and the drugs to 

which they confer resistance, MQ interacts more weakly with PfMDR1, and VPL may 

interact in a different fashion altogether.  This would be consistent with PfMDR1 playing 

only a small role in conferring resistance to MQ and other quinoline-based antimalarials, 

as has been recently suggested by several laboratories based on QTL analysis or 

transfection results [92, 116-117].  ATPase stimulation is somewhat greater at very high 
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levels of QN, but even in this case is below what has typically been measured for 

HuMDR1 or PDR5.  Overall then, drug stimulation of PfMDR1 ATPase activity is unlike 

that for any previously characterized drug-resistance associated ABC-B protein, and is 

instead curiously much more consistent with recent results for Cdr1p, a member of the 

architecturally distinct ABC-G sub-family that is involved in antifungal drug resistance 

[197].   

The PfMDR1 ATPase profile in response to CQ, differences in this profile 

between 3D7 and Dd2 isoforms, and the effects of VPL on these profiles are intriguing. 

The “biphasic” (mild stimulatory following by strongly inhibitory) profile observed 

across the wide range of [CQ] inspected is unusual but is again somewhat reminiscent of 

HuMDR1, which has been observed to exhibit biphasic profiles for several compounds to 

which it mediates resistance [192]. But since the prevailing hypothesis is that PfMDR1 

does not mediate resistance to CQ, these data are surprising. The nearly complete 

inhibition of PfMDR1 by high “DV” concentrations of CQ could be quite important for 

interpreting complex patterns of active or passive drug transport proposed to be linked to 

the CQR phenotype [198-199].   

In the case of HuMDR1, VPL typically further stimulates ATPase activity when 

combined with stimulatory weak base chemotherapeutics.  In the case of PfMDR1, 2 µM 

VPL reverses both the mild stimulatory effect seen at 200 nm MQ as well as the drastic 

CQ inhibition caused by mM concentrations.  These effects could be due in part to the 

fact that unlike HuMDR1, PfMDR1 does not appear to be simulated by VPL alone to any 

appreciable extent.  A weak interaction with VPL is consistent with the recent 
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conclusions of Cooper et al. [169] that link VPL chemoreversal of quinoline drug 

resistance in P. falciparum to PfCRT mutations, and not to mutation or altered expression 

of PfMDR1.  Conversely, Kirk and colleagues [174] have recently suggested that 

PfMDR1 mutations influence the intrinsic antiplasmodial activity of VPL (which is toxic 

to P. falciparum above 2 µM).   

Although the effects are mild, there are differences in how the three PfCRT 

variants examined respond to VPL.  ATPase activity of the 7G8 isoform is not affected 

by VPL alone and data in [174] suggest mutations found in the 7G8 isoform confer 

increased sensitivity to VPL. Thus, stimulation of PfMDR1 ATPase by toxic levels of 

VPL may be linked to decreased sensitivity to VPL.  This might be consistent with 3D7 

and Dd2 PfMDR1 acting to concentrate VPL within the DV, away from targets elsewhere 

in the cell.  How the other ATPase effects measured correspond to patterns of drug 

resistance believed to be partially mediated by PfMDR1 in vivo is less clear.  As 

mentioned, for P. falciparum, low levels of resistance that may be mediated by PfMDR1 

require the presence of mutated PfCRT, and the relative importance of PfMDR1 

overexpression vs. mutation in contributing to this resistance is currently a topic of 

debate.  Recent field studies [108] suggest that for isolates harboring CQR-conferring 

pfcrt mutations, gene duplication of 3D7 pfmdr1 is associated with increased resistance to 

MQ and QN but does not further influence the level of CQR.  In vitro, some increased 

resistance to MQ and QN was seen for strains expressing the N86Y (Dd2) isoform [108], 

but no in vivo correlation was observed.  Relatedly, recent gene disruption studies using a 

strain exhibiting pfmdr1 gene duplication presumably due to CQ selection [112] have 
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shown the converse (i.e., that decreased expression of PfMDR1 confers increased 

susceptibility to MQ and QN).   

In light of these observations, interestingly, the basal ATPase activity we measure 

is conspicuously higher for Dd2 and 3D7 isoforms than 7G8, with Dd2 being the highest.  

Although allele-specific overexpression trends have not been examined in any detail, 

based on this result it could be predicted that selection for overexpression of 7G8 

PfMDR1 would be less common than overexpression of 3D7 or Dd2 isoforms in drug 

resistant P. falciparum.  Furthermore, the data suggest that if the net level of PfMDR1 

ATPase activity is the relevant factor in conferring resistance, overexpression of Dd2 

PfMDR1 under CQ selection pressure would be more “efficient” than overexpression of 

3D7.  Meaning, in the presence of CQS IC50 levels of CQ (the clinically relevant level of 

CQ selection pressure) 2 copies of Dd2 PfMDR1 would provide similar increased 

PfMDR1 ATPase activity relative to 4 copies of 3D7 (whereas  nearly 10 copies of 7G8 

would be required to obtain the same level of ATPase activity). Therefore, 

overexpression of 7G8 or 7G8-like variants yet to be discovered will be probably be less 

well correlated with drug resistance (relative to 3D7 and Dd2), since reasonable increases 

in copy number will not impart similar levels of drug-stimulated PfMDR1 ATPase 

activity. 

Interestingly, Dd2 CQR parasites have elevated cytosolic pH [184] relative to 

3D7, which according to the data presented earlier (Figure 3.18D) might act to further 

stimulate PfMDR1 in this strain.  That is, the difference in ATPase activities for 3D7 and 

Dd2 PfMDR1 may be even greater in their respective native environments than when 
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both are examined under identical in vitro conditions.  In further prediction of relative 

effects of these PfMDR1 isoforms, precise quantification of cytosolic [ATP] and pH for 

the malarial parasite will be crucial.  Only a handful of measurements have been reported, 

but available data [200] suggest that due to anaerobic metabolism, ATP concentrations 

are lower than for other eukaryotes, perhaps as low as 1-2 mM.  

A lingering mystery has always been that since ABC-B proteins act to translocate 

drug in some fashion from the NBD-disposed side of the membrane (cytosolic for 

PfMDR1) to the opposite (DV interior), and since the DV is believed to be the primary 

site of action for quinoline-based antimalarials, how does PfMDR1 concentrating more 

drug within the DV lead to resistance?  That is, in all other examples of ABC-mediated 

drug resistance, the proteins function to lower accumulation of drug on the NBD side of 

the membrane (e.g., the cytosol for a drug resistant tumor cell) because the NBD side is 

disposed towards the drug target (e.g., cytosolic tubulins in the case of HuMDR1-

mediated resistance to vinca alkaloids). Alternatively, resistance-conferring ABC proteins 

expressed in vacuolar membranes (again with NBD disposed to the cytosol) act to 

concentrate drug into the vacuole in order to again sequester drug away from the drug 

target (which is cytosolically or nuclearly localized).   

In the case of PfMDR1, the simple prediction is that the protein would act to 

concentrate drugs at their site of action (inside the DV where the heme target lies), not 

away.  Higher levels of PfMDR1 (as in drug resistant field isolates over expressing 

pfmdr1), or drug stimulation of PfMDR1 ATPase shown here would be predicted to 

concentrate even more drug at the site of action, not less.  If the DV is indeed where the 
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primary drug target (FPIX heme) resides, as is generally accepted [201], this would act to 

encourage drug-target interactions, which is the converse of what is typically promoted 

by any drug resistance mechanism.   

One possible explanation involves the previous observation that quinoline drugs 

act to prematurely precipitate heme dimers from solution [201]. These curious nucleation 

phenomena, which occur at different rates as drug is varied from vastly sub-

stoichiometric to high molar excess, would lower drug target availability.  If pH, volume 

(concentration of heme), and ionic strength were manipulated in certain ways (as indeed 

seems to be the case for drug resistant malaria [180]), synergistic (and quinoline drug-

specific) heme aggregation would occur.  Alternatively, although the concept has not 

been as extensively explored as has the drug interaction concept, it is also true that drug 

resistance-conferring members of the ABC transporter family have been observed to 

mediate movement of ions under various conditions [e.g., 100, 202].  This possibility for 

PfMDR1 merits additional scrutiny, since the pH gradient across the DV membrane is 

very large and directly or indirectly controls accumulation of CQ, MQ, QN and other 

drugs within the DV, as well as biomineralization of the heme drug target.  Even subtle 

effects on this parameter and others closely linked to it (e.g., DV volume and other ion 

activities, see [180]), which via this model could then be influenced by drug effects on 

PfMDR1 ATPase activity, would contribute to resistance in interesting and drug specific 

ways [201]. 

Along with a better understanding of the nature of quinoline-heme interactions 

[180, 201], many additional molecular questions remain. The perfected heterologous 
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expression of PfMDR1 will be extremely useful in addressing these.  For example, it will 

be interesting to dissect out the ATPase effects observed in naturally occurring (e.g., Dd2 

and 7G8) as well as artificial [116] PfMDR1 isoforms.  Some of these amino acid 

substitutions lie within homologous regions that are believed to be involved in drug 

binding for other ABC-B proteins (see Section 4.1.2).  Also, how PfCRT and PfMDR1 

might interact to further modify either these PfMDR1 properties, or PfCRT properties 

will be important to examine.   

In conclusion, the data showing higher basal ATPase and shifted pH optimum for 

the Dd2 PfMDR1 variant, mild stimulation of PfMDR1 ATPase by physiologically 

relevant doses of MQ and QN,  and VPL reversal (not simulation) of these effects, are in 

general consistent with the evolving picture of PfMDR1 as contributing toward clinically 

relevant drug resistance [108, 116-117].  Assuming these drug effects on PfMDR1 are 

germane to the resistance mechanism, overexpression of 3D7 PfMDR1 will confer many 

of the same effects, regardless of mutation, as Dd2 or 7G8 isoforms, and in some cases, 

higher levels of 3D7 would be predicted to be more effective than increased expression of 

some CQR-associated isoforms (i.e., 7G8). 

 

4.1.2  ATPase activity of C-terminal mutants 

Some parallels can be drawn between the PfMDR1 mutation sites and 

corresponding positions in the huMDR1 sequence. Topologically (see Figure 1.12), the 

N86Y mutation (which defines the Dd2 variant) is found in the DV-disposed loop 

between the first and second predicted TM domains.  Similar to the ATPase results seen 
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for Dd2, deletions in this region of HuMDR1 lead to altered verapamil sensitivity [203]. 

The 1034 and 1042 mutations lie in the middle of predicted TM helix 11, which has been 

hypothesized to be part of a drug-binding site in HuMDR1 [44-46].  TM11 has also been 

implicated in the release of drug during ATP hydrolysis [204].  Thus, the finding that the 

S1034C substitution has the most significant effect on PfMDR1 ATPase drug stimulation 

is consistent with previous drug interaction domain analyses for other ABC proteins.  The 

D1246Y mutation is situated within the C-terminal NBD.  While there are no direct 

comparisons to HuMDR1 currently in the literature, it seems likely that any mutation 

within the NBD is liable to affect ATP binding or hydrolysis.  How this domain then 

interacts with others predicted to interact with drug (e.g., TM 11) to further modify Vmax 

and Km remains to be determined, but ongoing crystallographic analyses of other ABC 

proteins (e.g., [205]) will be helpful in this regard. 

Since mutations in PfCRT originated in at least four independent foci worldwide 

[85], PfMDR1 mutations may have arisen in similar fashion, against a backdrop of 

selective drug pressure and fitness adaptation in response to different PfCRT mutations.  

In evolutionary terms, a number of scenarios are possible since it is unclear which 

quinoline drugs (if any) selected for Dd2 and 7G8 PfMDR1.  But based on inspection of 

Vmax, Km, and drug stimulation of ATPase for all the variants tested, and assuming 

quinoline exposure was the ultimate driving force for PfMDR1 mutation, it may be 

speculated that the 7G8 strain first acquired the S1034C mutation in order to bias against 

drug effects on the enzyme, followed by the other substitutions, which merely act to “fine 

tune” Vmax and Km.  Regardless the order, the final consequence is an enzyme that has 
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reduced catalytic efficiency and that is insensitive to quinoline-based antimalarial drugs, 

both of which would seem to be advantageous based on conventional drug transport 

models for MDR proteins and the DV localization of both PfMDR1 and the quinoline 

target (see section 4.1.1).  That is, both features would presumably act synergistically to 

lower quinoline drug accumulation into the DV via an ABC transporter with cytosolically 

disposed NBD.   

However, in a comparison of the behavior of Dd2, 7G8 (both CQR strains) and 

3D7 (CQS) PfMDR1 isoforms, the conclusion can be drawn that the level of basal 

ATPase activity is not necessarily relevant for quinoline drug resistance.  Dd2 has higher 

Vmax relative to 3D7, whereas 7G8 has lower.  The degree of QN and MQ stimulation 

could be related to resistance to these specific compounds, since although the differences 

between Dd2 and 3D7 isoforms are quite small, 3D7 PfMDR1 showed the greatest 

proportional drug stimulation of ATPase activity.  Interestingly, strain 7G8 exhibits VPL-

insensitive CQR, whereas the strain Dd2 CQR phenotype is VPL-reversible.  Perhaps 

correspondingly, Dd2 PfMDR1 ATPase is inhibited by VPL, but the 7G8 isoform is not.  

Interestingly, the S1034C mutation is responsible for this loss of VPL sensitivity along 

with reduced catalytic efficiency.  However, most importantly, these results indicate no 

simple pattern among quinoline drug effects on ATPase activity for the PfMDR1 variants 

found in these strains and the level or pattern of quinoline drug resistance exhibited by 

the strain.  Also, PfMDR1 function is clearly quite different from that of its close 

homologue HuMDR1, since VPL has the strongest effects of any compound on 

HuMDR1 ATPase [206], whereas effects are minor to nonexistent for PfMDR1 isoforms 
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associated with resistance.  Taken together, these data indicate that the relative 

contribution of PfMDR1 to drug resistance is likely different for various CQR strains 

(e.g., Dd2 vs. 7G8). 

The PfMDR1 isoforms that are currently found in CQR isolates may illustrate 

symbiotic relationships between mutant PfCRT and mutant PfMDR1 that confer either 

preferred resistance patterns or fitness adaptations, or perhaps both.  Perhaps the different 

Vmax and Km for Dd2 and 7G8 PfMDR1 isoforms, along with overexpression levels (gene 

copy number), reflect fitness adaptations relevant to distinct Dd2 and 7G8 PfCRT 

mutations, whereas decreased quinoline drug stimulation of PfMDR1 ATPase activity 

reflects selection to further subtly modify quinoline drug resistance conferred by PfCRT.  

Experiments with purified membranes allow precise and accurate quantification 

of PfMDR1 ATPase activity and other molecular characteristics (e.g., perhaps binding of 

some drugs).  However, obviously only transfection with PfMDR1 alleles into various 

parasite strains can provide precise quantification of their minor role in modulating drug 

resistance profiles.  Put together, the two approaches are synergistic; transfection of some 

of the mutants constructed in the present work may offer one convenient way in which to 

test some concepts.  Also, although specific PfMDR1 codons are often sequenced for 

CQR isolates, more complete sequencing of PfMDR1 alleles as well as additional 

quantification of the frequency of 7G8 and Dd2 allele overexpression in CQS and CQR 

isolates [108] will eventually be required to distinguish between current models 

generated by in vitro work. 
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4.2  CQ binding to PfCRT 

[Reproduced in part from Lekostaj JK, Natarajan JK, Paguio MF, Wolf C, and Roepe PD.  
Photoaffinity labeling of the Plasmodium falciparum chloroquine resistance transporter 
(PfCRT) with a novel perfluorophenylazido chloroquine, submitted June 2008] 

4.2.1 Photolabeling PfCRT with a CQ analogue and definition of its binding site 

Photolabeling of transporters, channels or receptors with azido substrate 

analogues is a well known approach for defining general features of binding as well as 

mapping of binding site domains.  Perfluoroazido probes have not been used as 

extensively as other azido moieties but are nonetheless valuable in a number of settings 

(e.g., [207-208]).  Only a handful of investigators have engineered non-radioactive, 

biotinylated, azido probes for labeling studies (e.g., [209-210]), and none of these have 

incorporated use of the more convenient perfluoroazidophenyl group, which upon UV 

illumination efficiently inserts at C-H [163].   

