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ABSTRACT 

Chloroquine resistance (CQR) is caused by mutations in the Plasmodium 

falciparum Chloroquine Resistance Transporter (PfCRT) and is characterized by 

decreased chloroquine susceptibility as well as reduced chloroquine (CQ) accumulation 

in CQR parasites.  The cellular and molecular mechanisms that characterize CQR are 

still not completely understood and the objective of this work is to distinguish between 

the different models proposed for CQR based on analysis of drug transport and 

susceptibility, and the contribution of PfCRT to both.  

Mechanisms that have been proposed for altered CQ flux in CQR include 

reduced energy dependent influx, and facilitated outward diffusion or active efflux of 

CQ out of the digestive vacuole (DV) of the parasite.  Using a novel fluorescent CQ 

analogue, single cell photometry, and spinning disk confocal microscopy techniques 

with live, synchronized intraerythrocytic parasites, this study was able to obtain very 

high kinetic resolution drug transport data.  These data elucidate energy dependent rate 

constants for CQ influx in CQ sensitive (CQS) parasites and energy independent, 

decreased rate constants for CQ influx in CQR parasites.  The data also show that 

changes in influx for CQR parasites are due to mutations in PfCRT.  Analysis of drug 
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efflux data for CQS and CQR parasites suggests distinguishing between free versus 

bound CQ in the DV is essential for proper kinetic analysis of efflux.   

The CQR phenotype has traditionally been defined at low nanomolar cytostatic 

CQ concentrations but these do not correspond to medically relevant cytotoxic 

doseages.  Thus, CQ accumulation was also measured using 3H-CQ and infected red 

blood cells at external CQ that corresponds to cytotoxic vs cytostatic concentrations.  It 

was discovered that reduced CQ accumulation is not the underlying cause of cytotoxic 

CQR.    

Also addressed in this work are molecular studies of PfCRT biochemistry.  

Crosslinkers were used to successfully covalently crosslink PfCRT in yeast membranes 

or purified reconstituted protein, however, the effects of CQ on crosslinking oligomeric 

PfCRT were equivocal.  Uptake of basic amino acids in yeast cells or vesicles 

expressing various isoforms of PfCRT was measured and it was discovered that PfCRT 

may transport the basic amino acid arginine.    
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CHAPTER 1  INTRODUCTION 

1.1  Malaria 

1.1.1  The cause of malaria 

Malaria is a life-threatening disease caused by parasites that are transmitted to 

humans through the bite of a female Anopheles mosquito.  The severity of the disease is 

such that in 2006, there were an estimated 247 million cases of malaria among 3.3 

billion people at risk. Malaria caused nearly one million deaths, mostly in children 

under five years of age.  Approximately half of the world’s population is at risk of this 

disease, particularly those living in lower-income countries (1).   

Malaria is caused by parasitic protozoa of the genus Plasmodium, five of which 

infect humans.  These are Plasmodium falciparum, P. ovale, P. vivax, P. malariae and 

P. knowlesi.  P. falciparum is the species that causes more than 50% of infections and 

most deaths (1,2).  
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1.1.2  Lifecycle 

During its life cycle, P. falciparum parasites go through three phases in its two 

hosts: the sporogonic cycle occurs in the mosquito vector, while the exoerythrocytic 

(liver) and intraerythrocytic (red blood cell, RBC) occur in the human host (see Figure 

1.1).  The human host is inoculated with sporozoites by a malaria-infected female 

Anopheles mosquito during its blood meal.  The sporozoites are contained in the 

salivary glands of the mosquito and discharged into the puncture wound.  The infective 

sporozoites are then carried via the blood into the liver, where they infect liver cells and 

grow during the exoerythrocytic cyle.  The mature schizonts in the liver rupture and 

release merozoites that invade the RBCs and initiate the asexual intraerythrocytic cycle.   

 
Figure 1.1.  The life cycle of P. falciparum. The red arrows indicate the sexual stage of 
the life cycle in the mosquito host and the blue arrows represent the asexual life cycle in 
humans.  Reproduced from CDC, http://www.cdc.gov/malaria/biology/life_cycle.htm.   

 

http://www.cdc.gov/malaria/biology/life_cycle.htm
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Some parasites differentiate into the sexual erythrocytic stage called gametocyte.  

Male (microgametocytes) and female (macrogametocytes) are ingested by an Anopheles 

mosquito during its blood meal and undergo the sporogonic cycle in the mosquito.  The 

microgametocytes and macrogametocytes mature into gametes and subsequently join to 

become a fertilized form called the zygote.  The zygote becomes elongated and motile,  

and is then called the ookinete which invades the midgut wall of the mosquito to 

develop into oocytes.  The oocytes grow and mature with the formation of hundreds of 

sporozoites, then rupture, and release the sporozoites, some of which make their way 

into the mosquito’s salivary glands.  Inoculation of the sporozoites into a new human 

host perpetuates the malaria life cycle.   

In the intraerythrocytic cycle, the parasite develops through several stages:  ring, 

trophozoite, schizont and then merozoites again (Figure 1.2).  The ring stage exists for 

the first ~16 h after invasion of the RBC.  The parasite then matures into the trophozoite 

stage wherein the first hemozoin (Hz) crystals become apparent (Fig. 1.2, ET).  The 

crystals become substantially more distinct in the parasite’s digestive vacuole (DV) as 

the parasite matures and actively produces more Hz (Fig. 1.2 MT, LT). 
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Figure 1.2.   The intraerythrocytic stages of P. falciparum. From left to right:   ring 
stage (R), during the first 16 h after the invasion of the RBC; early-, mid-, and late-
stage trophozoites (ET, MT, LT); schizonts (S) and a bursting schizont releasing 
merozoites (M) into the blood.   

At 32-40 h post-invasion, the late-stage trophozoite parasite differentiates 

asexually to form 8-36 new merozoites (3) in its next stage where it is now called a 

schizont (Figure 1.2, S). The schizont then ruptures, releasing the merozoites into the 

bloodstream (Figure 1.2, M) which are free to re-invade RBCs again.  It is the release of 

free merozoites resulting in increased parasitemia that generates the well known 

symptoms of cyclic fevers and anemia characteristic of malaria which, without 

treatment, may lead to severe or cerebral malaria, coma and death.  

1.1.3  The digestive vacuole 

As the parasite P. falciparum grows, it digests 85% (4) of the 5 mM hemoglobin 

(Hb) of the RBC during the ring and trophozoite stages (4,5).  Digestion of Hb makes 

space for the rapidly increasing size of the parasite within the confines of the RBC and 

releases amino acids for parasite metabolism (6).  Most of this digestion occurs during 

the trophozoite stage, which is 18-25 h post-invasion of the merozoite into a RBC.  This 

R: 0 - 16h ET: 16 - 22h MT: 22-27h LT: 27-32h S: 32-37h M: 37 - 42h R: 0 - 16h ET: 16 - 22h MT: 22-27h LT: 27-32h S: 32-37h M: 37 - 42h 
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is also the stage of the parasite life cycle wherein the rate of Hz production from Hb is 

the greatest (4) and where the DV volume reaches its maximum volume (7).   

The DV is a unique lysosomal-like organelle in the parasite characterized by a 

lower pH relative to the cytoplasm.  Novel single cell photometry (SCP) techniques 

have measured the parasite DV pH for chloroquine resistant (CQR) parasites as more 

acidic (pH 5.2) relative to the DV pH of chloroquine sensitive (CQS) parasites (pH 5.6) 

(8-10).  These DV pH values remain a point of controversy in the field because other 

laboratories have shown (using less well resolvable methodologies) that there is no 

difference in the the DV pH of CQS vs CQR parasites (11-13).  It must be stated here 

that when the experimental details of the reports stating there is no difference in the DV 

pH of the CQS and CQR parasites are compared and analyzed, the results in contention 

may be resolved as technical consequences of the sensitivity and accuracy of the 

methodologies utilized.   

1.1.4  Hemoglobin (Hb) digestion and hemozoin (Hz) 

Hb digestion products, as well as the enzymes responsible for successively 

breaking down Hb into globin peptides, oligopeptides, dipeptides and possibly amino 

acids, have been identified in the DV.   Hb is first broken down by aspartic proteases 

called plasmepsin I and II (14), then by cysteine proteases called falcipain-2 and 

falcipain-3 (15), into smaller polypeptide chains.  The smaller polypeptide chains are 

further degraded into oligopeptides by a metalloprotease called falcilysin (16), and 
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dipeptides may be produced from the oligopeptides by a Plasmodial enzyme called 

Dipeptidyl Aminopeptidase 1 (DPAP1) (17).  Single amino acids may be ultimately 

formed from the dipeptides and oligopeptides by the action of P. falciparum 

aminopeptidase N (PfA-M1), and P. falciparum aminopeptidase P (PfAPP) as proposed 

by Dalal et al. (18).  Hb digestion is summarized in Fig. 1.3 from Dalal et al.   

 

Figure 1.3. Amino acid producing pathway in P. falciparum.  Hemoglobin is degraded 
to oligopeptides by plasmepsin, falcipain, histo-aspartic protease, and falcilysin 
endopeptidase activities.  The oligopeptides may then be shortened by by removal of a 
single amino acid (by PfA-M1, right box) or of a dipeptide (DPAP1).  N-terminal X-Pro 
peptides will be substrates for PfAPP (left box).  The dipeptides are hydrolyzed to 
amino acids by PfA-M1.  X= any amino acid.  Reprinted with permission from 
ASBMB:  J.Biol. Chem. (18), copyright 2007. 

A major Hb digestion by-product in the DV is ferriprotoporphyrin IX 

(Fe(III)PPIX) or heme, which is detoxified by the parasite into hemozoin (Hz) (19).  
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Heme is toxic to both the human host and parasites, but humans possess a heme 

oxygenase pathway that detoxifies it (20).  The parasites on the other hand, do not have 

a heme oxygenase enzyme for detoxification of heme but instead convert heme into an 

insoluble, inert crystalline form called malaria pigment or Hz (21).   

The crystal structure of β-hematin, the synthetic equivalent of Hz, was solved by 

Pagola and colleagues in 2000 (22).  β-hematin was shown to consist of dimers of 

Fe(III)-protoporphyrin-IX (Fe(III)PPIX) linked in a “head-to-tail” fashion via iron 

carboxylate bonds (iron from the tetrapyrrole rings coordinating with the oxygens of the 

propionic acid side chains) and the dimers linked by hydrogen bonds in the crystal 

(Figure 1.4).   

 
 

Figure 1.4. Structure of Hz. Dimer formation occurs through Fe1-O41 bonds and are 
linked via hydrogen bonds at O36 and O37. The chains extend from left to right via H-
bonds (Pagola Nature 2000).  Reprinted with permission from Nature Publishing 
Group: Nature (22), copyright 2000. 
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1.2  The antimalarial drug Chloroquine 

 

Figure 1.5. Structure of CQ.  The 4-aminoquinoline 7-Chloro-4-amino quinoline or 
CQ. 

Chloroquine (CQ) or 7-Chloro-4-amino quinoline, shown in Figure 1.5, is a 

member of the family of antimalarial drugs called quinolines.  CQ is a diprotic weak 

base that concentrates in the parasite DV due to its weakly basic nature.  Both the 

uncharged (neutral) and charged (protonated mono- or diprotic) forms are present at 

physiological pH but the charged forms of the drug by far predominate due to the pKa 

values of CQ.  The side chain terminal N has a pKa of 10.23 while the quinoline N has a 

pKa value of 8.15.   The uncharged form of the drug passively diffuses through 

biological membranes extremely fast and diffuses into an acidic compartment, such as 

the DV, where protons inside immediately convert the uncharged CQ into its charged 

form.  Once protonated or diprotonated, this form of CQ is passively impermeable and 

is trapped inside the DV, and subsequently accumulates inside this organelle.    
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Fold-accumulation of a weak base such as CQ is dependent on the square of the 

net pH gradient between the internal and external environment according to weak-base 

partitioning theory.  This can be predicted by using a derivation of the Henderson-

Hasselbach equation with assumptions on the relative permeabilities of the neutral 

(membrane permeable), monoprotic and diprotic CQ species (both membrane 

impermeable): 

 

where pK1 corresponds to pKa of side chain terminal N, pK2 corresponds to pKa of the 

quinoline N, pHE is the external or cytoplasmic pH relative to the DV (23,24).  

According to the equation above, CQ can be “trapped” and concentrated by as much as 

105-106 fold inside the DV.   

1.2.1  Mechanism of action 

Molecular details on the CQ mechanism of action had initially been based on the 

discovery that CQ accumulates in the parasite DV (Fig. 1.6), and that the drug targets 

DV processes.  Several studies had revealed that low levels of CQ primarily localize to 

the parasite DV (5,25-27) and that parasites with a fully formed DV accumulate more 

CQ than any other erythrocytic stage of the parasite (28).   
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Figure 1.6.  High resolution autoradiography of P. berghei parasites with 3H-CQ.  (Top 
left)  Electron dense filaments composed of silver grains (arrow) which indicate the 
location of 3H-CQ present over the DV of parasites after 1 h incubation in 3H-CQ.  (Top 
right)  Parasites after 5 h incubation with 3H-CQ.  (Bottom left) An enlarged DV 24 h 
after administration of 3H-CQ.  (Bottom right) Another example of a parasite showing 
an affected DV 24 h after exposure to 3H-CQ.  All panels show silver grains over the 
DV.  Reprinted with permission from the American Society for Investigative Pathology:  
Am. J. Pathol. (25), copyright 1972. 

There had been several different mechanistic proposals based on CQ targeting 

the Hb digestion pathway in the DV, but all to a certain degree agree that CQ perturbs 

the conversion of toxic heme to non-toxic Hz in the DV.  Some of the models focused 

on the lysosomotrophic effect of CQ in the DV which can “titrate” Hb digestion, FPIX 

derivatization, Hz crystallization (see Fig 1.7) or some combination, while others 

suggested that CQ inhibits a heme/enzyme complex intermediate.  However, most 
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evidence suggests that CQ binds directly to one or more chemical forms of FPIX 

(monomers or dimers) and directly inhibits Hz formation by sequestering one or more 

precursors of the crystal unit cell of Hz (see Fig. 1.8).  Atomic level structural 

determination of non-covalent CQ-µ-oxo dimer FPIX complexes in solution (29) and 

covalent FPIX-CQ complex (30) in solid state (under conditions that mimic the DV) 

prove that CQ is capable of binding to different forms of FPIX, both of which are 

dependent on the population of the specific chemical form FPIX present (monomer vs. 

dimer).  The formation of different FPIX chemical species, based on the monomer-

dimer equilibrium, is dictated by important physiological parameters such as pH 

dependencies (31), as well as ionic or lipid affinities (32) which may vary (in terms of 

lipid composition) in CQS vs. CQR parasites (33,34).  Ultimately, detailed molecular 

analysis of all the physiologic variables for monomer-dimer equilibrium is required to 

understand the effect on Hz and drug-heme chemistry (35).   
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Figure 1.7. CQ binding to Hz in P. falciparum parasites.  (Left) Electron microscopy 
shows that 3H-CQ localizes to the parasite DV and binds to Hz when parasites were 
incubated with 1 nM 3H-CQ overnight. (Right) Hemozoin pellet fractionated from 
cultured parasites incubated with 3H-CQ contained 35-70% of parasite associated drug 
(black bars= hemozoin from HB3 fractionated with a sucrose cushion, diagonal hashed 
bars= hemozoin from HB3 fractionated without a sucrose cushion, vertical hashed 
bars= hemozoin from Dd2 fractionated without a sucrose cushion. Reprinted with 
permission from the National Academy of Sciences:  Proc. Natl. Acad. Sci. U. S. A. (5), 
copyright 1996. 
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Figure 1.8. Simplified schematic diagram of Hb digestion and Hz formation.  

Other proposals for the mechanism of CQ action focused on DNA as the 

postulated drug target (36,37).  CQ binds to DNA, RNA and nucleoproteins and can 

inhibit DNA synthesis (38).  CQ was also found to bind to DNA primers and inhibit 

DNA synthesis (38).  Hahn et al. investigated aminoquinoline action on nucleic acids 

and different proteins involved in replication, resulting in a theory that CQ stabilizes 

double stranded DNA and inhibits replication (39,40). Meshnick et al. proposed that the 

CQ mechanism of action comes from binding to DNA, possibly by preventing 

formation of Z-DNA (41-43) but this proposal was later abandoned after the discovery 

that the P. falciparum genome was highly AT rich whereas CQ preferably interacts with 

with GC-rich DNA (44).  Also, none of the proposed DNA targeting mechanism could 

explain the much lower inhibitory concentrations (IC50) of CQ for P. falciparum vs. 

mammalian cells (~1,000-10,000 fold lower) (3). 
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New work by Gligorijevic et al. in 2008 suggests that there are other factors in 

addition to drug-heme interactions involved in the mechanism of action of CQ.  This 

study was done with the objective of resolving the conflicting results in the literature 

regarding stage specificity effects of CQ.  Stage-specificity studies by Zhang et al.(45) 

and Orjih et al. (46) both reported that ring stage parasites are the most sensitive to CQ, 

while Yayon et al. showed that the trophozoite and schizont stages were more sensitive 

than the ring stage (47).  Intriguingly, stage-specific effects of CQ in cytocidal vs. 

cytotoxic assays by Gligorijevic et al. showed that CQ was nearly as toxic to rings and 

schizonts as in trophozoites (Table 1.1 below).   

 

Table 1.1. Summary of IC50 and Resistance factor (Rf).  The IC50 for CQS strains HB3 
and C2GCO3, as well as CQR strains Dd2 and C4Dd2, were measured in a continuous 
exposure (CE) assay for 48 h and a 2 h bolus dose for ring stage parasites (2hBR), 
trophozoite stage parasites (2hBT), and schizonts (2hBS).  Rf was calculated by dividing 
CQR IC50 by the CQS IC50. Reprinted with permission from Elsevier Ltd:  Mol. 
Biochem. Parasitol. (3), copyright 2008. 