In this thesis, a perfluoroazido, biotinylated chloroquine analogue was utilized to 

analyze the reactivity of that probe with both endogenous and recombinant, partially 

purified PfCRT protein.  The pH dependency of photolabeling was quantified for three 

different PfCRT isoforms (CQS, CQR conferring/VPL sensitive [Dd2], and CQR 

conferring/VPL insensitive [7G8]), as was how “cold” CQ, QN, ART, and VPL compete 

for the AzBCQ photolabeling under fixed “early plateau” conditions.  It was determined 

that there is a single covalent attachment site for AzBCQ within the C-terminal tail region 

of PfCRT which maps the AzBCQ binding site for HB3 PfCRT to 8 – 11 residues that 

define the predicted loop between putative helices 9 and 10 of the PfCRT protein.  

145 



Previously, Tilley and colleagues [172] used an 125I-labeled azidosalicylate CQ 

analogue in an attempt to identify CQ binding proteins in P. falciparum.  Aside from 

using azido phenyl instead of perfluorophenyl azido, the probe design also required loss 

of the chlorine atom at position 7 of the CQ pharmacophore.   Other work has shown that 

the Cl atom is crucial for activity of 4-amino quinoline drugs [211], so some differences 

in results between the two probes are to be expected.  Also, the photo-activatable group 

used in [172] was attached to the quinoline ring system (not to the end of the CQ side 

chain via a flexible linker as in AzBCQ).  This bulky addition to the quinoline ring 

system pharmacophore would be predicted to negatively affect binding of the 

pharmacophore to PfCRT.   

 It is tempting to interpret photolabeling efficiencies for the different PfCRT 

isoforms in terms of 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 significantly influence net efficiency of the 

photolabeling reaction.  Nonetheless, quantifying competition of the photolabeling 

reaction under conditions wherein labeling is just achieving saturation likely yields 

relative affinities for a competitor, assuming binding sites for probe and competitor 

overlap.  Based on calculated stoichimetries and the similar, extremely efficient 

competition of cold CQ for the AzBCQ reaction for all three protein variants, it seems 

reasonable to suggest that a single AzBCQ and a single CQ binding site overlap 

considerably for PfCRT.  Furthermore, competition by CQ at low-fold molar excess 
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suggests that AzBCQ photolabeling is mimicking physiologically relevant binding of CQ 

to the PfCRT isoforms.    

A shared single-site model is also supported by other indirect evidence:  1) Most 

dramatically, a single attachment site for the probe is mapped to residues 364 – 374 and 

is likely to lie within the segment F364 – R371.   This loop is predicted by multiple 

algorithms [81] 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 CQS or CQR [104].  2) 

Importantly then, binding and/or subsequent photolabeling of AzBCQ is strongly 

activated by acidic pH.   3) Earlier, initial equilibrium binding studies with 3H-CQ [103] 

calculated Kd for PfCRT that corresponded to concentrations of CQ that are predicted for 

the acidic DV, but that are far higher than concentrations predicted for the cytosol.  

Taking these three observations together, one obvious conclusion is that AzBCQ binding 

is indeed mimicking 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 [81].  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.  Based on predicted models for PfCRT function [81, 
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102-103] 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 notion that AzBCQ 

photolabeling is revealing physiologically meaningful (“CQ-like”) drug binding comes 

from the recent work of Cooper et al [170].  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 these K76I clones.  The 

authors interpreted these results to suggest that putative helix 9 (within which Q352 is 

predicted to lie) participates with helix 1 (site of the well-known K76T, K76I or K76N 

mutations that confer CQR [81, 170]) to form a quinoline drug binding pocket.  The 

results with AzBCQ strongly support this hypothesis.  Furthermore, by finding that the 

single attachment site for AzBCQ likely lies within residues F364 – R371, and knowing the 

geometry and size of the AzBCQ molecule, it is suggested that helix 10 must also be 

proximal to this binding pocket (Figure 4.1).    

Other drug selection results suggest some possible interaction with helix 4 [170], 

but it is difficult to construct a viable model that places helices 1, 9, 10, loop 9 (between 

helices 9 & 10) and helix 4 together to form one pocket such that PfCRT residues found 

to be mutated in CQR are proximal to the CQ pharmacophore within AzBCQ.  It may be 

possible that multiple PfCRT conformations exist, that this leads to somewhat different 
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drug binding domains, and that CQ (or “CQ-like”, i.e., AzBCQ) binding biases towards 

one involving helices 1, 9 and 10.  Additional studies with AzBCQ and similar probes 

with altered geometries may be able to test this idea (see Section 4.3.3).   

 

Helix 1

Helix 9 Helix 10

*

* 

Figure 4.1  Ribbon diagram of proposed PfCRT drug binding pocket.  The CQ 
pharmacophore is predicted to lie within the lower third of the membrane, while the 
bulky biotin and perfluorophenyl azido groups stretch into the DV, with the latter making 
contact with (and inserting into) the interhelix loop of amino acids.  Asterisks mark 
sections of helices that contain mutations associated with CQR. 
 

It is notable that the requirement for higher amounts of VPL (relative to CQ) to 

compete labeling 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 7G8 

PfCRT (found in VPL-insensitive CQR strains) is not is again very strong evidence that 
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the binding site revealed by AzBCQ photolabeling is physiologically relevant. Also, it is 

very interesting that VPL efficiently competes for AzBCQ labeling of HB3 PfCRT.  It 

seems reasonable to suggest that mutations which distinguish the Dd2 from the HB3 

protein variant may not be relevant for VPL binding but that mutations that distinguish 

the 7G8 isoform from both the HB3 and Dd2 isoforms (72S, 326D and 356L) destroy the 

VPL binding site.  Perhaps not coincidentally, two of these reside near the mapped 

AzBCQ attachment site, and all three lie within or near the proposed CQ binding pocket.   

Photolabelling efficiencies are a product of probe binding as well as the chemical 

environment within which the photochemistry is generated.  The identified attachment 

site is within a loop disposed outside of the membrane, such that it can be reasonably 

supposed that the chemical environment nearby the reactive perfluorophenyl azido group 

is similar for all three isoforms.  Thus, labeling differences may reflect different binding 

affinities of the pharmacophore, and these will be the product of on- vs. off-rates of the 

probe.  This then leads to the speculatation that pH either increases the CQ off-rate or 

decreases the CQ on-rate for Dd2 and 7G8 PfCRT variants compared to the HB3 

isoform.  Such pH-dependent substrate interaction is indirect evidence for PfCRT acting 

as a pH-dependent facilitative CQ transporter (perhaps a channel specific to CQ2+), as has 

been proposed [102-103].     

 

4.3 Future directions 

The results described in this thesis have provided the basis for a number of 

projects to be continued by other members of the Roepe laboratory. 
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4.3.1 Heterologous expression 

 Since the Roepe laboratory has now successfully heterologously expressed two P. 

falciparum polytopic integral membrane proteins using yeast-optimization procedures 

[131, 182], it might be worth considering applying the same methodology to the PfNHE, 

which has been linked to one pathway of QN resistance (see Section 1.4.5).  Unlike 

PfCRT, the endogenous function of the protein is known and there is a simple test for 

activity of the protein. These constructs could be transformed into yeast strains deficient 

in endogenous sodium/proton exchange to test for complementation.  Transformed strains 

could then be assayed for their ability to modulate cellular accumulation of antimalarial 

drugs, particularly QN [92-95].   

 

4.3.2 ATPase assays 

While the ATPase activity of an extensive number of PfMDR1 variants has been 

achieved, the possibilities for subtly changing experimental parameters are endless.  Even 

though the first studies of HuMDR1 ATPase activity were conducted over 20 years ago, 

similar investigations continue to this day (e.g., [212-215]), persistently testing more 

compounds that may prove to be a substrate for the protein.  The data presented here 

looked at the effects of three quinoline antimalarials on PfMDR1, so there are still several 

drugs that may merit investigation, such as HF or ART.  However, since all the drug-

induced effects on PfMDR1 ATPase activity were less than 2-fold, perhaps time and 

resources would be better spent on different assays that may provide superior insight into 
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the behavior of the protein.  For example, fluorescent or radioactive drug accumulation 

and/or efflux could be measured in yeast vesicles.   

 

4.3.3 Photolabeling 

Another obvious first step in the continuing work with PfMDR1 would be the 

detailed examination of AzBCQ photolabeling of the protein.  The major unexpected 

result of the ATPase studies was the dramatic inhibition of activity at DV-compatible 

concentrations of CQ, which indicates that (against expectations) this drug probably does 

interact with PfMDR1.  Photolabeling and subsequent mapping of the substrate binding 

site may help interpret previous results.  Additionally, plans are underway to synthesize 

AzB- versions of QN and MQ.  Data obtained with these compounds might distinguish 

whether PfMDR1 contains a single or multiple drug binding sites. 

Further photolabeling studies of PfCRT must also continue.  A number of 

isoforms of this protein differ in their ability to confer resistance to various compounds 

and/or to be reversed in this ability by non-antimalarial drugs.  For example, similar to 

the interesting example set by Dd2 and 7G8 PfCRT and VPL, a set of experiments can be 

done with the PfCRT variants identified by the CQ/QN second site suppressor mutants 

(see Section 1.7.3) that, based on resistance patterns, may interact very differently with 

CQ vs. QN or QN vs. QD.     

It is very well known in the antimalarial drug resistance community that CQ 

analogues with either shorter (number of carbons < 4) or longer (n > 4) side chains are 

more active in CQR strains with mutated PfCRT, relative to CQ (n = 4) [216].  For CQS 
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strains, the activity of all compounds is the same, regardless of the side chain length.  The 

general supposition is that some CQR-associated PfCRT isoforms recognize CQ better 

than shorter or longer chain CQ analogues.  This theory can be tested with quantitative 

photolabeling experiments using AzB-CQs with different side chain lengths, coupled 

with competition with “cold” short and long chain CQs (non-AzB analogues that are 

otherwise identical).     

 Another project of great potential importance would be more exact definition of 

the AzBCQ binding site.  The model in this thesis proposes that the PfCRT drug binding 

pocket is formed by the lower (toward the DV) third of helices 1, 9, and 10 such that the 

azide moiety protruding from the CQ pharmacophore inserts into the loop between TMs 

9 & 10.  This could be probed further in several ways.  The amino acids comprising the 

loop region could be mutated to show that their identity does not affect binding of the 

probe.  The residues within the helices could also be mutated, with the expectation that 

key residues within drug recognition site would perturb the photolabeling.  Finally, a 

series of photolabels could be synthesized similar to the short and long chain analogues 

described above, but varying the length of the biotin and perfluoroazide linkers instead of 

the CQ side chain.  By systematically moving the photoreactive group an increasing 

number of carbon bonds away from a given position on the pharmacophore, a 3-

dimensional picture of the binding pocket (which may be discontinuous with respect to 

the primary sequence) can be obtained. 
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APPENDIX A 

 
Oligos to create N-Terminal pfmdr1 
Oligo   1: ACGTCATGGGGCTGCAGGAATTCACCAATGGGTAAGGAGC   
Oligo   2: AGAAGGAGAAGAAGGACGGCAACTTGTCTATCAAGGAGGA   
Oligo   3: AGTTGAAAAGGAGCTCAACAAGAAGTCCACCGCTGAGTTG   
Oligo   4: TTCCGTAAGATCAAGAACGAGAAGATTTCGTTCTTCTTGC   
Oligo   5: CCTTCAAGTGTCTGCCAGCACAACACAGAAAGCTGTTGTT   
Oligo   6: CATCTCGTTCGTTTGTGCTGTCTTGTCTGGAGGAACCTTG   
Oligo   7: CCATTCTTCATCAGCGTCTTCGGGGTTATCTTGAAGAACA   
Oligo   8: TGAACTTGGGGGACGATATCAACCCCATCATCCTGTCCTT   
Oligo   9: GGTCTCTATCGGACTCGTTCAGTTCATCTTGTCCATGATC   
Oligo  10: TCCTCTTACTGCATGGACGTCATCACCTCCAAGATCCTCA   
Oligo  11: AGACGCTGAAGCTGGAGTACTTGCGTTCGGTCTTCTACCA   
Oligo  12: GGACGGACAGTTCCATGACAACAACCCTGGTTCCAAGTTG   
Oligo  13: AGATCAGATCTGGACTTCTACTTGGAGCAGGTCTCATCTG   
Oligo  14: GCATCGGGACCAAGTTCATCACCATCTTCACCTACGCTTC   
Oligo  15: GTCTTTCCTTGGGCTGTACATCTGGTCCCTGATCAAGAAC   
Oligo  16: GCTCGTCTCACTCTTTGCATCACGTGCGTCTTCCCATTGA   
Oligo  17: TCTACGTCTGTGGGGTCATCTGCAACAAGAAGGTCAAGTT   
Oligo  18: GAACAAGAAGACCTCCTTGCTCTACAACAACAACACCATG   
Oligo  19: TCCATCATCGAGGAGGCTTTGATGGGTATCAGGACAGTTG   
Oligo  20: CGTCTTACTGCGGTGAGAAGACGATCCTCAACAAGTTCAA   
Oligo  21: CCTGTCCGAGACCTTCTACAGCAAGTACATCCTGAAGGCT   
Oligo  22: AACTTCGTCGAAGCATTGCACATCGGTCTGATCAACGGCT   
Oligo  23: TGATCCTGGTATCATACGCTTTCGGTTTCTGGTACGGAAC   
Oligo  24: CAGGATCATCATCAACTCTGCTACCAACCAGTACCCGAAC   
Oligo  25: AACGACTTCAACGGTGCGTCTGTCATCTCTATCCTGCTTG   
Oligo  26: GTGTTCTGATCTCAATGTTCATGCTGACCATCATCTTGCC   
Oligo  27: GAACATCACTGAGTACATGAAGGCCTTGGAAGCTACGAAC   
Oligo  28: TCCTTGTACGAGATCATCAACAGGAAGCCGTTGGTTGAGA   
Oligo  29: ACAACGACGACGGAGAAACCCTGCCGAACATCAAGAAGAT   
Oligo  30: CGAGTTCAAGAACGTTCGCTTCCACTATGATACCCGTAAG   
Oligo  31: GACGTTGAAATCTACAAGGACCTGTCGTTCACCTTGAAGG   
Oligo  32: AGGGCAAGACCTATGCCTTCGTCGGTGAATCTGGTTGTGG   
Oligo  33: CAAGAGTACGATCCTGAAGCTCATCGAACGTTTGTACGAC   
Oligo  34: CCAACGGAAGGAGACATCATCGTTAACGACTCTCACAACC   
Oligo  35: TCAAGGACATCAACCTCAAGTGGTGGCGTTCTAAGATCGG   
Oligo  36: TGTTGTGAGTCAGGATCCTCTGCTGTTCTCCAACAGCATC   
Oligo  37: AAGAACAACATCAAGTACTCGCTGTACAGCTTGAAGGACT   
Oligo  38: TGGAAGCGATGGAGAACTACTACGAGGAGAACACCAACGA   
Oligo  39: TACCTACGAGAACAAGAACTTCTCCTTGATCTCCAACTCC   
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Oligo  40: ATGACCAGCAACGAGCTGCTCGAGATGAAGAAGGAGTACC   
Oligo  41: AGACCATCAAGGATTCAGATGTGGTCGACGTCTCCAAGAA   
Oligo  42: GGTCCTCATCCATGACTTCGTCTCTTCGTTGCCGGACAAG   
Oligo  43: TACGACACCTTGGTTGGTTCGAACGCATCAAAGCTGAGTG   
Oligo  44: GTGGTCAGAAGCAGAGAATATCGATCGCTCGTGCAATCAT   
Oligo  45: GCGTAACCCTAAGATTTTGATCCTGGACGAGGCAACATCT   
Oligo  46: TCCTTGGACAACAAGTCCGAGTACTTGGTCCAGAAGACCA   
Oligo  47: TCAACAACCTCAAGGGGAACGAGAACCGTATCACAATCAT   
Oligo  48: CATCGCACATCGTCTGTCAACCATCCGTTACGCTAACACG   
Oligo  49: ATCTTCGTTCTGAGCAACAGGGAGCGCTCAGACAACAACA   
Oligo  50: ACAACAACAACAACGACGACAACAACAACAACAACAACAA   
Oligo  51: CAACAACAACAAGATCAACAACGAGGGAAGCTACATCATC   
Oligo  52: GAACAAGGTACCCACGACTCCCTCATGAAGAACAAGAACG   
Oligo  53: GAATCTACCACCTGATGATCAACAACCAGAAGATTTCGTC   
Oligo  54: CAACAAGTCCAGTAACAACGGAAACGACAACGGTTCCGAC   
Oligo  55: AACAAGTCATCTGCGTACAAGGACAGTGACACTGGTAACG   
Oligo  56: ACGCTGACAACATGAACTCGTTGTCCATCCATGAGAACGA   
Oligo  57: GAACATCTCCAACAACAGGAACTGCAAGAACACTGCTGCG   
Oligo  58: 
CGTTTTCCGAAGCTTTACCCTTCGACTGGCGGCCGCAGCAGTGTTCTTGCAGT   
Oligo  59: TCCTGTTGTTGGAGATGTTCTCGTTCTCATGGATGGACAA   
Oligo  60: CGAGTTCATGTTGTCAGCGTCGTTACCAGTGTCACTGTCC   
Oligo  61: TTGTACGCAGATGACTTGTTGTCGGAACCGTTGTCGTTTC   
Oligo  62: CGTTGTTACTGGACTTGTTGGACGAAATCTTCTGGTTGTT   
Oligo  63: GATCATCAGGTGGTAGATTCCGTTCTTGTTCTTCATGAGG   
Oligo  64: GAGTCGTGGGTACCTTGTTCGATGATGTAGCTTCCCTCGT   
Oligo  65: TGTTGATCTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTT   
Oligo  66: GTCGTCGTTGTTGTTGTTGTTGTTGTTGTCTGAGCGCTCC   
Oligo  67: CTGTTGCTCAGAACGAAGATCGTGTTAGCGTAACGGATGG   
Oligo  68: TTGACAGACGATGTGCGATGATGATTGTGATACGGTTCTC   
Oligo  69: GTTCCCCTTGAGGTTGTTGATGGTCTTCTGGACCAAGTAC   
Oligo  70: TCGGACTTGTTGTCCAAGGAAGATGTTGCCTCGTCCAGGA   
Oligo  71: TCAAAATCTTAGGGTTACGCATGATTGCACGAGCGATCGA   
Oligo  72: TATTCTCTGCTTCTGACCACCACTCAGCTTTGATGCGTTC   
Oligo  73: GAACCAACCAAGGTGTCGTACTTGTCCGGCAACGAAGAGA   
Oligo  74: CGAAGTCATGGATGAGGACCTTCTTGGAGACGTCGACCAC   
Oligo  75: ATCTGAATCCTTGATGGTCTGGTACTCCTTCTTCATCTCG   
Oligo  76: AGCAGCTCGTTGCTGGTCATGGAGTTGGAGATCAAGGAGA   
Oligo  77: AGTTCTTGTTCTCGTAGGTATCGTTGGTGTTCTCCTCGTA   
Oligo  78: GTAGTTCTCCATCGCTTCCAAGTCCTTCAAGCTGTACAGC   
Oligo  79: GAGTACTTGATGTTGTTCTTGATGCTGTTGGAGAACAGCA   
Oligo  80: GAGGATCCTGACTCACAACACCGATCTTAGAACGCCACCA   
Oligo  81: CTTGAGGTTGATGTCCTTGAGGTTGTGAGAGTCGTTAACG   

155 
Oligo  82: ATGATGTCTCCTTCCGTTGGGTCGTACAAACGTTCGATGA   



Oligo  83: GCTTCAGGATCGTACTCTTGCCACAACCAGATTCACCGAC   
Oligo  84: GAAGGCATAGGTCTTGCCCTCCTTCAAGGTGAACGACAGG   
Oligo  85: TCCTTGTAGATTTCAACGTCCTTACGGGTATCATAGTGGA   
Oligo  86: AGCGAACGTTCTTGAACTCGATCTTCTTGATGTTCGGCAG   
Oligo  87: GGTTTCTCCGTCGTCGTTGTTCTCAACCAACGGCTTCCTG   
Oligo  88: TTGATGATCTCGTACAAGGAGTTCGTAGCTTCCAAGGCCT   
Oligo  89: TCATGTACTCAGTGATGTTCGGCAAGATGATGGTCAGCAT   
Oligo  90: GAACATTGAGATCAGAACACCAAGCAGGATAGAGATGACA   
Oligo  91: GACGCACCGTTGAAGTCGTTGTTCGGGTACTGGTTGGTAG   
Oligo  92: CAGAGTTGATGATGATCCTGGTTCCGTACCAGAAACCGAA   
Oligo  93: AGCGTATGATACCAGGATCAAGCCGTTGATCAGACCGATG   
Oligo  94: TGCAATGCTTCGACGAAGTTAGCCTTCAGGATGTACTTGC   
Oligo  95: TGTAGAAGGTCTCGGACAGGTTGAACTTGTTGAGGATCGT   
Oligo  96: CTTCTCACCGCAGTAAGACGCAACTGTCCTGATACCCATC   
Oligo  97: AAAGCCTCCTCGATGATGGACATGGTGTTGTTGTTGTAGA   
Oligo  98: GCAAGGAGGTCTTCTTGTTCAACTTGACCTTCTTGTTGCA   
Oligo  99: GATGACCCCACAGACGTAGATCAATGGGAAGACGCACGTG   
Oligo 100: ATGCAAAGAGTGAGACGAGCGTTCTTGATCAGGGACCAGA   
Oligo 101: TGTACAGCCCAAGGAAAGACGAAGCGTAGGTGAAGATGGT   
Oligo 102: GATGAACTTGGTCCCGATGCCAGATGAGACCTGCTCCAAG   
Oligo 103: TAGAAGTCCAGATCTGATCTCAACTTGGAACCAGGGTTGT   
Oligo 104: TGTCATGGAACTGTCCGTCCTGGTAGAAGACCGAACGCAA   
Oligo 105: GTACTCCAGCTTCAGCGTCTTGAGGATCTTGGAGGTGATG   
Oligo 106: ACGTCCATGCAGTAAGAGGAGATCATGGACAAGATGAACT   
Oligo 107: GAACGAGTCCGATAGAGACCAAGGACAGGATGATGGGGTT   
Oligo 108: GATATCGTCCCCCAAGTTCATGTTCTTCAAGATAACCCCG   
Oligo 109: AAGACGCTGATGAAGAATGGCAAGGTTCCTCCAGACAAGA   
Oligo 110: CAGCACAAACGAACGAGATGAACAACAGCTTTCTGTGTTG   
Oligo 111: TGCTGGCAGACACTTGAAGGGCAAGAAGAACGAAATCTTC   
Oligo 112: TCGTTCTTGATCTTACGGAACAACTCAGCGGTGGACTTCT   
Oligo 113: TGTTGAGCTCCTTTTCAACTTCCTCCTTGATAGACAAGTT   
Oligo 114: GCCGTCCTTCTTCTCCTTCTGCTCCTTACCCATTGGTGAA   
 
 
C-Terminal Pfmdr1 
GAGAACATCTCCAACAACAGGAACTGCGAATTCACCATGGCGGCCGCGGAGAACGAGAAG
GAGGAGAAGGTGCCATTCTTCAAGCGTATGTTCCGCCGTAAGAAGAAGGCACCTAACAAC
CTGCGGATCATCTACAAGGAGATCTTCAGCTACAAGAAGGACGTCACGATCATCTTCTTC
AGCATCCTCGTAGCAGGAGGTCTATACCCTGTGTTCGCATTGCTGTACGCACGTTACGTA
TCCACTCTCTTCGACTTCGCCAACTTGGAGTACAACTCCAACAAGTACTCAATCTACATC
CTCCTGATCGCAATCGCCATGTTCATCTCGGAGACCTTGAAGAACTACTACAACAACAAG
ATAGGCGAGAAGGTCGAGAAGACCATGAAGCGACGACTGTTCGAGAACATCCTGTACCAG 
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GAGATGAGCTTCTTCGACCAGGATAAGAACACACCTGGTGTTCTAAGTGCTCACATCAAC
CGAGACGTACACCTACTCAAGACCGGGCTCGTGAACAACATCGTGATCTTCAGCCACTTC
ATCATGCTCTTCCTCGTGTCGATGGTCATGTCGTTCTACTTCTGCCCCATCGTAGCAGCA
GTTCTCACGTTCATCTACTTCATCAACATGCGAGTCTTCGCTGTACGGGCCCGCCTTACG
AAGTCTAAGGAGATCGAGAAGAAGGAGAACATGTCCAGTGGCGTCTTCGCATTCAGCTCT
GACGATGAGATGTTCAAGGACCCTTCGTTCCTCATCCAAGAGGCGTTCTACAACATGCAC
ACCGTGATCAACTACGGTCTGGAAGACTACTTCTGCAACCTGATCGAGAAGGCGATTGAC
TACAAGAACAAGGGTCAGAAGCGACGTATCATTGTGAACGCTGCACTTTGGGGATTCAGC
CAATCGGCACAACTGTTCATCAACTCGTTCGCGTACTGGTTTGGGTCGTTCCTCATCAAG
CGCGGTACGATACTAGTGGACGACTTCATGAAGTCGCTGTTCACCTTCATCTTCACAGGA
TCCTACGCTGGCAAGTTGATGAGCCTGAAGGGTGATTCAGAGAACGCGAAGTTGTCCTTC
GAGAAGTACTATCCACTGATGATCCGGAAGTCGAACATCGATGTGAGGGATGACGGTGGT
ATCCGTATCAACAAGAACCTGATCAAGGGCAAGGTAGACATCAAGGATGTCAACTTCCGC
TACATCAGCCGACCTAACGTACCCATCTACAAGAACCTCTCCTTCACGTGCGACTCCAAG
AAGACCACAGCCATTGTGGGAGAAACTGGTTCAGGTAAGTCGACGTTCATGAACCTGCTC
CTGCGTTTCTACGACCTTAAGAACGACCACATCATCCTCAAGAACGACATGACCAACTTC
CAGGACTACCAGAACAACAACAACAACTCGCTGGTTCTGAAGAACGTCAACGAGTTCTCC
AATCAGTCAGGTTCCGCAGAAGACTATACGGTGTTCAACAACAACGGAGAGATCCTCCTC
GACGACATCAACATCTGCGACTACAACCTTAGGGACCTACGAAACCTCTTCTCAATCGTT
TCCCAGGAGCCAATGCTCTTCAACATGTCCATCTACGAGAACATCAAGTTCGGGCGAGAA
GATGCTACACTTGAAGATGTCAAACGCGTATCCAAGTTCGCGGCTATTGACGAGTTCATT
GAATCGCTACCCAACAAATACGACACGAACGTTGGCCCATATGGTAAGAGTCTATCAGGA
GGTCAGAAGCAGCGTATCGCGATTGCACGAGCACTACTTCGTGAACCTAAGATCCTCCTT
CTGGATGAAGCAACCTCTAGTCTAGACTCCAACAGCGAGAAGCTGATCGAGAAGACGATT
GTGGACATCAAGGACAAGGCGGACAAGACCATCATCACAATCGCGCATCGCATCGCGTCC
ATCAAGAGAAGTGACAAGATCGTGGTCTTCAACAACCCTGATCGCAATGGGACCTTTGTC
CAATCACACGGTACTCACGATGAACTACTGTCTGCTCAAGACGGTATCTACAAGAAGTAC
GTCAAGCTAGCTAAGCATCATCATCATCATCATATTGACGGTAGATCCACCCGGGGATCC
GGTAAGGCCGGAGAG 
 
 
 
Full length 3D7 PfMDR1-6H-BAD 
MGKEQKEKKDGNLSIKEEVEKELNKKSTAELFRKIKNEKISFFLPFKCLPAQHRKLLFIS
FVCAVLSGGTLPFFISVFGVILKNMNLGDDINPIILSLVSIGLVQFILSMISSYCMDVIT
SKILKTLKLEYLRSVFYQDGQFHDNNPGSKLRSDLDFYLEQVSSGIGTKFITIFTYASSF
LGLYIWSLIKNARLTLCITCVFPLIYVCGVICNKKVKLNKKTSLLYNNNTMSIIEEALMG
IRTVASYCGEKTILNKFNLSETFYSKYILKANFVEALHIGLINGLILVSYAFGFWYGTRI
IINSATNQYPNNDFNGASVISILLGVLISMFMLTIILPNITEYMKALEATNSLYEIINRK
PLVENNDDGETLPNIKKIEFKNVRFHYDTRKDVEIYKDLSFTLKEGKTYAFVGESGCGKS
TILKLIERLYDPTEGDIIVNDSHNLKDINLKWWRSKIGVVSQDPLLFSNSIKNNIKYSLY
SLKDLEAMENYYEENTNDTYENKNFSLISNSMTSNELLEMKKEYQTIKDSDVVDVSKKVL
IHDFVSSLPDKYDTLVGSNASKLSGGQKQRISIARAIMRNPKILILDEATSSLDNKSEYL
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VQKTINNLKGNENRITIIIAHRLSTIRYANTIFVLSNRERSDNNNNNNNDDNNNNNNNNN
NKINNEGSYIIEQGTHDSLMKNKNGIYHLMINNQKISSNKSSNNGNDNGSDNKSSAYKDS
DTGNDADNMNSLSIHENENISNNRNCKNTAAAAENEKEEKVPFFKRMFRRKKKAPNNLRI
IYKEIFSYKKDVTIIFFSILVAGGLYPVFALLYARYVSTLFDFANLEYNSNKYSIYILLI
AIAMFISETLKNYYNNKIGEKVEKTMKRRLFENILYQEMSFFDQDKNTPGVLSAHINRDV
HLLKTGLVNNIVIFSHFIMLFLVSMVMSFYFCPIVAAVLTFIYFINMRVFAVRARLTKSK
EIEKKENMSSGVFAFSSDDEMFKDPSFLIQEAFYNMHTVINYGLEDYFCNLIEKAIDYKN
KGQKRRIIVNAALWGFSQSAQLFINSFAYWFGSFLIKRGTILVDDFMKSLFTFIFTGSYA
GKLMSLKGDSENAKLSFEKYYPLMIRKSNIDVRDDGGIRINKNLIKGKVDIKDVNFRYIS
RPNVPIYKNLSFTCDSKKTTAIVGETGSGKSTFMNLLLRFYDLKNDHIILKNDMTNFQDY
QNNNNNSLVLKNVNEFSNQSGSAEDYTVFNNNGEILLDDINICDYNLRDLRNLFSIVSQE
PMLFNMSIYENIKFGREDATLEDVKRVSKFAAIDEFIESLPNKYDTNVGPYGKSLSGGQK
QRIAIARALLREPKILLLDEATSSLDSNSEKLIEKTIVDIKDKADKTIITIAHRIASIKR
SDKIVVFNNPDRNGTFVQSHGTHDELLSAQDGIYKKYVKLAKHHHHHHIDGRSTRGSGKA
GEGEIPAPLAGTVSKILVKEGDTVKAGQTVLVLEAMKMETEINAPTDGKVEKVLVKERDA
VQGGQGLIKIG 

158 



APPENDIX B 

Copyright Permissions for Figure reprints: 

159 



 
NATURE PUBLISHING GROUP LICENSE 

TERMS AND CONDITIONS 
May 27, 2008

 
This is a License Agreement between Jacqueline K Lekostaj ("You") and Nature Publishing 
Group ("Nature Publishing Group"). The license consists of your order details, the terms 
and conditions provided by Nature Publishing Group, and the payment terms and 
conditions.  