This latest report by Gligorijevic et al. in 2008 is very important in elucidating 

the CQ mechanism of action as CQ had been proposed to target the Hb digestion 

products or Hz formation in the DV.  If this is true, then the drug should be more toxic 
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to the intraerythrocytic stage of the parasite where it is actively digesting Hb or forming 

Hz (the trophozoite stage of the parasite, ET, MT and LT in Fig. 1.2).  The data in Table 

1.1 bring this into question since P. falciparum parasites peak in their Hz formation 

during the LT stage, and schizont stage parasites are no longer actively forming Hz (4).   

1.3  Chloroquine resistance in P. falciparum 

1.3.1  Genetic basis of chloroquine resistance 

Analysis of the progeny of a genetic cross between CQS strain HB3 and CQR 

strain Dd2 led to the identification of a 36 kbp segment of chromosome 7 that 

segregated with the verapamil reversible (VP or VPL) CQR phenotype.  A gene within 

this fragment, now called P. falciparum chloroquine resistance transporter gene (pfcrt), 

encodes a 45 kDa transmembrane protein (Fig. 1.9) which localizes to the parasite DV 

membrane (48).  Localization of the protein is shown by immunofluorescence labeling 

with anti-PfCRT-K IgG as shown in Fig. 1.11 below. 



 32

 

 

Figure 1.9. The Dd2 pfcrt gene predicts a 424 amino acid transmembrane protein.  
Shaded sequences show the ten predicted transmembrane segments and the eight amino 
acid mutations that distinguish CQR and CQS parasites in the HB3 x Dd2 genetic cross.  
The inverted arrows indicate the intron splice sites in the corresponding nucleotide 
sequence.  Reprinted with permission from Elsevier Ltd:  Mol. Biochem. Parasitol. 
(48), copyright 2000. 

 

Figure 1.10. Rabbit anti-PfCRT-K IgG specifically stain the DV.  DIC (left), 
immunofluorescence (middle) and DIC with fluorescence overlay (right) for P. 
falciparum parasites.  Arrows point to the margins of the imaged intraerythrocytic 
parasites and the green fluorescence localizes PfCRT to the DV around Hz.  Reprinted 
with permission from Elsevier Ltd:  Mol. Biochem. Parasitol. (48), copyright 2000. 

Fidock et al. compared the PfCRT sequence of HB3 and Dd2, and discovered 

that there are eight codon differences between the CQR and CQS clones at amino acid 

positions 74, 75, 76, 220, 271, 326, 356, 371 (see Table 1.2 below).  Sequence analysis 
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of the DNA from various laboratory-adapted CQS and CQR isolates revealed a clear 

association between the pfcrt codon mutations and CQR.  CQR isolates from Asia and 

Africa showed seven of the eight mutations found in the Dd2 allele, with or without the 

8th Dd2 mutation at position 356.  It was also observed that mutant pfcrt alleles in CQR 

parasites contain a number of point mutations that depend on the region of the world 

from which the CQR parasite originates (35).  CQR parasites from Southeast Asia and 

Africa have 7-9 point mutations while CQR parasites from South America have 5 

mutations.  New patterns of mutations continue to be discovered, an example is the PH2 

line from the Philippines, which express a distinctly different pattern of amino acid 

mutations from the original Southeast Asian amino acid sequence presented by Fidock 

et al. in 2000 (49).  A list of the different pfcrt variants that have been identified to date 

is shown in Table 1.3.  
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Table 1.2. PfCRT mutations and the CQ response phenotype in P. falciparum lines 
from different geographical locations.  aThe complete pfcrt coding sequences were 
determined directly from RT-PCR amplified products.  For all other lines, point 
mutations were determined from genomic DNA PCR products.  Reprinted with 
permission from Elsevier Ltd: Mol. Biochem. Parasitol. (48), copyright 2000. 
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Table 1.3. pfcrt allelic variants in some P. falciparum field isolates and laboratory-adapted lines. Only isolates or lines that 
express the full-length pfcrt sequence have been included in the table. Reprinted with permission from Elsevier Ltd:  Trends 
Pharmacol. Sci. (50), copyright 2006. 
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One clone, Sudan 106/1, which unequivocally shows a CQS phenotype, was 

unique in that it contains six of the seven codon mutations present in Dd2, and lacks the 

mutation at position 76.   The importance of this amino acid mutation became evident 

when Sudan 106/1 was transformed with plasmid constructs expressing a CQR pfcrt 

sequence and was grown under CQ pressure (48).   This produced a highly CQR line 

that had acquired a novel K76I mutation in the chromosomal pfcrt gene.  Cooper et al. 

in 2002 also showed the importance of this key mutation to the CQR phenotype by 

exposing Sudan 106/1 to CQ concentrations lethal to CQS parasites (51).  He and 

colleagues hypothesized that since Sudan 106/1 had six of the seven PfCRT mutations 

consistently found in CQR parasites, the missing mutation at position 76 must be 

critical to CQR.  Indeed, surviving CQR parasites were detected in cultures after 28-42 

days and showed novel K76N and K76I mutations, with 8-10 fold higher drug 

concentrations that inhibit 50% of the growth (IC50) values, relative to the original 

Sudan 106/1.   

A very significant study on the contribution of mutant PfCRT to the CQR 

phenotype was published in 2002 by Sidhu et al. (52).  Transfection studies in P. 

falciparum by Sidhu et al. provided direct proof that mutations in PfCRT confer a VPL 

reversible CQR phenotype.  The recombinant clones were all created in a CQS GCO3 

background and express the pfcrt mutant alleles of Dd2 (clones C3Dd2 and C4Dd2), K76I 

(clone C5K76I), and 7G8 (clone C67G8).  All showed IC50 values from 100-150 nM (Fig. 
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1.11, left panel) and reduced 3H-CQ accumulation (Fig. 1.11, right panel) when 

compared to the control CQS clones (control C1GCO3 and C2GCO3).   

 

Figure 1.11. Mutant pfcrt haplotype confer CQR in in vitro drug assays and 3H-CQ 
accumulation assays.  (Left) Growth inhibition of clones measured using a 72 h assay in 
96-well plates, with (gray bars) or without (black bars) 0.8 µM VP.  (Right) Saturable 
3H-CQ accumulation was measured in sorbitol synchronized parasites (75-80% early- to 
mid-stage trophozoite stage and at 2-3% hematocrit) incubated with 30 nM 3H-CQ for 
30 or 60 min under culture conditions.  Controls included RBC and iRBC with 10 uM 
cold CQ to subtract for non-specific binding and nonsaturable accumulation, 
respectively.  *p < 0.05, **p < 0.01.  Reprinted with permission from The American 
Associate for the Advancement of Science: Science (52), copyright 2002. 

In 2005, Lakshmanan et al. replaced the mutant pfcrt K76 with wild-type T76 in 

CQR parasites harboring pfcrt alleles representative of the Old World (Dd2) or New 

World (7G8) origins by allelic exchange (53).  Introduction of the position 76 CQS 

pfcrt allele in a CQR genetic background (called “back-mutants”) established the K76T 

mutation as a critical component in CQR because the removal of the single K76 

mutation in the CQR pfcrt of both resistant strains lead to wild-type levels of CQ 

susceptibility (CQ IC50) (Fig. 1.12) as well as saturable CQ accumulation levels similar 

to that of a CQS phenotype (Fig. 1.13).  In the same study, the amino acid positions 
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preceding position 76 were found to modulate the degree of VPL reversibility (TMD1 

line=CVIET vs. CVIEK in back-mutants T76K7G8, TMD2 line= SVMNT for the 

recombinant controls C7G8).         

 

Figure 1.12. Antimalarial susceptibility (IC50) of pfcrt-modified lines in the Dd2 and 
7G8 background.  (Left) IC50 of CQR Dd2, control transfected lines C-1 and C-2 (Dd2 
transfected with K76), pfcrt T76  lines T76K-1 and T76K-2 (Dd2 transfected with T76), 
and CQS GCO3.   (Right) IC50 of CQR 7G8, control transfected lines C-1 and C-2 (7G8 
transfected with K76), pfcrt T76 lines T76K-1 and T76K-2 (7G8 transfected with T76), 
position 72-76 TMD-1= CVIET and TMD-2 SVMNT, and CQS 3D7.  Black bars= no 
verapamil, gray bars= 0.8 µM verapamil. *p < 0.05, **p < 0.01, ***p < 0.001.  
Reprinted with permission from Nature Publishing Group: EMBO J (53), copyright 
2005. 
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Figure 1.13. 3H-CQ accumulation in recombinant and parental lines.  Saturable CQ 
uptake ([CQ]int) was measured in synchronized trophozoite stage iRBCs with varying 
external CQ concentrations in bicarbonate-free media, for 1 h at 37 °C.  Counts 
corresponding to nonsaturable CQ uptake into iRBCs (using 100 µM cold CQ), as well 
as CQ uptake by RBCs were subtracted from the average total counts to yield saturable 
CQ uptake at equilibrium.  Reprinted with permission from Nature Publishing Group: 
EMBO J (53), copyright 2005. 