License Number 1953220500562 

License date May 20, 2008 

Licensed content 
publisher 

Nature Publishing Group 

Licensed content 
publication 

Nature 

Licensed content title The parasite genomeBiological revelations 

Licensed content 
author 

Dyann F. Wirth  

Volume number 419 

Issue number 6906 

Pages 495-496 

Year of publication 2002 

Portion used Figures / tables 

Requestor type Student 

Type of Use Thesis / Dissertation 

PO Number  

Total 0.00 USD 

Terms and Conditions 

160 



Terms and Conditions for Permissions 

Nature Publishing Group hereby grants you a non-exclusive license to reproduce this 

material for this purpose, and for no other use, subject to the conditions below:  

1. NPG warrants that it has, to the best of its knowledge, the rights to license reuse of 
this material. However, you should ensure that the material you are requesting is 
original to Nature Publishing Group and does not carry the copyright of another 
entity (as credited in the published version). If the credit line on any part of the 
material you have requested indicates that it was reprinted or adapted by NPG with 
permission from another source, then you should also seek permission from that 
source to reuse the material.  
   

2. Permission granted free of charge for material in print is also usually granted for any 
electronic version of that work, provided that the material is incidental to the work 
as a whole and that the electronic version is essentially equivalent to, or substitutes 
for, the print version. Where print permission has been granted for a fee, separate 
permission must be obtained for any additional, electronic re-use (unless, as in the 
case of a full paper, this has already been accounted for during your initial request in 
the calculation of a print run). NB: In all cases, web-based use of full-text articles 
must be authorized separately through the 'Use on a Web Site' option when 
requesting permission. 
   

3. Permission granted for a first edition does not apply to second and subsequent 
editions and for editions in other languages (except for signatories to the STM 
Permissions Guidelines, or where the first edition permission was granted for free). 
   

4. Nature Publishing Group's permission must be acknowledged next to the figure, 
table or abstract in print. In electronic form, this acknowledgement must be visible 
at the same time as the figure/table/abstract, and must be hyperlinked to the journal's 
homepage.  

5. The credit line should read: 
 
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 
(reference citation), copyright (year of publication) 
 
For AOP papers, the credit line should read: 
 
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME], 
advance online publication, day month year (doi: 10.1038/sj.[JOURNAL 
ACRONYM].XXXXX)  

161 



   
6. Adaptations of single figures do not require NPG approval. However, the adaptation 

should be credited as follows: 
 
Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 
(reference citation), copyright (year of publication)  
   

7. Translations of 401 words up to a whole article require NPG approval. Please visit 
http://www.macmillanmedicalcommunications.com for more information. 
Translations of up to a 400 words do not require NPG approval. The translation 
should be credited as follows: 
 
Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 
(reference citation), copyright (year of publication).  

We are certain that all parties will benefit from this agreement and wish you the best in the 

use of this material. Thank you. 

v1.1  

  

162 



 
NATURE PUBLISHING GROUP LICENSE 

TERMS AND CONDITIONS 
Jun 03, 2008

 
This is a License Agreement between Jacqueline K Lekostaj ("You") and Nature Publishing 
Group ("Nature Publishing Group"). The license consists of your order details, the terms 
and conditions provided by Nature Publishing Group, and the payment terms and 
conditions.  

License Number 1961351181609 

License date Jun 03, 2008 

Licensed content 
publisher 

Nature Publishing Group 

Licensed content 
publication 

Nature 

Licensed content title The structure of malaria pigment -haematin 

Licensed content 
author 

Silvina Pagola, Peter W. Stephens, D. Scott Bohle, 
Andrew D. Kosar and Sara K. Madsen 

Volume number 404 

Issue number 6775 

Pages pp307-310 

Year of publication 2000 

Portion used Figures / tables 

Requestor type Student 

Type of Use Thesis / Dissertation 

PO Number  

Total 0.00 USD 

Terms and Conditions 

163 



Terms and Conditions for Permissions 

Nature Publishing Group hereby grants you a non-exclusive license to reproduce this 
material for this purpose, and for no other use, subject to the conditions below:  

1. NPG warrants that it has, to the best of its knowledge, the rights to license reuse of 
this material. However, you should ensure that the material you are requesting is 
original to Nature Publishing Group and does not carry the copyright of another 
entity (as credited in the published version). If the credit line on any part of the 
material you have requested indicates that it was reprinted or adapted by NPG with 
permission from another source, then you should also seek permission from that 
source to reuse the material.  
   

2. Permission granted free of charge for material in print is also usually granted for any 
electronic version of that work, provided that the material is incidental to the work 
as a whole and that the electronic version is essentially equivalent to, or substitutes 
for, the print version. Where print permission has been granted for a fee, separate 
permission must be obtained for any additional, electronic re-use (unless, as in the 
case of a full paper, this has already been accounted for during your initial request in 
the calculation of a print run). NB: In all cases, web-based use of full-text articles 
must be authorized separately through the 'Use on a Web Site' option when 
requesting permission. 
   

3. Permission granted for a first edition does not apply to second and subsequent 
editions and for editions in other languages (except for signatories to the STM 
Permissions Guidelines, or where the first edition permission was granted for free). 
   

4. Nature Publishing Group's permission must be acknowledged next to the figure, 
table or abstract in print. In electronic form, this acknowledgement must be visible 
at the same time as the figure/table/abstract, and must be hyperlinked to the journal's 
homepage.  

5. The credit line should read: 
 
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 
(reference citation), copyright (year of publication) 
 
For AOP papers, the credit line should read: 
 
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME], 
advance online publication, day month year (doi: 10.1038/sj.[JOURNAL 
ACRONYM].XXXXX)  
   

164 



6. Adaptations of single figures do not require NPG approval. However, the adaptation 
should be credited as follows: 
 
Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 
(reference citation), copyright (year of publication)  
   

7. Translations of 401 words up to a whole article require NPG approval. Please visit 
http://www.macmillanmedicalcommunications.com for more information. 
Translations of up to a 400 words do not require NPG approval. The translation 
should be credited as follows: 
 
Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 
(reference citation), copyright (year of publication).  

We are certain that all parties will benefit from this agreement and wish you the best in the 
use of this material. Thank you. 

v1.1  

 

165 



166 



 
NATURE PUBLISHING GROUP LICENSE 

TERMS AND CONDITIONS 
May 27, 2008

 
This is a License Agreement between Jacqueline K Lekostaj ("You") and Nature Publishing 
Group ("Nature Publishing Group"). The license consists of your order details, the terms 
and conditions provided by Nature Publishing Group, and the payment terms and 
conditions.  

License Number 1953230046719 

License date May 20, 2008 

Licensed content 
publisher 

Nature Publishing Group 

Licensed content 
publication 

Nature Medicine 

Licensed content title Transporter of a malaria catastrophe 

Licensed content 
author 

Thomas E Wellems 

Volume number  

Issue number  

Pages  

Year of publication 2004 

Portion used Figures / tables 

Requestor type Student 

Type of Use Thesis / Dissertation 

PO Number  

Total 0.00 USD 

Terms and Conditions 

167 



Terms and Conditions for Permissions 

Nature Publishing Group hereby grants you a non-exclusive license to reproduce this 

material for this purpose, and for no other use, subject to the conditions below:  

1. NPG warrants that it has, to the best of its knowledge, the rights to license reuse of 
this material. However, you should ensure that the material you are requesting is 
original to Nature Publishing Group and does not carry the copyright of another 
entity (as credited in the published version). If the credit line on any part of the 
material you have requested indicates that it was reprinted or adapted by NPG with 
permission from another source, then you should also seek permission from that 
source to reuse the material.  
   

2. Permission granted free of charge for material in print is also usually granted for any 
electronic version of that work, provided that the material is incidental to the work 
as a whole and that the electronic version is essentially equivalent to, or substitutes 
for, the print version. Where print permission has been granted for a fee, separate 
permission must be obtained for any additional, electronic re-use (unless, as in the 
case of a full paper, this has already been accounted for during your initial request in 
the calculation of a print run). NB: In all cases, web-based use of full-text articles 
must be authorized separately through the 'Use on a Web Site' option when 
requesting permission. 
   

3. Permission granted for a first edition does not apply to second and subsequent 
editions and for editions in other languages (except for signatories to the STM 
Permissions Guidelines, or where the first edition permission was granted for free). 
   

4. Nature Publishing Group's permission must be acknowledged next to the figure, 
table or abstract in print. In electronic form, this acknowledgement must be visible 
at the same time as the figure/table/abstract, and must be hyperlinked to the journal's 
homepage.  

5. The credit line should read: 
 
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 
(reference citation), copyright (year of publication) 
 
For AOP papers, the credit line should read: 
 
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME], 
advance online publication, day month year (doi: 10.1038/sj.[JOURNAL 
ACRONYM].XXXXX)  

168 



   
6. Adaptations of single figures do not require NPG approval. However, the adaptation 

should be credited as follows: 
 
Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 
(reference citation), copyright (year of publication)  
   

7. Translations of 401 words up to a whole article require NPG approval. Please visit 
http://www.macmillanmedicalcommunications.com for more information. 
Translations of up to a 400 words do not require NPG approval. The translation 
should be credited as follows: 
 
Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME] 
(reference citation), copyright (year of publication).  

We are certain that all parties will benefit from this agreement and wish you the best in the 

use of this material. Thank you. 

v1.1  

  

169 



American Chemical Society’s Policy on Theses and Dissertations  
 

If your university requires a signed copy of this letter see contact information below.  
 

Thank you for your request for permission to include your paper(s) or portions of text 
from your paper(s) in your thesis. Permission is now automatically granted; please pay 
special attention to the implications paragraph below. The Copyright Subcommittee of 
the Joint Board/Council Committees on Publications approved the following:  

 
Copyright permission for published and submitted material from theses and 
dissertations  
ACS extends blanket permission to students to include in their theses and 
dissertations their own articles, or portions thereof, that have been published in 
ACS journals or submitted to ACS journals for publication, provided that the ACS 
copyright credit line is noted on the appropriate page(s).  
 
Publishing implications of electronic publication of theses and dissertation material  
Students and their mentors should be aware that posting of theses and dissertation 
material on the Web prior to submission of material from that thesis or dissertation 
to an ACS journal may affect publication in that journal. Whether Web posting is 
considered prior publication may be evaluated on a case-by-case basis by the 
journal’s editor. If an ACS journal editor considers Web posting to be “prior 
publication”, the paper will not be accepted for publication in that journal. If you 
intend to submit your unpublished paper to ACS for publication, check with the 
appropriate editor prior to posting your manuscript electronically.  

 
If your paper has not yet been published by ACS, we have no objection to your including 
the text or portions of the text in your thesis/dissertation in print and microfilm 
formats; please note, however, that electronic distribution or Web posting of the 
unpublished paper as part of your thesis in electronic formats might jeopardize 
publication of your paper by ACS. Please print the following credit line on the first page 
of your article: "Reproduced (or 'Reproduced in part') with permission from [JOURNAL 
NAME], in press (or 'submitted for publication'). Unpublished work copyright 
[CURRENT YEAR] American Chemical Society." Include appropriate information.  
 
If your paper has already been published by ACS and you want to include the text or 
portions of the text in your thesis/dissertation in print or microfilm formats, please print 
the ACS copyright credit line on the first page of your article: “Reproduced (or 
'Reproduced in part') with permission from [FULL REFERENCE CITATION.] 
Copyright [YEAR] American Chemical Society." Include appropriate information.  
 
Submission to a Dissertation Distributor: If you plan to submit your thesis to UMI or 
to another dissertation distributor, you should not include the unpublished ACS paper in 

170 



your thesis if the thesis will be disseminated electronically, until ACS has published your 
paper. After publication of the paper by ACS, you may release the entire thesis (not the 
individual ACS article by itself) for electronic dissemination through the distributor; 
ACS’s copyright credit line should be printed on the first page of the ACS paper.  
 
Use on an Intranet: The inclusion of your ACS unpublished or published manuscript is 
permitted in your thesis in print and microfilm formats. If ACS has published your paper 
you may include the manuscript in your thesis on an intranet that is not publicly 
available. Your ACS article cannot be posted electronically on a publicly available 
medium (i.e., one that is not password protected), such as but not limited to, electronic 
archives, Internet, library server, etc. The only material from your paper that can be 
posted on a public electronic medium is the article abstract, figures, and tables, and you 
may link to the article’s DOI or post the article’s author-directed URL link provided by 
ACS. This paragraph does not pertain to the dissertation distributor paragraph above.  
 
Questions? Call +1 202/872-4368/4367. Send e-mail to copyright@acs.org or fax to +1 
202-776-8112. 10/10/03, 01/15/04, 06/07/06  
 

171 



 
ELSEVIER LIMITED LICENSE 

TERMS AND CONDITIONS 
May 27, 2008

 
This is a License Agreement between Jacqueline K Lekostaj ("You") and Elsevier Limited 
("Elsevier Limited"). The license consists of your order details, the terms and conditions 
provided by Elsevier Limited, and the payment terms and conditions.  

Supplier Elsevier Limited 
The Boulevard,Langford Lane 
Kidlington,Oxford,OX5 
1GB,UK 

Registered Company Number 1982084 

Customer name Jacqueline K Lekostaj 

Customer address 3900A Watson Place NW 

  Washington, DC 20016 

License Number 1953211136969 

License date May 20, 2008 

Licensed content publisher Elsevier Limited 

Licensed content publication Molecular and Biochemical 
Parasitology 

Licensed content title A single S1034C mutation 
confers altered drug 
sensitivity to PfMDR1 ATPase 
activity that is characteristic 
of the 7G8 isoform 

Licensed content author Jacqueline K. Lekostaj, Linda 
E. Amoah and Paul D. Roepe 

Licensed content date January 2008 

172 



 

Volume number 157 

Issue number 1 

Pages 5 

Type of Use Thesis / Dissertation 

Portion Full article 

Format Both print and electronic 

You are an author of the Elsevier article Yes 

Are you translating? No 

Purchase order number  

Expected publication date  Jul 2008 

Elsevier VAT number GB 494 6272 12 

Permissions price 0.00 USD 

Value added tax 0.0% 0.00 USD 

   

Total 0.00 USD 

 

Terms and Conditions 

INTRODUCTION 

The publisher for this copyrighted material is Elsevier. By clicking "accept" in connection 

with completing this licensing transaction, you agree that the following terms and 

conditions apply to this transaction (along with the Billing and Payment terms and 

conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you 

opened your Rightslink account and that are available at any time at 

http://myaccount.copyright.com).  

173 

http://myaccount.copyright.com/


GENERAL TERMS 

Elsevier hereby grants you permission to reproduce the aforementioned material subject to 

the terms and conditions indicated.  

Acknowledgement: If any part of the material to be used (for example, figures) has 

appeared in our publication with credit or acknowledgement to another source, permission 

must also be sought from that source. If such permission is not obtained then that material 

may not be included in your publication/copies. Suitable acknowledgement to the source 

must be made, either as a footnote or in a reference list at the end of your publication, as 

follows:  

"Reprinted from Publication title, Vol number, Author(s), Title of article, Pages No., 

Copyright (Year), with permission from Elsevier [OR APPLICABLE SOCIETY 

COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The Lancet, Vol. 

number, Author(s), Title of article, Pages No., Copyright (Year), with permission from 

Elsevier."  

Reproduction of this material is confined to the purpose and/or media for which permission 

is hereby given.  

Altering/Modifying Material: Not Permitted. However figures and illustrations may be 

altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions 

and/or any other alterations shall be made only with prior written authorization of Elsevier 

Ltd. (Please contact Elsevier at permissions@elsevier.com)  

If the permission fee for the requested use of our material is waived in this instance, please 

be advised that your future requests for Elsevier materials may attract a fee.  

Reservation of Rights: Publisher reserves all rights not specifically granted in the 

174 

mailto:permissions@elsevier.com


combination of (i) the license details provided by you and accepted in the course of this 

licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment 

terms and conditions.  

License Contingent Upon Payment: While you may exercise the rights licensed 

immediately upon issuance of the license at the end of the licensing process for the 

transaction, provided that you have disclosed complete and accurate details of your 

proposed use, no license is finally effective unless and until full payment is received from 

you (either by publisher or by CCC) as provided in CCC's Billing and Payment terms and 

conditions. If full payment is not received on a timely basis, then any license preliminarily 

granted shall be deemed automatically revoked and shall be void as if never granted. 

Further, in the event that you breach any of these terms and conditions or any of CCC's 

Billing and Payment terms and conditions, the license is automatically revoked and shall be 

void as if never granted. Use of materials as described in a revoked license, as well as any 

use of the materials beyond the scope of an unrevoked license, may constitute copyright 

infringement and publisher reserves the right to take any and all action to protect its 

copyright in the materials.  

Warranties: Publisher makes no representations or warranties with respect to the licensed 

material.  

Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and their 

respective officers, directors, employees and agents, from and against any and all claims 

arising out of your use of the licensed material other than as specifically authorized 

pursuant to this license.  

No Transfer of License: This license is personal to you and may not be sublicensed, 

assigned, or transferred by you to any other person without publisher's written permission.  

No Amendment Except in Writing: This license may not be amended except in a writing 

175 



signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).  

Objection to Contrary Terms: Publisher hereby objects to any terms contained in any 

purchase order, acknowledgment, check endorsement or other writing prepared by you, 

which terms are inconsistent with these terms and conditions or CCC's Billing and Payment 

terms and conditions. These terms and conditions, together with CCC's Billing and Payment 

terms and conditions (which are incorporated herein), comprise the entire agreement 

between you and publisher (and CCC) concerning this licensing transaction. In the event of 

any conflict between your obligations established by these terms and conditions and those 

established by CCC's Billing and Payment terms and conditions, these terms and conditions 

shall control.  

Revocation: Elsevier or Copyright Clearance Center may deny the permissions described in 

this License at their sole discretion, for any reason or no reason, with a full refund payable 

to you. Notice of such denial will be made using the contact information provided by you. 

Failure to receive such notice will not alter or invalidate the denial. In no event will Elsevier 

or Copyright Clearance Center be responsible or liable for any costs, expenses or damage 

incurred by you as a result of a denial of your permission request, other than a refund of the 

amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied 

permissions.  

LIMITED LICENSE 

The following terms and conditions apply to specific license types:  

Translation: This permission is granted for non-exclusive world English rights only unless 

your license was granted for translation rights. If you licensed translation rights you may 

only translate this content into the languages you requested. A professional translator must 

perform all translations and reproduce the content word for word preserving the integrity of 

the article. If this license is to re-use 1 or 2 figures then permission is granted for non-

176 



exclusive world rights in all languages.  

Website: The following terms and conditions apply to electronic reserve and author 

websites:  

Electronic reserve: If licensed material is to be posted to website, the web site is to be 

password-protected and made available only to bona fide students registered on a relevant 

course if:  

This license was made in connection with a course,  

This permission is granted for 1 year only. You may obtain a license for future website 

posting,  

All content posted to the web site must maintain the copyright information line on the 

bottom of each image,  

A hyper-text must be included to the Homepage of the journal from which you are licensing 

at http://www.sciencedirect.com/science/journal/xxxxx , and  

Central Storage: This license does not include permission for a scanned version of the 

material to be stored in a central repository such as that provided by Heron/XanEdu.  

Author website with the following additional clauses: This permission is granted for 1 year 

only. You may obtain a license for future website posting,  

All content posted to the web site must maintain the copyright information line on the 

bottom of each image, and  

The permission granted is limited to the personal version of your paper. You are not 

allowed to download and post the published electronic version of your article (whether PDF 

or HTML, proof or final version), nor may you scan the printed edition to create an 

electronic version,  

A hyper-text must be included to the Homepage of the journal from which you are licensing 

at http://www.sciencedirect.com/science/journal/xxxxx , and  

Central Storage: This license does not include permission for a scanned version of the 

177 



material to be stored in a central repository such as that provided by Heron/XanEdu.  

Website (regular and for author): "A hyper-text must be included to the Homepage of the 

journal from which you are licensing at 

http://www.sciencedirect.com/science/journal/xxxxx."  

Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be 

submitted to your institution in either print or electronic form. Should your thesis be 

published commercially, please reapply for permission. These requirements include 

permission for the Library and Archives of Canada to supply single copies, on demand, of 

the complete thesis and include permission for UMI to supply single copies, on demand, of 

the complete thesis. Should your thesis be published commercially, please reapply for 

permission.  

Other Terms and Conditions: None 

 

178 



BIBLIOGRAPHY 

 

[1] Centers for Disease Control and Prevention. Malaria Fact Sheet, available at:  
http://www.cdc.gov/malaria/facts.htm 
 
[2] Centers for Disease Control and Prevention. Malaria Biology, available at:  
http://www.cdc.gov/malaria/biology/index.htm 
 
[3] Carter R and Mendis KN. (2002) Evolutionary and historical aspects of the burden of 
malaria. Clin Microbiol Rev. 15(4):  564-94. 
 
[4] Guillemin J. (2002) Choosing scientific patrimony: Sir Ronald Ross, Alphonse 
Laveran, and the mosquito-vector hypothesis for malaria. J Hist Med Allied Sci. 57(4):  
385-409. 
 
[5] Centers for Disease Control and Prevention. Global Distribution, available at:  
http://www.cdc.gov/malaria/distribution_epi/distribution.htm 
 
[6] Wirth DF.  (2002)  The parasite genome:  biological revelations.  Nature.  419(6906): 
495-6. 
 
[7] Krugliak M, Zhang J and Ginsburg H. (2002) Intraerythrocytic Plasmodium 
falciparum utilizes only a fraction of the amino acids derived from the digestion of host 
cell cytosol for the biosynthesis of its proteins.  Mol Biochem Parasitol. 119(2):  249-56. 
 
[8] Lew VL, Tiffert T and Ginsburg H. (2003) Excess hemoglobin digestion and the 
osmotic stability of Plasmodium falciparum-infected red blood cells.  Blood. 101(10):  
4189-94. 
 
[9] Pagola S, Stephens PW, Bohle DS, Kosar AD and Madsen SK. (2000) The structure 
of malaria pigment beta-haematin. Nature.  404(6775): 307-10. 
 
[10] Hyde JE.  (2005)  Drug resistant malaria.  Trends Parasitol.  21(11):  494-8. 
 
[11] Woodward RB and Doering WE. (1944) The total synthesis of quinine.   J Am Chem 
Soc.  66(5):  849. 
 
[12] Stork G, Niu D, Fujimoto RA, Koft ER, Balkovec JM, Tata JR and Dake GR. (2001)  
The first stereoselective total synthesis of quinine.  J Am Chem Soc. 123(14):  3239-42. 
 

179 



[13] Trenholm C, Williams RL, Desjardins RE, Frischer H, Carson PE, Rieckmann KH 
and Canfield CJ. (1975)  Mefloquine (WR142,490) in the treatment of human malaria.  
Science. 190(4216):  792-4. 
 
[14] Gligorijevic B, Purdy K, Elliott DA, Cooper RA and Roepe PD.  (2008)  Stage 
independent chloroquine resistance and chloroquine toxicity revealed via spinning disk 
confocal microscopy.  Mol Biochem Parasitol.  159(1):  7-23.  
 
[15] Cohen S and Yielding KL. (1965)  Inhibition of DNA and RNA polymerase 
reactions by chloroquine. PNAS USA. 54(2):  521-7. 
 
[16] Sullivan D, Gluzman IY, Russell DG and Goldberg DE. (1996) On the molecular 
mechanism of chloroquine's antimalarial action. PNAS USA. 93(21):  11865-70. 
 
[17] Leed A, DuBay K, Ursos LM, Sears D, De Dios AC and Roepe PD.  (2002)  
Solution structures of antimalarial drug-heme complexes.  Biochemistry. 41(32):  10245-
55. 
 
[18] de Dios A, Tycko R, Ursos LMB and Roepe PD. (2003) NMR studies of 
chloroquine-ferriprotoporphyrin IX complex.  J Phys Chem. 107(30): 5821-5. 
 
[19] de Dios AC, Casabianca LB, Kosar A and Roepe PD.  (2004)  Structure of the 
amodiaquine-FPIX mu oxo dimer solution complex at atomic resolution.  Inorg Chem. 
43(25):  8078-84. 
 
[20] Klayman DL. (1985) Qinghaosu (artemisinin): an antimalarial drug from China. 
Science.  228(4703):  1049-1055. 
 
[21] White NJ. (2008)  Qinghaosu (artemisinin):  the price of success.  Science. 
320(5874):  330-4. 
 
[22] Schmid G and Hofheinz W.  (1983)  Total synthesis of qinghaosu.  J Am Chem Soc. 
105(3):  624-5. 
 
[23] Eckstein-Ludwig U, Webb RJ, Van Goethem ID, East JM, Lee AG, Kimura M, 
O'Neill PM, Bray PG, Ward SA and Krishna S.  (2003)  Artemisinins target the SERCA 
of Plasmodium falciparum.  Nature. 424(6951):  957-61.  
 
[24] Haynes RK, Chan WC, Lung CM, Uhlemann AC, Eckstein U, Taramelli D, Parapini 
S, Monti D and Krishna S.  (2007)  The Fe(2+)-mediated decomposition, PfATP6 
binding, and antimalarial activities of artemisone and other artemisinins: the unlikelihood 
of C-centered radicals as bioactive intermediates.  Chem Med Chem.  2(10):  1480-97. 
 

180 



[25] Loup C, Lelièvre J, Benoit-Vical F and Meunier B. (2007)  Trioxaquines and heme-
artemisinin adducts inhibit the in vitro formation of hemozoin better than chloroquine. 
Antimicrob Agents Chemother.  51(10):  3768-70. 
 
[26] Jambou R, Legrand E, Niang M, Khim N, Lim P, Volney B, Ekala MT, Bouchier C, 
Esterre P, Fandeur T and Mercereau-Puijalon O.  (2005)  Resistance of Plasmodium 
falciparum field isolates to in-vitro artemether and point mutations of the SERCA-type 
PfATPase6.  Lancet. 366(9501):  1960-3. 
 
[27] Meier M, Blatter XL, Seelig A and Seelig J. (2006)  Interaction of verapamil with 
lipid membranes and P-glycoprotein: connecting thermodynamics and membrane 
structure with functional activity. Biophys J. 91(8):  2943-55. 
 
[28] Chang G and Roth CB.  (2001)  Structure of MsbA from E. coli: a homolog of the 
multidrug resistance ATP binding cassette (ABC) transporters.  Science. 293(5536):  
1793-800. 
 
[29] McDevitt CA and Callaghan R. (2007)  How can we best use structural information 
on P-glycoprotein to design inhibitors?  Pharmacol Ther. 113(2):  429-41. 
 
[30] Richard M, Drouin R and Beaulieu AD.  (1998)  ABC50, a novel human ATP-
binding cassette protein found in tumor necrosis factor-alpha-stimulated synoviocytes. 
Genomics.  53(2):  137-45. 
 
[31] Juliano RL and Ling V. (1976) A surface glycoprotein modulating drug permeability 
in Chinese hamster ovary cell mutants.  Biochim Biophys Acta.  455(1): 152-62. 
 
[32] Kartner N, Riordan JR and Ling V. (1983)  Cell surface P-glycoprotein associated 
with multidrug resistance in mammalian cell lines. Science. 221(4617):  1285-8. 
 
[33] Trent J, Bell D, Willard H and Ling V. (1985)  Chromosomal localization in normal 
human cells and CHO cells of a sequence derived from P-glycoprotein (PGY1). Hum 
Gene Mapping.  8(40):  761-2. 
 
[34] Klein I, Sarkadi B and Váradi A.  (1999)  An inventory of the human ABC proteins. 
Biochim Biophys Acta. 1461(2):  237-62. 
 
[35] Chen CJ, Chin JE, Ueda K, Clark DP, Pastan I, Gottesman MM and Roninson IB.  
(1986) Internal duplication and homology with bacterial transport proteins in the mdr1 
(P-glycoprotein) gene from multidrug-resistant human cells.  Cell.  47(3):  381-9. 
 
[36] Gros P, Raymond M, Bell J and Housman D. (1988)  Cloning and characterization 
of a second member of the mouse mdr gene family. Mol Cell Biol.  8(7):  2770-8. 

181 



 
[37] Schinkel AH, Smit JJ, van Tellingen O, Beijnen JH, Wagenaar E, van Deemter L, 
Mol CA, van der Valk MA, Robanus-Maandag EC, te Riele HPJ, Burns AJM and Borst 
P. (1994)  Disruption of the mouse mdr1a P-glycoprotein gene leads to a deficiency in the 
blood-brain barrier and to increased sensitivity to drugs.  Cell.  77(4):  491-502. 
 
[38] Schinkel AH, Mayer U, Wagenaar E, Mol CA, van Deemter L, Smit JJ, van der Valk 
MA, Voordouw AC, Spits H, van Tellingen O, Zijlmans JM, Fibbe WE and Borst P.  
(1997)  Normal viability and altered pharmacokinetics in mice lacking mdr1-type (drug-
transporting) P-glycoproteins.  PNAS USA.  94(8):  4028-33. 
 
[39] Riordan JR and Ling V.  (1985) Genetic and biochemical characterization of 
multidrug resistance.  Pharmacol Ther.  28(1):  51-75. 
 
[40] Gros P, Croop J and Housman D. (1986)  Mammalian multidrug resistance gene: 
complete cDNA sequence indicates strong homology to bacterial transport proteins.  Cell.  
47(3):  371-80. 
 
[41] Gerlach JH, Endicott JA, Juranka PF, Henderson G, Sarangi F, Deuchars KL and 
Ling V. (1986)  Homology between P-glycoprotein and a bacterial haemolysin transport 
protein suggests a model for multidrug resistance.  Nature.  324(6096):  485-9. 
 
[42] Cornwell MM, Tsuruo T, Gottesman MM and Pastan I.  (1987)  ATP-binding 
properties of P glycoprotein from multidrug-resistant KB cells.  FASEB J. 1(1):  51-4. 
 
[43] Hamada H and Tsuruo T.  (1988) Purification of the 170- to 180-kilodalton 
membrane glycoprotein associated with multidrug resistance. 170- to 180-kilodalton 
membrane glycoprotein is an ATPase.  J Biol Chem.  263(3):  1454-8. 
  
[44] Safa AR, Glover CJ, Meyers MB, Biedler JL and Felsted RL. (1986)  Vinblastine 
photoaffinity labeling of a high molecular weight surface membrane glycoprotein specific 
for multidrug-resistant cells.  J Biol Chem.  261(14):6137-40. 
 