Furthermore, several studies utilizing heterologously expressed PfCRT have 

confirmed the role of PfCRT in mediating the transport of CQ.  PfCRT heterologously 

expressed in yeast-inside out plasma membrane vesicle (ISOV) preparations by Zhang 

et al. in 2004, showed that ISOV harboring mutant Dd2 PfCRT isoform mediated a 

slower and a reduced CQ accumulation when compared to ISOV harboring the wild-

type HB3 isoform, in an ATP dependent behavior (via a flow dialysis experiment, see 
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Fig 1.14 below) (54).  Similarly, mutant PfCRT expressed in Dictyostelium discoideum 

by Naude et al. al conferred a reduced CQ influx (10).  Moreover, both studies 

(10,54,55) measured a more acidic pH in the cells wherein the mutant PfCRT had been 

expressed, recapitulating the more acidic pH environment associated with the CQR DV 

physiology described in Section 1.1.3.   

 

Figure 1.14. Kinetics of 3H-CQ accumulation into ISOV measured via flow dialysis.  
HB3 PfCRT isoform expressed in P. pastoris ISOV gave data nearly identical to those 
of the control and were omitted for clarity of presentation.  Assays were initiated by 
adding 500 µg of ISOV to the upper chamber of the flow dialysis set-up, which had 
been preequilibrated with assay buffer plus 200 nM 3H-CQ.  After the plateau, 2 mM 
ATP was added to the upper chamber to acidify the ISOV interior and initiate the 
accumulation of the weak base drug (first arrow).  A protonophore was added after 20 
fractions had been collected to release the accumulated drug (second arrow).   Control 
(∆), Dd2(■). Reprinted with permission from American Chemical Society:  
Biochemistry (54), copyright 2004. 
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1.3.2  Mechanism of chloroquine resistance 

CQR in P. falciparum was first identified in 1957 near the Thai-Cambodian 

border and in Thailand shortly thereafter (56).  The CQR phenotype is currently 

characterized as: (1) reduced drug sensitivity of the parasite to the drug, resulting to an 

8-10 fold greater drug concentration required to inhibit 50% of parasite growth (IC50) 

compared to the IC50 of a CQS phenotype; (2) reduced 3H-CQ accumulation when 

exposed to the same external incubating CQ concentration; (3) and for several CQR 

parasite lines, verapamil reversible CQR phenotype for IC50 and CQ accumulation. 

The molecular basis of the CQR phenotype is still not clear but several 

mechanisms have been proposed.  It has been proposed that CQR was possibly the 

result of altered drug accumulation (54,57-60) which may be due to differences in the 

availability of CQS vs. CQR drug targets (27,31,61).  It is probably also, in part, the 

result of altered DV biochemistry and physiology as described in Section 1.1.3.  CQR 

parasites were also proposed to actively efflux CQ out of the DV, such that there is a 

reduced concentration of the drug available for the drug targets in the DV (62-64).  All 

of this will be discussed in more detail in Section 1.3.2.2. 

1.3.2.1  Molecular mechanism 

In 2002, Zhang et al. successfully heterologously expressed PfCRT in 

Saccharomyces cerevisiae and P. pastoris (55).  Equilibrium binding studies using 3H-

CQ and plasma membrane preparations made from the yeast cells harboring either the 
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wild-type CQS or CQR mutations responsible for CQR, provided the first direct 

evidence the PfCRT protein binds CQ (54).  The CQ affinity for Dd2 PfCRT was found 

to be slightly higher (385 nM) than the measured value for HB3 PfCRT (435 nM), and 

the difference was not found to be statistically significant.  Using a photoactivatable and 

biotin tagged CQ analog, Lekostaj et al. was able to further quantify relative affinities 

of CQ binding in situ to the different PfCRT isoforms using purified PfCRT 

reconstituted into proteoliposomes (PL) (65).  The perfluorophenyl azido (pfpa) biotin 

tagged CQ analog, called AzBCQ, binds specifically to PfCRT in isolated mid-

trophozoite stage parasites released from infected RBC (iRBC) by saponin treatment.  

Impressive competition of AzBCQ with unlabeled CQ (“cold” CQ) suggests that the 

binding site of AzBCQ and CQ overlap.  Enzymatic (trypsin) digestion of the 

covalently attached AzBCQ-PfCRT complex actually generates a model wherein the 

photoactive end of the probe covalently binds to a putative loop connecting helices 9 

and 10 of PfCRT, with CQ bound in a pocket formed by helices 1, 9 and 10 (Fig 1.15). 
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Figure 1.15. Cartoon model for AzBCQ (CQ) binding site within the PfCRT protein.  
AzBCQ binds within a cleft defined by helices 1 (purple), 9 (brown), and 10 (green) 
such that the residues in helices 1 and 9 that are mutated in CQR vs CQS PfCRT 
isoforms are proximal to the pharmacophore.  Reprinted with permission from 
American Chemical Society: Biochemistry (65), copyright 2008. 

1.3.2.2  Cellular mechanism 

Several early studies by Fitch et al. on CQ transport in malaria defined the 

characteristic reduced steady-state CQ accumulation in CQR vs. CQS parasites (57-

60,66).  Accumulation was actually referred to as “binding” in the cited references and 

it was not until the 1990’s that differentiation between “binding” and accumulation was 

emphasized.  In 1969, Fitch measured the accumulation of 14C-CQ in CQS and CQR P. 

berghei strains when these were incubated in a wide range of external CQ 

concentrations (tens of nanomolar to millimolar) (57).  Interestingly, the CQS parasites 

concentrate the drug differently when exposed to low nanomolar external CQ 
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concentrations relative to micromolar external CQ concentrations (Figure 1.16).  At less 

than 100 nM external CQ, CQS parasites accumulate or bind CQ in what was described 

as saturative process that was not observed in CQR parasites.  This process was 

concluded to be a high-affinity binding capacity in CQS parasites that was deficient in 

CQR parasites, which may explain the inherent reduced ability of the latter to 

concentrate CQ.  The absence of the high-affinity binding in CQR was further 

hypothesized to be due to a decrease in the number, affinity, or accessibility of CQ 

receptor sites (57,58).  Moreover, Fitch’s papers included description of the first studies 

on the effect of subtrates (such as glucose, see Figure 1.17) on the accumulation 

process.  These suggest the CQS mechanism of accumulation is probably via an active 

(energy-requiring) process that makes CQ targets accessible to the drug (59,66).   
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Figure 1.16. Steady-state amounts of 14C-CQ in P. berghei as a function of external CQ 
concentrations.  Data as presented was not corrected for parasitemia.  The parasitemia 
of the incubated cultures were the following:  top panel, CQS 22% and CQR 47%; 
middle panel, CQS 38% and CQR 59%; bottom panel, CQS 30% and CQR 43%.  14C-
CQ accumulation was performed in 50 mM Na2HPO4, at 22 °C, for 2 h.  Accumulation 
was terminated by centrifugation and separation of the pellet from the supernatant.  
RBC (○), CQS (half-filled circles) and CQR (●) P. berghei parasites.  Reprinted with 
permission from the National Academy of Sciences:  Proc. Natl. Acad. Sci. U. S. A. 
(57), copyright 1969.  
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Figure 1.17. Effect of 1 mM glucose on 14C-CQ accumulation in two CQS P. 
falciparum samples.  (Top and middle panels) CQS parasites.   (Bottom panel) RBC 
only.  Parasites were incubated with 1 mM glucose (●) or with no glucose (○) for 1 h.  
The samples were centrifuged to separate the pellet from the supernatant.  Reprinted 
with permission from American Society for Microbiology:  Antimicrob. Agents 
Chemother. (59), copyright 1974.  

The DV of the parasite was suggested to be the CQ target by Yayon et al. in 

1984 (26).  Using isolated parasites and hydrolysis-resistant fluorescein-labeled 

dextrane (FT-DEX) targeted to the parasite DV by endocytosis of the host cell 

cytoplasm, fluoromicroscopic examination of trapped FT-DEX showed that the probe 

was localized in a discrete compartment within the parasite cytosol.  The authors 
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inferred this compartment as the parasite food vacuole or DV and measured the pH of 

the compartment as 5.2 ± 0.15.   