[45] Bruggemann EP, Germann UA, Gottesman MM and Pastan I. (1989)  Two different 
regions of P-glycoprotein are photoaffinity-labeled by azidopine. J Biol Chem. 264(26):  
15483-8.  Erratum in: J Biol Chem (1990), 265(7):  4172. 
 
[46] Bruggemann EP, Currier SJ, Gottesman MM and Pastan I. (1992) Characterization 
of the azidopine and vinblastine binding site of P-glycoprotein.  J Biol Chem.  267(29): 
21020-6. 
 
[47] Morris DI, Greenberger LM, Bruggemann EP, Cardarelli C, Gottesman MM, Pastan 
I and Seamon KB. (1994)  Localization of the forskolin labeling sites to both halves of P-

182 



glycoprotein: similarity of the sites labeled by forskolin and prazosin.  Mol Pharmacol. 
46(2):  329-37. 
 
[44] Loo TW and Clarke DM.  (1994)  Mutations to amino acids located in predicted 
transmembrane segment 6 (TM6) modulate the activity and substrate specificity of 
human P-glycoprotein.  Biochemistry.  33(47):  14049-57. 
 
[49] Martin C, Berridge G, Higgins CF, Mistry P, Charlton P and Callaghan R. (2000) 
Communication between multiple drug binding sites on P-glycoprotein.  Mol Pharmacol. 
58(3):  624-32. 
 
[50] Tsuruo T, Iida H, Tsukagoshi S and Sakurai Y. (1982) Increased accumulation of 
vincristine and adriamycin in drug-resistant P388 tumor cells following incubation with 
calcium antagonists and calmodulin inhibitors.  Cancer Res. 42(11):  4730-3. 
 
[51] Ganapathi R and Grabowski D. (1983) Enhancement of sensitivity to adriamycin in 
resistant P388 leukemia by the calmodulin inhibitor trifluoperazine.  Cancer Res. 43(8): 
3696-9. 
 
[52] Ramu A, Fuks Z, Gatt S and Glaubiger D. (1984) Reversal of acquired resistance to 
doxorubicin in P388 murine leukemia cells by perhexiline maleate. Cancer Res. 44(1): 
144-8. 
 
[53] Goldberg H, Ling V, Wong PY and Skorecki K. (1988)  Reduced cyclosporin 
accumulation in multidrug-resistant cells. Biochem Biophys Res Commun. 152(2):  552-8. 
 
[54] Beck WT, Grogan TM, Willman CL, Cordon-Cardo C, Parham DM, Kuttesch JF, 
Andreeff M, Bates SE, Berard CW, Boyett JM, Brophy NA, Broxterman HJ, Chan HS, 
Dalton WS, Dietel M, Fojo AT, Gascoyne RD, Head D, Houghton PJ, Srivastava DK, 
Lehnert M, Leith CP, Paietta E, Pavelic ZP and Weinstein R. (1996)  Methods to detect 
P-glycoprotein-associated multidrug resistance in patients' tumors: consensus 
recommendations.  Cancer Res. 56(13):  3010-20. 
 
[55] Wadkins RM and Houghton PJ.  (1995) Kinetics of transport of 
dialkyloxacarbocyanines in multidrug-resistant cell lines overexpressing P-glycoprotein: 
interrelationship of dye alkyl chain length, cellular flux, and drug resistance.  
Biochemistry.  34(11):  3858-72. 
 
[56] Hoffman MM, Wei LY and Roepe PD.  (1996)  Are altered pHi and membrane 
potential in hu MDR 1 transfectants sufficient to cause MDR protein-mediated multidrug 
resistance? J Gen Physiol. 108(4):  295-313. 
 

183 



[57] Wadkins RM and Houghton PJ. (1993)  The role of drug-lipid interactions in the 
biological activity of modulators of multi-drug resistance.  Biochim Biophys Acta. 
1153(2):  225-36. 
 
[58] Lowe SW, Ruley HE, Jacks T and Housman DE.  (1993)  p53-dependent apoptosis 
modulates the cytotoxicity of anticancer agents.  Cell.  74(6):  957-67. 
 
[59] Benson AB 3rd, Trump DL, Koeller JM, Egorin MI, Olman EA, Witte RS, Davis TE 
and Tormey DC.  (1985)  Phase I study of vinblastine and verapamil given by concurrent 
iv infusion. Cancer Treat Rep.  69(7-8):  795-9. 
 
[60] Cairo MS, Siegel S, Anas N and Sender L. (1989) Clinical trial of continuous 
infusion verapamil, bolus vinblastine, and continuous infusion VP-16 in drug resistant 
pediatric tumors. Cancer Res.  49(4):  1063-6. 
 
[61] Verweij J, Herweijer H, Oosterom R, van der Burg ME, Planting AS, Seynaeve C, 
Stoter G and Nooter K.  (1991)  A phase II study of epidoxorubicin in colorectal cancer 
and the use of cyclosporin-A in an attempt to reverse multidrug resistance. Br J Cancer. 
64(2):  361-4. 
 
[62] Bartlett NL, Lum BL, Fisher GA, Brophy NA, Ehsan MN, Halsey J and Sikic BI. 
(1994) Phase I trial of doxorubicin with cyclosporine as a modulator of multidrug 
resistance. J Clin Oncol. 12(4):  835-42. 
 
[63] Saltz L, Murphy B, Kemeny N, Bertino J, Tong W, Keefe D, Tzy-Jun Y, Tao Y, 
Kelsen D and O'Brien JP.  (1994). A phase I trial of intrahepatic verapamil and 
doxorubicin. Regional therapy to overcome multidrug resistance. Cancer.  74(10):  2757-
64. 
 
[64] Berman E, McBride M, Lin S, Menedez-Botet C and Tong W. (1995). Phase I trial 
of high-dose tamoxifen as a modulator of drug resistance in combination with  
daunorubicin in patients with relapsed or refractory acute leukemia. Leukemia.  9(10):  
1631-7. 
 
[65] Raderer M and Scheithauer W.  (1993)  Clinical trials of agents that reverse 
multidrug resistance. A literature review.  Cancer.  72(12):  3553-63. 
 
[66] Arceci RJ.  (1993)  Clinical significance of P-glycoprotein in multidrug resistance 
malignancies.  Blood.  81(9):  2215-22. 
 
[67] Pakos EE and Ioannidis JP.  (2003)  The association of P-glycoprotein with response 
to chemotherapy and clinical outcome in patients with osteosarcoma. A meta-analysis.  
Cancer.  98(3):  581-9. 

184 



 
[68] Pusztai L, Wagner P, Ibrahim N, Rivera E, Theriault R, Booser D, Symmans FW, 
Wong F, Blumenschein G, Fleming DR, Rouzier R, Boniface G and Hortobagyi GN.  
(2005)  Phase II study of tariquidar, a selective P-glycoprotein inhibitor, in patients with 
chemotherapy-resistant, advanced breast carcinoma.  Cancer. 104(4):  682-91. 
 
[69] Gandhi L, Harding MW, Neubauer M, Langer CJ, Moore M, Ross HJ, Johnson BE 
and Lynch TJ. (2007)  A phase II study of the safety and efficacy of the multidrug 
resistance inhibitor VX-710 combined with doxorubicin and vincristine in patients with 
recurrent small cell lung cancer.  Cancer.  109(5):  924-32. 
 
[70] Krogstad DJ, Schlesinger PH and Herwaldt BL. (1988)  Antimalarial agents: 
mechanism of chloroquine resistance.  Antimicrob Agents Chemother.  32(6):  799-801. 
 
[71] Wilson CM, Serrano AE, Wasley A, Bogenschutz MP, Shankar AH and Wirth DF.  
(1989)  Amplification of a gene related to mammalian mdr genes in drug-resistant 
Plasmodium falciparum.  Science. 244(4909):  1184-6. 
 
[72] Cowman AF and Karcz S.  (1991)  The pfmdr gene homologues of Plasmodium 
falciparum.  Acta Liedensia.  60(1):  121-9. 
 
[73] Zalis MG, Wilson CM, Zhang Y and Wirth DF.  (1993)  Characterization of the 
pfmdr2 gene for Plasmodium falciparum.  Mol Biochem Parasitol.  62(1):  83-92. 
 
[74] Rubio JP and Cowman AF.  (1994)  Plasmodium falciparum: the pfmdr2 protein is 
not overexpressed in chloroquine-resistant isolates of the malaria parasite.  Exp Parasitol.  
79(2):137-47. 
 
[75] Rosenberg E, Litus I, Schwarzfuchs N, Sinay R, Schlesinger P, Golenser J, 
Baumeister S, Lingelbach K and Pollack Y.  (2006)  pfmdr2 confers heavy metal 
resistance to Plasmodium falciparum.  J Biol Chem.  281(37):  27039-45.  
 
[76] Foote SJ, Thompson JK, Cowman AF and Kemp DJ. (1989)  Amplification of the 
multidrug resistance gene in some chloroquine-resistant isolates of P. falciparum.  Cell.  
57(6):  921-30. 
 
[77] Krogstad DJ, Gluzman IY, Kyle DE, Oduola AM, Martin SK, Milhous WK and 
Schlesinger PH.  (1987)  Efflux of chloroquine from Plasmodium falciparum: mechanism 
of chloroquine resistance.  Science.  238(4831):  1283-5.  
 
[78] Foote SJ, Kyle DE, Martin RK, Oduola AM, Forsyth K, Kemp DJ and Cowman AF. 
(1990)  Several alleles of the multidrug-resistance gene are closely linked to chloroquine 
resistance in Plasmodium falciparum.  Nature.  345(6272):  255-8. 

185 



 
[79] Wellems TE, Panton LJ, Gluzman IY, do Rosario VE, Gwadz RW, Walker-Jonah A 
and Krogstad DJ. (1990)  Chloroquine resistance not linked to mdr-like genes in a 
Plasmodium falciparum cross.  Nature. 345(6272):  253-5. 
 
[80] Wellems TE, Walker-Jonah A and Panton LJ. (1991)  Genetic mapping of the 
chloroquine-resistance locus on Plasmodium falciparum chromosome 7.  PNAS USA.  
88(8):  3382-6. 
 
[81] Fidock DA, Nomura T, Talley AK, Cooper RA, Dzekunov SM, Ferdig MT, Ursos 
LM, Sidhu AB, Naudé B, Deitsch KW, Su XZ, Wootton JC, Roepe PD and Wellems TE.   
(2000)  Mutations in the P. falciparum digestive vacuole transmembrane protein PfCRT 
and evidence for their role in chloroquine resistance.  Mol Cell. 6(4):  861-71. 
 
[82] Martin RE, Trueman JWH and Kirk K. (2003) Bioinformatic analysis of PfCRT 
places it in a known family of transport proteins. Exp Parasitol.  105:  56-57. 
 
[83] Martin RE and Kirk K. (2004)  The malaria parasite's chloroquine resistance 
transporter is a member of the drug/metabolite transporter superfamily. Mol Biol Evol.  
21(10):  1938-49. 
 
[84] Tran CV and Saier MH, Jr. (2004)  The principal chloroquine resistance protein of 
Plasmodium falciparum is a member of the drug/metabolite transporter superfamily. 
Microbiology.  150(Pt 1):  1-3. 
 
[85] Wootton J, Feng X, Ferdig MT, Cooper RA, Mu J, Baruch DI, Magill AJ and Su 
XZ. (2002)  Genetic diversity and chloroquine selective sweeps in Plasmodium 
falciparum. Nature.  418(6895):  320-3. 
 
[86] Hayton K and Su XZ. (2004)  Genetic and biochemical aspects of drug resistance in 
malaria parasites.  Curr Drug Targets Infect Disord.  4(1):  1-10. 
 
[87] Chen N, Kyle DE, Pasay C, Fowler EV, Baker J, Peters JM and Cheng Q. (2003)  
pfcrt allelic types with two novel amino acid mutations in chloroquine-resistant 
Plasmodium falciparum isolates from the Philippines. Antimicrob Agents Chemother.  
47(11):  3500-5. 
 
[88] Wellems T and Plowe CV.  (2001).  Chloroquine resistant malaria. J Infect Dis. 
184(6):  770-6. 
 
[89] Wellems T.  (2004)  Transporter of a malaria catastrophe.  Nature Med. 10(11):  
1169-71. 
 

186 



[90] Cooper R, Hartwig CL and Ferdig MT. (2005)  pfcrt is more than the Plasmodium 
falciparum chloroquine resistance gene: a functional and evolutionary perspective. Acta 
Tropica.  94(3): 170-80. 
 
[91] Sidhu AB, Verdier-Pinard D and Fidock DA. (2002)  Chloroquine resistance in 
Plasmodium falciparum malaria parasites conferred by pfcrt mutations.  Science. 
298(5591):  210-3. 
 
[92] Ferdig MT, Cooper RA, Mu J, Deng B, Joy DA, Su XZ and Wellems TE. (2004)  
Dissecting the loci of low-level quinine resistance in malaria parasites.  Mol Microbiol. 
52(4):  985-97. 
 
[93] Gardner MJ, Hall N, Fung E, White O, Berriman M, Hyman RW, Carlton JM, Pain 
A, Nelson KE, Bowman S, Paulsen IT, James K, Eisen JA, Rutherford K, Salzberg SL, 
Craig A, Kyes S, Chan MS, Nene V, Shallom SJ, Suh B, Peterson J, Angiuoli S, Pertea 
M, Allen J, Selengut J, Haft D, Mather MW, Vaidya AB, Martin DM, Fairlamb AH, 
Fraunholz MJ, Roos DS, Ralph SA, McFadden GI, Cummings LM, Subramanian GM, 
Mungall C, Venter JC, Carucci DJ, Hoffman SL, Newbold C, Davis RW, Fraser CM and 
Barrell B.   (2002)  Genome sequence of the human malaria parasite Plasmodium 
falciparum. Nature.  419(6906):  498-511. 
 
[94] Bennett TN, Patel J, Ferdig MT and Roepe PD.  (2007)  Plasmodium falciparum 
Na+/H+ exchanger activity and quinine resistance.  Mol Biochem Parasitol. 153(1):  48-
58.  
 
[95] Vinayak S, Alam MT, Upadhyay M, Das MK, Dev V, Singh N, Dash AP and 
Sharma YD. (2007)  Extensive genetic diversity in the Plasmodium falciparum Na+/H+ 
exchanger 1 transporter protein implicated in quinine resistance.  Antimicrob Agents 
Chemother. 51(12):  4508-11. 
 
[96] Higgins CF and Gottesman MM.  (1992)  Is the multidrug transporter a flippase? 
Trends Biochem Sci. 17(1):  18-21.  
 
[97] Romsicki Y and Sharom FJ.  (2001)  Phospholipid flippase activity of the 
reconstituted P-glycoprotein multidrug transporter.  Biochemistry. 40(23):  6937-47. 
 
[98] Altenberg GA, Vanoye CG, Horton JK and Reuss L.  (1994)  Unidirectional fluxes 
of rhodamine 123 in multidrug-resistant cells: evidence against direct drug extrusion 
from the plasma membrane.  PNAS USA.  91(11):  4654-7. 
 
[99] Fritz F, Howard EM, Hoffman MM and Roepe PD. (1999)  Evidence for altered ion 
transport in Saccharomyces cerevisiae overexpressing human MDR1 protein.  
Biochemistry.  38(13):  4214-26. 

187 



 
[100] Howard E and Roepe PD. (2003) Purified human MDR1 protein modulates 
membrane potential in reconstituted proteoliposomes. Biochemistry.  42(12):  3544-55. 
 
[101] Sanchez CP, McLean JE, Rohrbach P, Fidock DA, Stein WD and Lanzer M. (2005) 
Evidence for a pfcrt-associated chloroquine efflux system in the human malarial parasite 
Plasmodium falciparum.  Biochemistry. 44(29): 9862-70. 
 
[102] Bray PG, Martin RE, Tilley L, Ward SA, Kirk K and Fidock DA. (2005)  Defining 
the role of PfCRT in Plasmodium falciparum chloroquine resistance. Mol Microbiol. 
56(2):  323-33. 
 
[103] Zhang H, Paguio M and Roepe PD.  (2004)  The antimalarial drug resistance 
protein Plasmodium falciparum chloroquine resistance transporter binds chloroquine. 
Biochemistry.  43(26):  8290-6. 
 
[104] Bennett TN, Kosar AD, Ursos LM, Dzekunov S, Singh Sidhu AB, Fidock DA and 
Roepe PD.  (2004)  Drug resistance-associated PfCRT mutations confer decreased 
Plasmodium falciparum digestive vacuolar pH.  Mol Biochem Parasitol. 133(1):  99-114. 
 
[105] Howard EM, Zhang H and Roepe PD. (2002) A novel transporter, Pfcrt, confers 
antimalarial drug resistance.  J Membr Biol. 190(1):  1-8. 
 
[106] Wilson CM, Volkman SK, Thaithong S, Martin RK, Kyle DE, Milhous WK and 
Wirth DF.  (1993)  Amplification of pfmdr 1 associated with mefloquine and halofantrine 
resistance in Plasmodium falciparum from Thailand.  Mol Biochem Parasitol.  57(1):  
151-60. 
 
[107] Pickard AL, Wongsrichanalai C, Purfield A, Kamwendo D, Emery K, Zalewski C, 
Kawamoto F, Miller RS and Meshnick SR. (2003)  Resistance to antimalarials in 
Southeast Asia and genetic polymorphisms in pfmdr1.  Antimicrob Agents Chemother. 
47(8):  2418-23. 
 
[108] Price RN, Uhlemann AC, Brockman A, McGready R, Ashley E, Phaipun L, Patel 
R, Laing K, Looareesuwan S, White NJ, Nosten F and Krishna S.  (2004)  Mefloquine 
resistance in Plasmodium falciparum and increased pfmdr1 gene copy number.  Lancet.  
364(9432):  438-47. 
 
[109] Cowman AF, Galatis D and Thompson JK.  (1994)  Selection for mefloquine 
resistance in Plasmodium falciparum is linked to amplification of the pfmdr1 gene and 
cross-resistance to halofantrine and quinine.  PNAS USA.  91(3):  1143-7. 
 

188 



[110] Peel SA, Bright P, Yount B, Handy J and Baric RS.  (1994)  A strong association 
between mefloquine and halofantrine resistance and amplification, overexpression, and 
mutation in the P-glycoprotein gene homolog (pfmdr) of Plasmodium falciparum in vitro.  
Am J Trop Med Hyg.  51(5):  648-58. 
 
[111] Barnes DA, Foote SJ, Galatis D, Kemp DJ and Cowman AF.  (1992)  Selection for 
high-level chloroquine resistance results in deamplification of the pfmdr1 gene and 
increased sensitivity to mefloquine in Plasmodium falciparum.  EMBO J.  11(8):  3067-
75. 
 
[112] Sidhu AB, Uhlemann AC, Valderramos SG, Valderramos JC, Krishna S and 
Fidock DA.  (2006)  Decreasing pfmdr1 copy number in plasmodium falciparum malaria 
heightens susceptibility to mefloquine, lumefantrine, halofantrine, quinine, and 
artemisinin.  J Infect Dis.  194(4):  528-35.  
 
[113] Myrick A, Munasinghe A, Patankar S and Wirth DF.  (2003)  Mapping of the 
Plasmodium falciparum multidrug resistance gene 5'-upstream region, and evidence of 
induction of transcript levels by antimalarial drugs in chloroquine sensitive parasites.  
Mol Microbiol. 49(3):  671-83. 
 
[114] Mu J, Ferdig MT, Feng X, Joy DA, Duan J, Furuya T, Subramanian G, Aravind L, 
Cooper RA, Wootton JC, Xiong M and Su XZ.  (2003)  Multiple transporters associated 
with malaria parasite responses to chloroquine and quinine. Mol Microbiol. 49(4):  977-
89. 
 
[115] Woodrow C and Krishna S. (2006)  Antimalarial drugs: recent advances in 
molecular determinants of resistance and their clinical significance. Cell Mol Life Sci.  
63(14):  1586-96. 
 
[116] Reed MB, Saliba KJ, Caruana SR, Kirk K and Cowman AF. (2000)  Pgh1 
modulates sensitivity and resistance to multiple antimalarials in Plasmodium falciparum. 
Nature.  403(6772):  906-9. 
 
[117] Sidhu AB, Valderramos SG and Fidock DA.  (2005) pfmdr1 mutations contribute 
to quinine resistance and enhance mefloquine and artemisinin sensitivity in Plasmodium 
falciparum. Mol Microbiol.  57(4):  913-26. 
 
[118] Duraisingh MT, Roper C, Walliker D and Warhurst DC.  (2000)  Increased 
sensitivity to the antimalarials mefloquine and artemisinin is conferred by mutations in 
the pfmdr1 gene of Plasmodium falciparum.  Mol Microbiol. 36(4):  955-61. 
 
[119] Price RN, Cassar C, Brockman A, Duraisingh M, van Vugt M, White NJ, Nosten F 
and Krishna S.  (1999)  The pfmdr1 gene is associated with a multidrug-resistant 

189 



phenotype in Plasmodium falciparum from the western border of Thailand.  Antimicrob 
Agents Chemother. 43(12):  2943-9. 
 
[120] Duraisingh MT, Jones P, Sambou I, von Seidlein L, Pinder M and Warhurst DC.  
(2000)  The tyrosine-86 allele of the pfmdr1 gene of Plasmodium falciparum is 
associated with increased sensitivity to the anti-malarials mefloquine and artemisinin.  
Mol Biochem Parasitol. 108(1):  13-23. 
 
[121] Rai M and Padh H.  (2001)  Expression systems for production of heterologous 
proteins.  Current Science 80(9):  1121-8. 
 
[122] Grantham R, Gautier C, Gouy M, Mercier R and Pavé A.  (1980)  Codon catalog 
usage and the genome hypothesis.  Nucleic Acids Res.  8(1):  r49-r62.  
 
[123] Bennetzen JL and Hall BD. (1982)  Codon selection in yeast.  J Biol Chem. 257(6):  
3026-31. 
 
[124] Weber JL.  (1988)  Molecular biology of malaria parasites.  Exp Parasitol. 66(2):  
143-70. 
 
[125] Romanos MA, Makoff AJ, Fairweather NF, Beesley KM, Slater DE, Rayment FB, 
Payne MM and Clare JJ.  (1991)  Expression of tetanus toxin fragment C in yeast: gene 
synthesis is required to eliminate fortuitous polyadenylation sites in AT-rich DNA.  
Nucleic Acids Res.  19(7):  1461-7. 
 
[126] Sreekrishna K, Brankamp RG, Kropp KE, Blankenship DT, Tsay JT, Smith PL, 
Wierschke JD, Subramaniam A and Birkenberger LA.  (1997)  Strategies for optimal 
synthesis and secretion of heterologous proteins in the methylotrophic yeast Pichia 
pastoris.  Gene.  190(1):  55-62. 
 
[127] Sirawaraporn W, Sirawaraporn R, Cowman AF, Yuthavong Y and Santi DV.  
(1990)  Heterologous expression of active thymidylate synthase-dihydrofolate reductase 
from Plasmodium falciparum.  Biochemistry.  29(48):  10779-85. 
 
[128] Ruetz S, Delling U, Brault M, Schurr E and Gros P.  (1996)  The pfmdr1 gene of 
Plasmodium falciparum confers cellular resistance to antimalarial drugs in yeast cells. 
PNAS USA.  93(18):  9942-7. 
 
[129] Ruetz S, Delling U, Brault M, Schurr E and Gros P.  (1999)  The pfmdr1 gene of 
Plasmodium falciparum confers cellular resistance to antimalarial drugs in yeast cells. 
PNAS USA.  96(4):  1810. 
 

190 



[130] Withers-Martinez C, Carpenter EP, Hackett F, Ely B, Sajid M, Grainger M and 
Blackman MJ.  (1999)  PCR-based gene synthesis as an efficient approach for expression 
of the A+T-rich malaria genome.  Protein Eng. 12(12):  1113-20. 
 
[131] Zhang H, Howard EM and Roepe PD. (2002) Analysis of the antimalarial drug 
resistance protein Pfcrt expressed in yeast.   J Biol Chem.  277(51):  49767-75. 
 
[132] Rigaud JL.  (2002)  Membrane proteins: functional and structural studies using 
reconstituted proteoliposomes and 2-D crystals.  Braz J Med Biol Res. 35(7):  753-66. 
 
[133] Loo TW and Clarke DM. (1995)  Rapid purification of human P-glycoprotein 
mutants expressed transiently in HEK 293 cells by nickel-chelate chromatography and 
characterization of their drug-stimulated ATPase activities. J Biol Chem. 270(37):  
21449-52. 
 
[134] Julien M, Kajiji S, Kaback RH and Gros P.  (2000)  Simple purification of highly 
active biotinylated P-glycoprotein: enantiomer-specific modulation of drug-stimulated 
ATPase activity.  Biochemistry. 39(1):  75-85. 
 
[135] Eakin RE, Snell EE and Williams RJ.  (1941)  The concentration and assay of 
avidin, the injury-producing protein in raw egg white.  J Biol Chem. 140(2): 535-43. 
 
[136] György P, Rose CS, Eakin RE, Snell EE and Williams RJ.  (1941)  Egg-white 
injury as the result of nonabsorption or inactivation of biotin.  Science.  93(2420):  477-8. 
 
[137] Pennington D, Snell EE and Eakin RE.  (1942)  Crystalline avidin.  J Amer Chem 
Soc.  64(2):  469. 
 
[138] Green NM and Toms EJ.  (1973)  The properties of subunits of avidin coupled to 
sepharose.  Biochem J. 133(4):  687-700. 
 
[139] Green NM.  (1963)  Avidin 1.  The use of (14-C) biotin for kinetic studies and for 
assay.  Biochem J. 89(3):  585-91. 
 
[140] Green NM.  (1963)  Avidin 2.  Purification and composition.  Biochem J. 89(3):  
591-9. 
 
[141] Green NM.  (1963)  Avidin 3.  The nature of the biotin binding site.  Biochem J. 
89(3):  599-609. 
 
[142] Green NM.  (1963)  Avidin 4.  Stability at extremes of pH and dissociation into 
subunits by guanidine hydrochloride.  Biochem J. 89(3):  609-20. 
 

191 



[143] Alberts AW, Nervi AM and Vagelos PR.  (1969)  Acetyl CoA carboxylase, II. 
Deomonstration of biotin-protein and biotin carboxylase subunits.  PNAS USA.  63(4):  
1319-26. 
 
[144] Murtif VL, Bahler CR and Samols D.  (1985)  Cloning and expression of the 1.3S 
biotin-containing subunit of transcarboxylase.  PNAS USA. 82(17):  5617-21. 
 
[145] Porath J, Carlsson J, Olsson I and Belfrage G.  (1975)  Metal chelate affinity 
chromatography, a new approach to protein fractionation.  Nature. 258(5536):  598-9. 
 
[146] Schmitt J, Hess H and Stunnenberg HG.  (1993)  Affinity purification of histidine-
tagged proteins.  Mol Biol Rep. 18(3):  223-30. 
 
[147] Oswald T, Wende W, Pingoud A and Rinas U.  (1994)  Comparison of N-terminal 
affinity fusion domains: effect on expression level and product heterogeneity of 
recombinant restriction endonuclease EcoRV.  Appl Microbiol Biotechnol. 42(1):  73-7. 
 
[148] Wülfing C, Lombardero J and Plückthun A.  (1994)  An Escherichia coli protein 
consisting of a domain homologous to FK506-binding proteins (FKBP) and a new metal 
binding motif.  J Biol Chem.  269(4):  2895-901. 
 
[149] Hatefi Y and Hanstein WG.  (1969)  Solubilization of particulate proteins and 
nonelectrolytes by chaotropic agents.  PNAS USA. 62(4):  1129-36. 
 
[150] Allen TM, Romans AY, Kercret H and Segrest JP.  (1980)  Detergent removal 
during membrane reconstitution.  Biochim Biophys Acta.  601(2):  328-42. 
 
[151] Wrigglesworth JM, Wooster MS, Elsden J and Danneel HJ.  (1987)  Dynamics of 
proteoliposome formation. Intermediate states during detergent dialysis.  Biochem J.  
246(3):  737-44. 
 
[152] Fiske CH and Subbarow Y. (1925)  The colorimetric determination of 
phosphorous.  J Biol Chem.  66(2):  375-400. 
 
[153] Hess HH and Derr JE.  (1975)  Assay of inorganic and organic phosphorus in the 
0.1-5 nanomole range.  Anal Biochem. 63(2):  607-13. 
 
[154] Gatt S and Racker E.  (1959)  Regulatory mechanisms in carbohydrate metabolism. 
I. Crabtree effect in reconstructed systems.  J Biol Chem. 234(5):  1015-23.  
 
[155] Urbatsch IL, Sankaran B, Weber J and Senior AE.  (1995)  P-glycoprotein is stably 
inhibited by vanadate-induced trapping of nucleotide at a single catalytic site.  J Biol 
Chem. 270(33):  19383-90. 

192 



 
[156] Hamada H and Tsuruo T.  (1988)  Characterization of the ATPase activity of the 
Mr 170,000 to 180,000 membrane glycoprotein (P-glycoprotein) associated with 
multidrug resistance in K562/ADM cells.  Cancer Res.  48(17):  4926-32. 
 
[157] Doige CA, Yu X and Sharom FJ.  (1992) ATPase activity of partially purified P-
glycoprotein from multidrug-resistant Chinese hamster ovary cells.  Biochim Biophys 
Acta. 1109(2):  149-60. 
 
[158] Sharom FJ, Yu X and Doige CA.  (1993)  Functional reconstitution of drug 
transport and ATPase activity in proteoliposomes containing partially purified P-
glycoprotein.  J Biol Chem.  268(32):  24197-202. 
 
[159] Shapiro AB and Ling V.  (1994)  ATPase activity of purified and reconstituted P-
glycoprotein from Chinese hamster ovary cells.  J Biol Chem. 269(5):  3745-54. 
 
[160] Ambudkar SV, Lelong IH, Zhang J, Cardarelli CO, Gottesman MM and Pastan I.  
(1992)  Partial purification and reconstitution of the human multidrug-resistance pump: 
characterization of the drug-stimulatable ATP hydrolysis.  PNAS USA.  89(18):  8472-6. 
 
[161] Sarkadi B, Price EM, Boucher RC, Germann UA and Scarborough GA.  (1992)  
Expression of the human multidrug resistance cDNA in insect cells generates a high 
activity drug-stimulated membrane ATPase.  J Biol Chem.  267(7):  4854-8. 
 
[162] Loo TW and Clarke DM.  (1994)  Reconstitution of drug-stimulated ATPase 
activity following co-expression of each half of human P-glycoprotein as separate 
polypeptides. J Biol Chem.  269(10):  7750-5. 
 
[163] Keana JFW and Cai SX.  (1990)  New reagents for photoaffinity labeling: synthesis 
and photolysis of functionalized perfluorophenyl azides.  J Org Chem. 55(11):  3640-47. 
 
[164] Tomohiro T, Hashimoto M and Hatanaka Y.  (2005)  Cross-linking chemistry and 
biology: development of multifunctional photoaffinity probes.  Chem Rec.  5(6):385-95. 
 
[165] Konoki K, Sugiyama N, Murata M, Tachibana K and Hatanaka Y (2000)  
Development of biotin-avidin technology to investigate okadaic acid-promoted cell 
signaling pathway.  Tetrahedron. 56(46):  9003-14. 
 