Using a continuous flow dialysis technique to monitor fluorescence of the 

perfused dialysate in the same study, the authors measured CQ accumulation in CQR 

Gambian strain FCR3 was measured and tested the response of CQ accumulation to 

perturbation of the external medium pH (Fig 1.18).  The fold accumulation of CQ inside 

the parasite and in the DV was dependent on the external pH, as shown in Table 1.4, 

which led to the conclusion that CQ accumulation can be fully accounted for by the 

steady-state transmembrane H+ gradients between the parasite DV and cytoplasm.  It 

must be noted that the internal CQ concentration ([CQ]in) calculated here was from an 

indirect measurement based on the change of fluorescence of the extracellular perfusate 

as cells were added to the perfusion chamber (and the equations shown on the next 

page).   
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Figure 1.18. pH dependence of CQ accumulation in RBC and infected RBC (iRBC).  
CQ accumulation was measured using a continuous flow dialysis system connected to a 
fluorometer.  Addition of 10 µM CQ to the upper chamber increased the fluorescence 
intensity in the perfusate.  Addition of iRBC caused a rapid decrease in signal due to 
drug accumulation.  Acidification of the external medium resulted in a release of pre-
accumulated drug.  Solid trace= iRBC, dotted trace= RBC control cells.  Reprinted with 
permission from Nature Publishing Group:  EMBO J. (26), copyright 1984.  

 

Table 1.4. Probe accumulation via flow dialysis.  Concentrations of CQ in late 
trophozoite/ early schizont stage FCR3 ([CQ]in), were determined via the flow dialysis 
technique at room temperature.  λi is the probe distribution ratio in iRBC vs. the 
external incubating concentration.    Reprinted with permission from Nature Publishing 
Group:  EMBO J. (26), copyright 1984. 

It also must be noted that this is the only reported study that has shown that CQ 

can concentrate to millimolar levels inside the DV as predicted by weak-base 
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partitioning (26).  However, this was obtained with several assumptions on the 

partitioning/ localization of the drug within the parasite, i.e. that CQ localizes only to 

the DV within the parasite and that only the uncharged CQ species is capable of 

crossing the membranes.  One result showed that at an external perfusion concentration 

of 730 nM CQ resulted in [CQ]in= ~116 µM, and the CQ in the DV was calculated as 

[CQ]fv= ~3.9 mM.  The concentration of CQ in the in the parasite, [CQ]in was calculated 

based on the equation below:  

 

where [C]o and [C]t are the respective extracellular drug concentrations immediately 

after addition of cells to the dialysis chamber and at steady-state, Vt is the total volume, 

ht is the final hematocrit, P the fraction of iRBC, and Q the amount of drug accumulated 

in RBC is given by Q = Vt x ht x (1-P) x [C]t x λn.  The [CQ]fv is given by: 

 

where [C]in and [C]out are the steady-state probe concentrations inside the iRBC and in 

the external medium respectively; fe, fp, and fv are the respective fractional volumes of 

the erythrocyte, parasites and vacuoles; and λp is the distribution ratio of the drug 

between the parasite and host cytosol, assumed to be equal to 1.   
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In the following year, Yayon et al. further tested the pH dependence of the 

susceptibility of malaria parasites to CQ (67).  Modification of the transvacuolar 

gradient changed the CQ distribution between the cells and medium and provoked a 

corresponding change in the IC50 of the parasite.  This was tested by dissipation of the 

proton gradient upon acidification of the extracellular medium, or alkalinization of the 

DV during exposure of parasites to CQ, which subsequently conferred marked 

resistance to the drug (higher IC50 values).    

By this time, it had been clearly established that reduced steady-state CQ 

accumulation is a characteristic phenotype of CQR parasites.  The earliest report that 

attempted to understand reduced CQ transport in greater detail by measuring 

intracellular CQ concentrations and rates of uptake was by Geary and Ginsburg in 1986 

(68).  Using nine different P. falciparum strains that have different sensitivities (IC50) to 

CQ, the authors measured the rates of 3H-CQ accumulation (in mol L-1 min-1) and 

steady-state intracellular 3H-CQ concentrations with three different external incubating 

3H-CQ concentrations as incubation time was varied.  Fig. 1.19 below shows the time 

course of 3H-CQ uptake in CQS strain FCN and clearly shows the dependence of the 

internal CQ concentration on the external incubating concentration and to the length of 

time of drug incubation.  The intracellular CQ concentrations and rates to steady-state 

CQ accumulation of the other parasite strains were measured from similar time course 

measurements (shown in Table 1.5 and 1.6). 

 



 51

Figure 1.19. Time course of 3H-CQ uptake in CQS FCN.  Sorbitol synchronized 
trophozoite and schizont stage parasites, at 1% hematocrit and 6-17% parasitemia, were 
incubated with 3H-CQ in pH 7.4 PBS or HEPES buffer, at 37 °C.  Triplicate aliquots 
were taken and rapidly spun down.  Supernatant fractions were also sampled for counts, 
and CQ concentrations in the extracellular medium (---) and in the iRBC (—) were 
calculated.  The external incubating 3H-CQ concentrations used were 1 µM (●--●), 100 
nM (○--○)and 10 nM (▲--▲).    Reprinted with permission from Elsevier Ltd:  Biochem. 
Pharmacol. (68), copyright 1986. 

Although the CQ IC50 of CQR FCN is 10-fold lower than for CQS VNS, the CQ 

accumulative process for both showed somewhat similar values (Table 5 below).  The 

fold CQ concentration (CQ internal vs. CQ external) ranged from hundred fold to a 

thousand fold for CQS and CQR, which is not as great as had been predicted by Yayon 

et al. (which utilized a totally different method, (26)), as well as predicted by the weak-

base partitioning theory for CQ (as a weak base should concentrate to as much as 105-

106 in the DV).  However, CQS parasites still showed 1.2-3 times greater fold CQ 

accumulation for each external CQ concentration at every time point when compared to 

CQR parasites (Table 1.5).  Interestingly, this work also showed that fold accumulation 

is greater at lower incubating external concentration similar to Fitch’s early reports.   
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Table 1.5. Intracellular CQ concentration, dependence on time and external CQ 
concentration.  CQS FCN and CQR VNS were used to measure the CQ accumulation as 
a function of time and different external CQ concentrations.  Reprinted with permission 
from Elsevier Ltd:  Biochem. Pharmacol. (68), copyright 1986. 

This work was the first to make an attempt to measure rates of accumulation 

and the rates were found to be dictated by the external CQ concentrations as shown in 

Table 1.6 (68).  The rates increased with increasing external CQ concentrations but the 

slight difference between CQS vs CQR rates, as well as in the internal CQ 

concentrations measured in CQS vs CQR (Table 1.5),  prompted the authors of this 

study to conclude that there was no correlation between CQ sensitivity and rates of CQ 

accumulation (at 60 min for the strains tested).   
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Table 1.6. Accumulation and intracellular CQ concentration in iRBC.  Intracellular 
[CQ] was determined 60 min after initiation of uptake.  Values are ‡ x 10-4 M, § x 10-5 
M, ║ x 10-6 M, ¶ not determined.  † Rates are expressed as (10-7/ moles/ liter infected 
cells/ min), measured from 5 to 60 min.  CQS parasites:  FCN, FCR8, FCC1, Honduras 
1/CDC, FCMSU1/ Sudan.  CQR parasites:  VNS, FCR7, FCR3TC, FCR1. Reprinted with 
permission from Elsevier Ltd: Biochem. Pharmacol. (68), copyright 1986. 

Another research group that has been studying CQ transport for several years is 

that of Bray and Ward.  Their first report on CQ transport was focused on CQ efflux as 

an attempt to explain the difference in the steady-state CQ accumulation difference in 

CQS vs CQR parasites (69).  Rates of 3H-CQ accumulation in several CQS and CQR 

strains, measured as shown in Fig. 1.20, showed no correlation to the degree of CQR.  

For CQS parasites, the IC50 and the rates of CQ influx were reported as:  3D7= 33 nM, 

46.5 fmol/ 106 parasites and T9-96= 56 nM, 34.4 fmol/ 106 parasites.  While for the 

CQR parasites, the IC50 and the rates of CQ influx were:  T9-94= 100 nM, 38.3 fmol/ 

106 parasites and K1= 340 nM, 28.6 fmol/ 106 parasites.   
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Figure 1.20. Accumulation and efflux of 3H-CQ.  Internal CQ concentrations were 
measured during accumulation and efflux for CQS 3D7 (■) and CQR K1 (●).  
Synchronized trophozoites stage iRBCs at 1.5% hematocrit and 4% parasitemia, were 
incubated with 4 nM 3H-CQ in a HEPES buffer under culture conditions.  Aliquots 
were removed at the required time points.  Reactions were stopped by centrifugation of 
the samples through oil and processed for scintillation counting.  Reprinted with 
permission from Elsevier Ltd:  Biochem. Pharmacol. (69), copyright 1992. 

When efflux of CQ was measured, there were even less significant differences 

in CQS vs CQR rates (measured as half-time to equilibrium and shown in Fig. 1.21).  

Due to these findings, the report concluded that the greater steady-state CQ 

accumulation in CQS parasites was to be attributed to changes or differences in the CQ 

concentrating mechanism rather than an efflux pump. 
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Figure 1.21. Efflux of CQ to equilibrium as %radioactivity.  See Fig. 1.20 for assay 
conditions.  iRBC were preloaded with 3H-CQ efflux initiated suspending cells in media 
without 3H-CQ and aliquots removed at the desired time points.  Reactions were 
stopped by centrifugation of the samples through oil and processed for scintillation 
counting.  Reprinted with permission from Elsevier Ltd:  Biochem. Pharmacol. (69), 
copyright 1992. 

Several other studies from the Bray and Ward group as well as the Lanzer group 

reported the same conclusions regarding the CQ accumulation process using the 

methods first described in 1992 (27,61,70-73).  Moreover, several of the reports verified 

an energy dependence for CQ accumulation that was first seen by Fitch et al. in 1974 

(59).  It was found that CQ uptake in CQS parasites is an ATP dependent process by 

measuring accumulated CQ in iRBCs with or without glucose (27,69,70,74,75).  The 

latter measurements were performed by either omitting glucose from the incubating 

medium, or substituting glucose with 2-deoxyglucose.   Overall, glucose starvation 

caused reduced CQ accumulation in CQS parasites and, surprisingly, slightly increased 
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the amount of accumulated CQ in CQR parasites as shown in Fig 1.22A (27). In 

addition, similar results were observed in pfcrt allelic exchange mutants, which show 

that PfCRT plays a role in the utilization of energy to control CQ accumulation (Fig. 

1.22B), the same way it confers decreased sensitivity to the drug (IC50) (as shown in CQ 

IC50 values in Fig. 1.11 and 1.12).   

  

Figure 1.22. Effect of glucose starvation on 3H-CQ accumulation.   (A) CQS GCO3 
and CQR Dd2.  (B) CQS C2GCO3 and CQR C3Dd2.  The C2GCO3 and C3Dd2 parasites are 
pfcrt allelic exchange mutants expressing the wild-type GCO3 and mutant Dd2 pfcrt 
allele, respectively, as described in Sidhu et al. (reference number).  Accumulation was 
measured in synchronized trophozoites stage parasite cultures, at 5% parasitemia and 
2.5% hematocrit, for 10 min using 2 nM 3H-CQ in 10 mM HEPES pH 7.4 at 37 °C.  For 
“no glucose” conditions, cells were pre-incubated in media without glucose before 
influx measurements.  CQ accumulation was presented as CQ cellular accumulation 
ratio ([CQ]internal/ [CQ]external).  Reprinted with permission from Wiley InterScience: Mol. 
Microbiol. (27), copyright 2006. 

Although the previous study showed that active accumulation was dependent on 

glucose as a source of energy and was also influenced by the PfCRT isoform present 

(wild-type vs mutant), PfCRT has no ATP binding site/s and cannot be directly 
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energized by ATP (it is not a primary active transporter based on its protein structure).  

It may be a secondary active transporter and may be energized by the proton 

electrochemical gradient generated by the production of protons during aneorobic 

glycolysis (27).  To test this, the effect of a proton uncoupler or protonophore called 

carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) on CQ accumulation 

was examined.  Figure 1.23A suggests that aside from energy utilized from glucose, the 

electrochemical gradient has an important role in the uptake of CQ in CQS parasites and 

that PfCRT may also play a role in the utilization of the electrochemical gradient to 

control CQ accumulation (Fig. 1.23B).   

 

Figure 1.23. Effect of proton electrochemical gradient on 3H-CQ accumulation.  (A) 
CQS GCO3 and CQR Dd2.  (B) CQS C2GCO3 and CQR C3Dd2.  The C2GCO3 and C3Dd2 
parasites are pfcrt allelic exchange mutants expressing the wild-type GCO3 and mutant 
Dd2 pfcrt allele, respectively, as described in Sidhu et al. (52).  Accumulation measured 
for 10 min using 2nM 3H-CQ.  Influx measurements with protonophore were done with 
1 µM FCCP added to the incubating medium.  CQ accumulation was presented as CQ 
cellular accumulation ratio ([CQ]internal/ [CQ]external).  Reprinted with permission from Wiley 
InterScience: Mol. Microbiol.  (27), copyright 2006. 
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One key concept that was reported first in 1998 by Bray et al. (61) was a 

proposal that the basis of CQR in P. falciparum is the access of CQ to hematin (chloride 

salt of FPIX) or heme in the parasite DV (27,61).  The authors utilized certain 

parameters for modeling CQ uptake as a phenomena dependent on CQ binding to a 

heme target by fitting the total uptake curve of P. falciparum parasites to a hyperbolic 

equation, then assuming that the total concentration of CQ in the parasite is the sum 

total of the free AND bound CQ ([BD]), and that the concentration of the bound CQ is 

dependent on the drug’s dissociation constant (Kd) to the target and the concentration of 

the drug binding sites (capacity or Cap), see equation below  (ED= external 

concentration).   

 

A key assumption in this model was designating a “saturable” (the extent of which was 

deemed as responsible for drug activity) vs “nonsaturable” component (non-specific and 

similar to all strains) to the CQ uptake to make the experimental values fit into their 

model.  Hence the latter was subtracted from the total CQ uptake since it was deemed 

non-specific to all parasite strains. 

In this way, they were able to calculate dissociation constants (Kd) and the 

concentration of the binding sites (Capacity= cap) based on CQ uptake data as a 

function of the external incubating CQ concentration.  From this, it was proposed that 
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an equal number of drug binding sites are present in both CQS and CQR parasites (~30 

µM) and that this is not the cause of CQR.  Instead, CQR parasites had a reduced 

apparent affinity CQ-heme binding (CQR Kd are 10-fold lower) when compared to CQS 

parasites.  Moreover, the saturable uptake component was held solely responsible for 

the antimalarial activity of CQ since the nonsaturable component was observed in the 

CQ uptake of both CQS and CQR parasites.  

It must be noted that this previous observation on the 2 component distinction in 

CQ uptake (saturable vs nonsaturable) proliferated in several subsequent investigations 

on CQ influx measurements in P. falciparum.  In the 1998 report, the nonsaturable 

component extrapolated from experimentally determined data was subtracted from the 

total uptake to obtain the saturable component of the uptake.  Other studies though, such 

as by Sidhu et al. (see Fig. 1.11 (52)), Lakshmanan et al. (Fig. 1.12 (53)), and Bray et 

al.  (Figures 1.22 and 1.23 (27)), included a very high fold excess cold CQ incubation 

that was assumed to subtract the nonsaturable component and yield values that are only 

due to the saturable CQ uptake component.  This assumption based solely from the 

1998 work by Bray et al. (61) and utilized in other studies, is an important distinction 

that must be made on reports on the CQ accumulation process.  It is appears to be a 

somewhat arbitratry mathematical manipulation on the values for the CQ influx process 

(steady-state accumulation and kinetics) and may not reflect the true (or even affect) the 

real components responsible for the differences in the CQ influx in CQS vs CQR 

parasites in iRBC. 
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As will be defined at this point, all CQ “uptake” or accumulation measurements 

described (or even binding as defined by the works of Fitch et al.) utilized bulk 

populations of parasites and have been performed as steady-state measurements.  

Several studies were done as a function of time and rates were obtained by fitting the 

“point-wise” data to equations that will give the change in CQ concentration vs units of 

time (some unit of rate of concentration  based on “point-wise” data with poor kinetic 

resolution were fitted to equations).  However, there is poor kinetic resolution in these 

data.  Measurements for intracellular CQ will be designated as CQ accumulation, in 

contrast to CQ influx or uptake which should reflect kinetics of the uptake of the drug 

into the parasite (or parasite DV) as a function of time.  The same is true for CQ efflux 

data that is going to be presented next in this chapter.   

In 1998, Krogstad et al. was the first to propose that reduced CQ accumulation 

in CQR parasites may be due to an enhanced CQ efflux mechanism not present in CQS 

parasites (62).  Infected RBCs were preloaded with 3H-CQ and the loss of the drug 

measured as a function of time.  From the measured percentage of CQ retained in the 

pellet, the time necessary to release half of the CQ present at zero time (half-life, t1/2) 

was found to be ~2 min for CQR parasites and greater than 85 min for CQS parasites 

(Fig. 1.24, left panel).  In 1990, using the same techniques described in his previous 

work, efflux measurements in CQR Dd2 showed a more rapid loss of CQ in Dd2 

parasites (t1/2= 1-2 min)  when compared to CQS HB3 parasites (t1/2= 60-70 min) (Fig. 