[166] Barnidge DR, Dratz EA, Sunner J and Jesaitis AJ.  (1997)  Identification of 
transmembrane tryptic peptides of rhodopsin using matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry.  Protein Sci. 6(4):  816-24. 
 

193 



[167] Hemling ME, Carr SA, Capiau C and Petre J. (1988)  Structural characterization of 
recombinant hepatitis B surface antigen protein by mass spectrometry. Biochemistry. 
27(2):  699-705. 
 
[168] Moore CR, Yates JR, Griftin PR, Shabanowitz J, Martino PA, Hunt DF and Cafiso 
DS. (1989) Proteolytic fragments so the nicotinic acetylcholine receptor identified by 
mass spectrometry: implications for receptor topography. Biochemistry.  28(23):  9148-
91. 
 
[169] Cooper RA, Ferdig MT, Su XZ, Ursos LM, Mu J, Nomura T, Fujioka H, Fidock 
DA, Roepe PD and Wellems TE.  (2002)  Alternative mutations at position 76 of the 
vacuolar transmembrane protein PfCRT are associated with chloroquine resistance and 
unique stereospecific quinine and quinidine responses in Plasmodium falciparum.  Mol 
Pharmacol.  61(1):  35-42. 
 
[170] Cooper RA, Lane KD, Deng B, Mu J, Patel JJ, Wellems TE, Su X and Ferdig MT.  
(2007)  Mutations in transmembrane domains 1, 4 and 9 of the Plasmodium falciparum 
chloroquine resistance transporter alter susceptibility to chloroquine, quinine and 
quinidine.  Mol Microbiol. 63(1):  270-82.  
 
[171] Johnson DJ, Fidock DA, Mungthin M, Lakshmanan V, Sidhu AB, Bray PG and 
Ward SA.  (2004)  Evidence for a central role for PfCRT in conferring Plasmodium 
falciparum resistance to diverse antimalarial agents.  Mol Cell.  15(6):  867-77. 

[172] Foley M, Deady LW, Ng K, Cowman AF and Tilley L.  (1994)  Photoaffinity 
labeling of chloroquine-binding proteins in Plasmodium falciparum.  J Biol Chem.  
269(9):  6955-61. 

[173] Menting JGT, Tilley L, Deady LW, Ng K, Simpson RJ, Cowman AF and Foley M.  
(1997)  The antimalarial drug, chloroquine, interacts with lactate dehydrogenase from 
Plasmodium falciparum.  Mol Biochem Parasitol.  88(1-2):  215-24. 

[174] Hayward R, Saliba KJ and Kirk K. (2005) Mutations in pfmdr1 modulate the 
sensitivity of Plasmodium falciparum to the intrinsic antiplasmodial activity of 
verapamil.  Antimicrob Agents Chemother. 49(2):  840-2. 
 
[175] Warhurst DC, Craig JC and Adagu IS.  (2002) Lysosomes and drug resistance in 
malaria.  Lancet. 360(9345):  1527-9. 
 
[176] Dufour JP and Goffeau A. (1980) Molecular and kinetic properties of the purified 
plasma membrane ATPase of the yeast Schizosaccharomyces pombe.   Eur J Biochem. 
105(1):  145-54. 
 

194 



[177] Goffeau A and Dufour JP. (1988) Plasma membrane ATPase from the yeast 
Saccharomyces cerevesiae. Methods Enzymol.  157: 528-33. 
 
[178] Menéndez A, Larsson C and Ugalde U.  (1995)  Purification of functionally sealed 
cytoplasmic side-out plasma membrane vesicles from Saccharomyces cerevisiae. 
Anal Biochem.  230(2):  308-14. 
 
[179] Chifflet S, Torriglia A, Chiesa R and Tolosa S. (1988) A method for the 
determination of inorganic phosphate in the presence of labile organic phosphate and 
high concentrations of protein: application to lens ATPases.  Anal Biochem. 168(1):  1-4. 
 
[180] Gligorijevic B, Bennett TN, McAllister R, Urbach J and Roepe PD.  (2006) 
Spinning disk confocal microscopy of intraerythrocytic malarial parasites II: 
quantification of digestive vacuolar volume. Biochemistry.  45(41):  12411-23. 
 
[181] Lambert O, Levy D, Ranck JL, Leblanc G and Rigaud JL. (1998)  A new "gel-like" 
phase in dodecyl maltoside-lipid mixtures: implications in solubilization and 
reconstitution studies.  Biophys J.  74(2 Pt 1):  918-30. 
 
[182] Amoah LE, Lekostaj JK and Roepe PD.  (2007)  Heterologous expression and 
ATPase activity of mutant versus wild type PfMDR1 protein.  Biochemistry.  46(20):  
6060-73.  
 
[183] Lekostaj JK, Amoah LE and Roepe PD.  (2008)  A single S1034C mutation confers 
altered drug sensitivity to PfMDR1 ATPase activity that is characteristic of the 7G8 
isoform.  Mol Biochem Parasitol. 157(1):  107-11.  
 
[184] Ursos LM and Roepe PD. (2002) Chloroquine resistance in the malarial parasite, 
Plasmodium falciparum. Med Res Rev. 22(5):  465-491. 
 
[185] Saliba KJ, Folb PI and Smith PJ.  (1998)  Role for the Plasmodium falciparum 
digestive vacuole in chloroquine resistance.  Biochem Pharm.  56(3):  313-20. 
 
[186] Cornwell MM, Safa AR, Felsted RL, Gottesman MM and Pastan I. (1986)  
Membrane vesicles from multidrug-resistant human cancer cells contain a specific 150- 
to 170-kDa protein detected by photoaffinity labeling.  PNAS USA. 83(11):  3847-50. 
 
[187] Safa AR. (1988) Photoaffinity labeling of the multidrug-resistance-related P-
glycoprotein with photoactive analogs of verapamil.  PNAS USA.  85(19):  7187-91. 
 
[188] Gilsdorf JS, Rebbeor JF and Holohan PD.  (1997) Evidence that the organic 
cation/H+ exchanger in the brush border membrane of dog kidney is a 41-kDa protein.  J 
Pharmacol Exp Ther.  280(2):  1043-50. 

195 



 
[189] Hayward R, Saliba KJ and Kirk K.  (2006)  The pH of the digestive vacuole of 
Plasmodium falciparum is not associated with chloroquine resistance.  J Cell Sci. 119(Pt 
6):  1016-25. 
 
[190] Decottignies A, Kolaczkowski M, Balzi E and Goffeau A.  (1994)  Solubilization 
and characterization of the overexpressed PDR5 multidrug resistance nucleotide 
triphosphatase of yeast.  J Biol Chem. 269(17): 12797-803. 
 
[191] Urbatsch IL, al-Shawi MK and Senior AE. (1994)  Characterization of the ATPase 
activity of purified Chinese hamster P-glycoprotein. Biochemistry. 33(23):  7069-76. 
 
[192] Scarborough GA. (1995)  Drug-stimulated ATPase activity of the human P-
glycoprotein.  J Bioenerg Biomembr. 27(1):  37-41. 
 
[193] Sharom FJ, Yu X, Chu JW and Doige CA. (1995) Characterization of the ATPase 
activity of P-glycoprotein from multidrug-resistant Chinese hamster ovary cells. Biochem 
J. 308(Pt 2):  381-90. 
 
[194] Regev R, Assaraf YG and Eytan GD. (1999)  Membrane fluidization by ether, 
other anesthetics, and certain agents abolishes P-glycoprotein ATPase activity and 
modulates efflux from multidrug-resistant cells. Eur J Biochem. 259(1-2):  18-24. 
 
[195] Decottignies A, Grant AM, Nichols JW, de Wet H, McIntosh DB and Goffeau A. 
(1998) ATPase and multidrug transport activities of the overexpressed yeast ABC protein 
Yor1p.  J Biol Chem. 273(20):  12612-22. 
 
[196] Rogers B, Decottignies A, Kolaczkowski M, Carvajal E, Balzi E and Goffeau A. 
(2001) The pleitropic drug ABC transporters from Saccharomyces cerevesiae.  J Mol 
Microbiol Biotechnol. 3(2):  207-14. 
 
[197] Shukla S, Rai V, Banerjee D and Prasad R. (2006) Characterization of Cdr1p, a 
major multidrug efflux protein of Candida albicans: purified protein is amenable to 
intrinsic fluorescence analysis.  Biochemistry.  45(7):  2425-35. 
 
[198] Rohrbach P, Sanchez CP, Hayton K, Friedrich O, Patel J, Sidhu AB, Ferdig MT, 
Fidock DA and Lanzer M. (2006) Genetic linkage of pfmdr1 with food vacuolar solute 
import in Plasmodium falciparum.  EMBO J.  25(13):  3000-11. 
 
[199] Sanchez CP, Stein W and Lanzer M. (2003) Trans stimulation provides evidence 
for a drug efflux carrier as the mechanism of chloroquine resistance in Plasmodium 
falciparum.  Biochemistry.  42(31):  9383-94. 
 

196 



[200] Kanaani J and Ginsburg H. (1989) Metabolic interconnection between the human 
malarial parasite Plasmodium falciparum and its host erythrocyte: regulation of ATP 
levels by means of an adenylate translocator and adenylate kinase. J Biol Chem. 264(6): 
3194-9. 
 
[201] Ursos LM, DuBay KF and Roepe PD. (2001) Antimalarial drugs influence the pH 
dependent solubility of heme via apparent nucleation phenomena. Mol Biochem 
Parasitol. 112(1): 11-7. 
 
[202] Venter H, Shilling RA, Velamakanni S, Balakrishnan L and Van Veen HW. (2003) 
An ABC transporter with a secondary-active multidrug translocator domain. Nature. 
426(6968):  866-70. 
 
[203] Welker E, Szabo K, Hollo Z, Muller M, Sarkadi B and Varadi A. (1995)  Drug-
stimulated ATPase activity of a deletion mutant of the human multidrug-resistance 
protein (MDR1).  Biochem Biophys Res Commun.  216(2):  602-9. 
 
[204] Frelet A and Klein M. (2006)  Insight in eukaryotic ABC transporter function by 
mutation analysis.  FEBS Lett.  580(4):  1064-84. 
 
[205] Dawson RJ and Locher KP. (2006)  Structure of a bacterial multidrug ABC 
transporter.  Nature.  443(7108):  180-5. 
 
[206] Kimura Y, Kioka N, Kato H, Matsuo M and Ueda K. (2007) Modulation of drug-
stimulated ATPase activity of human MDR1/P-glycoprotein by cholesterol.  Biochem J. 
401(2):  597-605. 
 
[207] Black ME, Rechtin TM and Drake RR. (1996) Effect on substrate binding of an 
alteration at the conserved aspartic acid-162 in herpes simplex virus type 1 thymidine 
kinase.  J Gen Virol.  77(7):  1521-7. 
 
[208] Chehade KA, Kiegiel K, Isaacs RJ, Pickett JS, Bowers KE, Fierke CA, Andres DA 
and Spielmann HP. (2002) Photoaffinity analogues of farnesyl pyrophosphate 
transferable by protein farnesyl transferase.  J Am Chem Soc. 124(28):  8206-19. 
 
[209] Joubert S, Jossart C, McNicoll N and De Léan A. (2005) Atrial natriuretic peptide-
dependent photolabeling of a regulatory ATP-binding site on the natriuretic peptide 
receptor-A.  FEBS J. 272(21):  5572-83. 
 
[210] Halmos T, Turek JW, Le Breton GC and Antonakis K. (1999) Synthesis and 
biological characterization of sqbazide, a novel biotinylated photoaffinity probe for the 
study of the human platelet thromboxane A2 receptor. Bioorg Med Chem Lett. 9(20):  
2963-8. 

197 



198 

[211] De D, Krogstad FM, Byers LD and Krogstad DJ.  (1998)  Structure-activity 
relationships for antiplasmodial activity among 7-substituted 4-aminoquinolines.  J Med 
Chem. 41(25):  4918-26. 
 
[212] Ito K, Satoh T, Watanabe Y, Ikarashi N, Asano T, Morita T and Sugiyama K. 
(2008)  Effects of Kampo medicines on CYP and P-gp activity in vitro.  Biol Pharm Bull. 
31(5):  893-6. 
 
[213] Shaik N, Pan G and Elmquist WF.  (2008)  Interactions of pluronic block 
copolymers on P-gp efflux activity: Experience with HIV-1 protease inhibitors.  J Pharm 
Sci.  Apr 4. [Epub ahead of print] 
 
[214] Nabekura T, Yamaki T, Ueno K, and Kitagawa S.  (2008)  Inhibition of P-
glycoprotein and multidrug resistance protein 1 by dietary phytochemicals.  Cancer 
Chemother Pharmacol.  Jan 19. [Epub ahead of print] 
 
[215] Lima SA, Tavares J, Gameiro P, de Castro B and Cordeiro-da-Silva A.  (2008)  
Flurazepam inhibits the P-glycoprotein transport function: an insight to revert multidrug-
resistance phenotype.  Eur J Pharmacol.  581(1-2):  30-6. 
 
[216]  De D, Krogstad FM, Cogswell FB and Krogstad DJ.  (1996)  Aminoquinolines that 
circumvent resistance in Plasmodium falciparum in vitro.  Am J Trop Med Hyg. 55(6):  
579-83. 
 


	Chapter 1:  Background
	1.1 Malaria
	1.1.1 Epidemiology and pathology
	1.1.2 History
	1.1.3 Geographic distribution of malaria
	1.1.4 P. falciparum life cycle
	1.1.5 Intraerythrocytic growth

	1.2 Antimalarial Drugs
	1.2.1 Anti-folates
	1.2.2 Quinolines
	1.2.3 Aryl alcohols
	1.2.4 Endoperoxides
	1.2.5 Chemoreversal agents

	1.3 Transporters Involved In Multidrug Resistance
	1.3.1 ABC transporters
	1.3.2 HuMDR1
	1.3.4 PfCRT
	1.3.5 PfNHE
	1.4 Mechanisms of Drug Resistance
	1.4.1 HuMDR1
	1.4.2 PfCRT
	1.5 Heterologous Expression of Proteins
	1.6 Purification and Reconstitution of Membrane Proteins
	1.7 Functional analysis of MDR proteins
	1.7.2 Protein photolabeling
	1.8 Objectives of this study

	Chapter 2:   Materials and Methods
	2.1 Materials
	2.2 Methods
	2.2.1 Strains and Growth Conditions
	2.2.2  Optimized pfmdr1 gene design
	2.2.3  Synthetic pfmdr1 pene construction
	2.2.4 Creation of mutants
	2.2.5  Insertion of 6His tag and Factor Xa site into pfcrt plasmids
	2.2.6  Removal of BAD from pfcrt constructs
	2.2.7 DNA sequencing
	2.2.8  Yeast transformation
	2.2.9  Screening for yeast protein expression
	2.2.10  Yeast crude membrane (CM) preparation
	2.2.11 Preparation of urified yeast PMs
	2.2.12 Preparation of yeast inside out plasma membrane vesicles (ISOVs)
	2.2.13 Determination of protein concentration

	2.2.14 Protein purification
	2.2.15 ATPase assay
	2.2.17 AzBCQ binding
	2.2.18 Gel purification and trypsin digestion
	2.2.20 Protein detection
	2.2.21 Data analysis
	All densitometry was performed using the gel analysis function of Image J  (software available from the NIH, http://rsb.info.nih.gov/ij).  Data were plotted, curve-fit, and analyzed for statistical significance in either Microsoft Excel or GraphPad Pri



	Chapter 3:   Results
	3.1 Heterologous Expression of PfMDR1

	Chapter 4:   Discussion
	4.1 Functional analysis of PfMDR1

	Appendix A
	Appendix B
	Bibliography
	080711 Lekostaj TOC.pdf
	Epidemiology and pathology……………………………….1