1.24, right panel) (76).   
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Figure 1.24. Efflux of CQ to equilibrium as %radioactivity. (Left) CQS Haiti 135 (open 
diamonds) and CQR Indochina I (filled diamonds).  Cells (2 x 106 iRBC) were preloaded for 1 h 
with 1 and 10 nM 3H-CQ in 25 mM HEPES pH 7.4, under culture conditions.  CQS and CQR 
parasites were preloaded to internal concentrations of 174-180 fmol per 106 parasites, 
respectively.   Reprinted with permission from The American Associate for the 
Advancement of Science: Science (62), copyright 1987.  (Right) CQS HB3 (open 
diamonds) and CQR Dd2 (filled diamonds).  Cells (1 x 106 iRBC per ml) were preloaded for 1 h 
with 3 and 30 nM 3H-CQ, under similar incubation conditions as the panel on the left.  For both 
experiments, preloaded cells were washed with ice-cold buffer before efflux.  Efflux was 
initiated by resuspending the washed preloaded cells in media without drug at 37 °C.  The loss 
of the drug was monitored by taking aliquots at the desired time points, separating the 
cells from the incubating media by centrifugation through silicon oil, and measuring the 
entrapped radioactivity.  Reprinted with permission from Nature Publishing Group: Nature 
(76), copyright 1990. 

In 2006, Bray et al observed CQ efflux in iRBCs and determined the 

contribution of mutant PfCRT to the CQ efflux mechanism using the protocol that 

Krogstad et al. used (27).  For Fig. 1.25, the actual internal CQ concentrations before 

efflux were stated as at similar levels CQS vs CQR.  Reminiscent of the results 

presented by Krogstad et al. previously described, CQR parasites (Dd2 and C3Dd2) 

showed an enhanced drug efflux when compared to the CQS parasites (GCO3 and 

           Time (min)                       Time (min)
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C2GCO3) that was found to be controlled by mutations in PfCRT.   These results were in 

contrast to Fig. 1.20 from the same author (69), wherein no significant difference in CQ 

efflux rates was measured in CQS vs. CQR parasites.  The authors’ attributed this 

difference in the results obtained to the methodology of the assay, washing the samples 

in room temperature buffer in Bray et al. in 2006 (27) vs. not washing in Bray et al. in 

1992 (69) before initiating efflux, by which freely exchangeable drug was hypothesized 

to be rapidly lost when the cells were washed before initiation of efflux.   
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Figure 1.25. Efflux of CQ. Legends are shown in each graph and the parasite strains are 
indicated in the upper right corner of each panel.  The cells were preloaded for 15 min with 
3 and 30 nM 3H-CQ in 10 mM HEPES pH 7.4 at 37 °C.  After preloading, the cells were washed 
with room-temperature buffer, then resuspended in 37 °C buffer without drug for efflux.  Loss 
of the drug was monitored by taking aliquots at the desired time points, separating the 
cells from the incubating media by centrifugation through oil, and measuring the entrapped 
radioactivity. The C2GCO3 and C3Dd2 parasites are pfcrt allelic exchange mutants 
expressing the wild-type and mutant pfcrt allele, respectively, as described in Sidhu et 
al. (reference number).  Reprinted with permission from Wiley InterScience: Mol. 
Microbiol. (27), copyright 2006. 

Lanzer et al. in 2007 (63) presented efflux measurements using magnet purified 

iRBCs that had been preloaded to the same internal CQ concentrations before initiation 

of efflux.  His results were also reminiscent of the work done by Krogstad et al. (62,76) 

GCO3 Dd2 

C2GCO3
C3Dd2
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wherein the CQR parasites rapidly released the preloaded drug (0.55 ± 0.06 min-1) while 

CQS parasites slowly released the drug (0.09 ± 0.04 min-1) (Fig. 1.26).  Efflux rate 

constants were obtained by fitting data points to a simple exponential decline equation.   

 

Figure 1.26. Time course of CQ efflux.  HB3 (●) and Dd2 (○) were preloaded to the same 
internal 3H-CQ using 20 and 100 nM 3H-CQ for 15 min at 37 °C, washed with ice-cold medium 
and transferred to 37 °C medium without CQ.  Duplicate aliquots were removed during the 
desired time points, the cells centrifuged through oil, and the pellet processed for scintillation 
counting.  Reprinted with permission from Wiley InterScience: Mol. Microbiol. (63), copyright 
2007. 

Comparison of the results presented with the different efflux studies described 

show an agreement in characterizing a greater loss of preloaded CQ from CQR parasites 

when compared to CQS parasites.  However, there is some degree of “efflux” also 

present in CQS parasites based on the data presented (27,62,76) that were not cited and 

discussed.  This brings up certain points in the CQ efflux literature in P. falciparum that 

must be emphasized in order to understand the overall mechanism of CQ transport 

(influx and efflux).  Ultimately for efflux studies, how the cells were preloaded to get to 

a certain internal CQ concentration is a very important variable to consider in designing 
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and understanding CQ efflux (internal CQ at the start of efflux dependent on:  

incubation time, external concentrations) as well as how the assay was designed (cells 

washed or not washed before initiation of efflux).  These are critical factors to keep in 

mind in trying to understand the efflux mechanism because the concentration gradient 

(across the biological membrane of interest) and the flux in the outward direction 

(efflux) is dependent on the internal CQ concentration and the different possible forms 

(free or bound) of CQ inside the parasites after preloading.  It is not known how much 

of the drug is free or “unbound” vs bound to a target (CQ mechanism of action had been 

hypothesized to target the heme or heme processes inside the parasite DV) in the efflux 

measurements that had been described here.  Additionally, the concentration of heme 

within the DV is not known.  There is also the possibility that other CQ targets in the 

parasites that may have not been discovered yet but are relevant for the CQR 

mechanism (3).  Ultimately, distinguishing between free CQ vs CQ bound to a target 

will be required to understand the kinetics of the efflux phenomena.   

Overall, it is possible to summarize the results showing the key components of 

the CQ transport (influx and efflux) mechanism in live P. falciparum cells as has been 

discussed here.  Ultimately, the important observations from all the studies must be 

incorporated into the best mechanistic model for the CQR mechanism.  However, it is 

quite difficult to consolidate all of the described significant results in the existing 

literature due to the different experimental variables that have to be taken into 

consideration for each result (CQ preloading concentration, incubating conditions, 
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hematocrit, parasitemia, the stage of the parasite in the life cycle, synchronized vs 

asynchronous parasite populations, physiological buffer conditions, etc.).  As has been 

described here, almost all of the literature present in this section utilized non-

physiologic buffers (physiologic buffering is by using CO2 gas), the external 3H-CQ 

concentrations tested were almost all different per accumulation study, some reported 

CQ accumulation values had been subtracted for nonsaturable uptake, and most of all, 

there is very poor kinetic resolution of data that does not allow measurement of rates of 

flux due to methods used.   

1.4  Objectives of this study 

Even with the numerous studies done in this field, all with the aim of 

understanding the mechanism of CQR in P. falciparum, the exact mechanistic details 

encompassing the movement of CQ within the parasite in relation to resistance has still 

not been resolved.  All studies agree on the genetic basis of CQR and that the CQR 

phenotype is due primarily to mutations in PfCRT.  However, differences in the 

experimental conditions per study make it difficult to summarize and predict a model on 

the influx and efflux kinetics of CQ in and out of the parasite, and the exact role that 

PfCRT plays in mediating CQ transport.  It is therefore of utmost importance to 

measure and analyze CQ influx and efflux in individual RBCs infected with CQS and 
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CQR P. falciparum parasites under controlled physiological conditions, with a focus on 

the contribution of wild-type vs. mutant PfCRT to the CQ flux.   

It is therefore the primary objective of this study to measure and analyze CQ 

transport for live, single P. falciparum parasites in iRBC using a novel fluorescently 

labeled CQ probe, 6-(7-Nitro-benzo[1,2,5]oxadiazol-4-ylamino)-hexanoic acid (2-{[4-

(7-chloro-quinolin-4-ylamino)-pentyl]-ethyl-amino}-ethyl)-amide or NBD-CQ, 

specifically designed for this purpose.  This probe will be shown to be biochemically 

and physiologically equivalent to CQ and thus, will be used in fast 4D imaging via 

spinning disk confocal microscopy (SDCM) and customized SCP techniques optimized 

for kinetic measurements of fluorescent probes (in this case fluorescently labeled CQ).  

Initial rates and rate constants of the influx and efflux movement (as a function of time 

and concentration), as well as steady-state cellular accumulation levels, will be obtained 

under under carefully controlled physiological buffering conditions. 

One other objective of this study is to understand the molecular basis of CQR by 

studying the structural characteristics and endogenous function of PfCRT.  This will be 

investigated by crosslinking heterologously expressed PfCRT in P. pastoris (in yeast 

membranes and reconstituted form) using different chemical crosslinkers in the 

presence of the drug CQ.  Using the same yeast system expression for PfCRT, it is also 

the aim of this study to characterize the endogenous function of PfCRT by investigating 

the capability of yeast cells expressing PfCRT to survive on and transport amino acids 
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with basic R groups, as PfCRT had been proposed to possibly transport basic amino 

amino acid Hb digestion product in the same manner it recognizes CQ (54). 
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CHAPTER 2  MATERIALS AND METHODS 

2.1  Materials 

2.2.1 Yeast work 

Pichia strains were from Invitrogen (Carlsbad, CA).  Saccharomyces strains 

were purchased from American Type Culture Collection (ATCC) (Manassas, VA).  

Yeast growth media components were from BD (Sparks, MD).  Restriction enzymes 

were from NEB (Ipswich, MA).  QIAquick spin miniprep kits were purchased from 

Qiagen (Valencia, CA).  Amersham ECL Plus™ western blotting detection reagents and 

molecular weight markers were from GE Healthcare (Piscataway, NJ).  Pre-stained and 

high-range biotinylated molecular weight standards were from Bio-Rad (Hercules, CA).  

SilverQuest silver stain kit and acridine orange was from Invitrogen (Carlsbad, CA).  

3H-CQ and 14C-arginine were purchased from American Radiolabeled Chemicals (St. 

Louis, MO).  Ecoscint A was from National Diagnostics (Atlanta, GA).  Ultralink 

immobilized monomeric avidin resin and crosslinking reagents were from Thermo 
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Scientific (Rockford, IL).  All other materials were of reagent grade or higher purity and 

purchased from Sigma (St. Louis, MO). 

2.1.1 P. falciparum work 

The P. falciparum parasite clones Dd2 and HB3 were obtained from the Malaria 

Research and Reference Reagent Resource Center (Manassas, VA).  The allelic 

exchange lines C4Dd2 and C2GCO3 were kindly provided by Dr. David Fidock (Columbia 

University, New York, NY).  Off-the-clot, heat-inactivated pooled O+ human serum 

and O+ human whole blood were purchased from Biochemed Services (Winchester, 

VA).  SYBR Green I was from Invitrogen Corporation (Carlsbad, CA).  100% CO2 and 

custom 5% O2/ 5% CO2/ 90% N2 gas blends were purchased from Robert’s Oxygen 

(Rockville, MD).  Hemin, poly-L-lysine, RPMI 1640, hypoxanthine, Hanks Balanced 

Salt Solution Modified (HBSS) and Giemsa were from Sigma-Aldrich (St. Louis, MO).  

Glass slides and #1.5 glass coverslips (18 x 18 x 0.17 mm) were obtained from Fisher 

Scientific (Hampton, NH).  Biosol and Bioscint were from National Diagnostics 

(Atlanta, GA).  All other chemicals were reagent grade or better and purchased from 

commercial sources. 
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2.2  Yeast Methods 

2.2.1  Yeast transformation 

HS100-3C Saccharomyces cerevisiae cells were grown to an OD600 of 0.8 in 

SC+ura.  Cells were harvested by centrifuging 1600 g at room temperature for 5 min 

and made competent using the lithium chloride protocol from Invitrogen.  Plasmids 

used for the transformation contained the different PfCRT sequences, had a 6 histidine 

(his) and a truncated biotin domain (bad) tag, and were originally created by Zhang et 

al. in 2002 (55).  The plasmids used were:  control plasmid pYKM77-his-bad; HB3 

pfcrt isoform pYKM77-HB3-his-bad; Dd2 pfcrt isoform pYKM77-Dd-his-bad.  

Generally 50 µg of salmon sperm DNA, 100 mM LiCl and 35% polyethylene glycol 

were added to 5 µg of linearised plasmid DNA and transformed into freshly prepared 

competent cells. Cells were incubated at 30 °C for 1 h and then heat shocked at 42 °C 

for 10 min.   The pellets were resuspended in 500 µl sterile water and 200 µl plated on 

synthetic complete media without uracil (SC-ura) containing different amino acid 

groups were the following:  SC-ura with aspartic acid and glutamic acid (SC2(D, E));  

SC-ura with serine, threonine and methionine (SC3(S, T, M));  SC-ura with valine, 

leucine and isoleucine (SC3(V, L, I));  SC-ura with phenylalanine, tryptophan and 

tyrosine (SC3(F, Y, W));  SC-ura with histidine, arginine and lysine (SC3(H, R, K)); 

SC14, SC-ura with all 14 amino acids in the different groups.  The plated cells were 

kept at 30 °C until distinct colonies grew. 
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2.2.2  Screening for expression 

Cells from a single colony were inoculated in SC-ura+aa and grown at 30 °C 

with shaking.  For initial characterization of the newly transformed yeast cells, only one 

colony was picked from each plate, grown in media corresponding to its selection, and 

the optical density at 600 nm (OD600) measured periodically until OD600 reached a value 

of 2.  For PfCRT protein expression, two colonies each from SC-ura and SC3(H, R, K) 

were inoculated in the following: SC-ura, SC3(H, R, K), SC(H), SC(R), SC(K); and 

grown to an OD600 of 2.  Cells were harvested and lysed with 0.5 mm glass beads to 

make crude membranes.  Protein concentrations of the crude membrane preparations 

were determined by amido black assay with bovine serum albumin (BSA) as the 

standard following trichloroacetic acid precipitation. 

2.2.3  Preparation of crude membranes 

Single colonies of Pichia pastoris previously transformed with pPIC3.5/pfcrt-

his-bad plasmid DNA were grown in minimal glycerol medium lacking histidine (1% 

glycerol, 1.34% yeast nitrogen base (YNB) without amino acids, 4 x 10-5 % D-biotin) to 

exponential phase and then induced with minimum methanol media (0.5% methanol, 

1.34% YNB without amino acids, 4 x 10-5 % D-biotin).  Cells were harvested after at 

least 21 h of induction.  S. cerevisiae transformed cells were grown in SC-ura and 
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SC3(H, R, K) to exponential phase.  P. pastoris expresses PfCRT under an inducible 

promoter while S. cervisiae expression is consituitive.   

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

modifications (54,55). Briefly, cell pellets were washed 3 times with harvest buffer (0.1 

M glucose, 50 mM imidazole, pH 7.5) and resuspended in breaking buffer (0.1 M 

glucose, 0.25 M sucrose, 1 mM MgCl2, 50 mM imidazole, pH 7.5) supplemented with 1 

mM dithiothreitol (DTT) and protease inhibitor cocktail (PIC) before mechanically 

lysing them with 0.5 mm glass beads at 4 °C.  Mechanical lysis was performed by 

placing resuspended cells in 50 ml conical tubes filled with an equal volume of 0.5 mm 

glass beads which were then snap frozen in dry ice-ethanol and vortexed for 1 h at 4 °C.  

The homogenate was centrifuged at 1000 g for 5 min twice and the resulting 

supernatant at 3000 g for 15 min. The supernatant from the last spin was centrifuged at 

100 000g for 1 h (all centrifugations were done at 4 °C). The pellets were resuspended 

in suspension buffer (1 mM MgCl2, 10 mM imidazole, pH 7.5) supplemented with PIC 

and stored at -80 °C. Protein concentrations were quantified using Amido black with 

bovine serum albumin (BSA) as the standard following trichloroacetic acid 

precipitation. 

2.2.4  Inside-out vesicle preparation 

P. pastoris and S. cerevisiae were grown as described in the previous section 

and ISOV made as described in Zhang et al. (54,55).  The harvested cells were washed 
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by resuspending at 5ml/g pellet with Buffer A (10 mM Tris pH 7.5 HCl and 700 mM 

sorbitol) and centrifuged at 3000 g at 4 °C for 5 min.  The pellet was resuspended in 

Buffer A supplemented with 10 mM DTT, to which Zymolase 20-T was added at 5mg/g 

wet cell weight, and incubated at 30 °C and 100 rpm for 1 h.  After the incubation, PIC 

was added for every 100 ml of suspension and the resulting solution centrifuged at 3000 

g at 4 °C for 5 min.  The pellet was resuspended at 1.5ml/g pellet in Buffer B (15 mM 

MES-Tris pH 6.5, 500 mM sorbitol and 100 mM glucose) and incubated at 30 °C for 10 

min, after which ice-cold Buffer C (25 mM MES-Tris pH 6.5, 5 mM EDTA, 0.2% w/v 

BSA, 0.2% w/v casein hydrosylate, 1mM DTT, 1 mM Phenylmethylsulphonylfluoride 

(PMSF), 2 µg/ml aprotinin, 2 µg/ml leupeptin, 1 µg/ml pepstatin A) was added at 3 

ml/g pellet to lyse the cells.  All subsequent steps were performed at 4 °C.  The cell 

suspension was homogenized using a Potter-type homogenizer and cell wall fragments 

were removed by centrifuging at 300 g at 4 °C for 15 min.  The supernatant was 

centrifuged at 35 000 g at 4 °C for 15 min.  To the resulting pellet, 9.0 g/6 g pellet of 

Buffer D (5 mM phosphate buffer pH 7.8, 330 mM sucrose, 1 mM DTT) was added and 

the pellet resuspended thoroughly, then 27 g of Buffer E (7.6% w/v dextran 500,000, 

7.6% polyethylene glycol 3350, 1.4 mM EDTA, and 1 mM DTT) was also added.  The 

solution was covered with parafilm and the contents mixed thoroughly by inverting 20 

times then left undisturbed on ice for 2 h to allow separation of the 2 phases.  The lower 

phase was carefully aspirated out and diluted with 2 volumes of Buffer F (15 mM MES-

Tris pH 6.5, 330 mM sucrose, 1 mM DTT and PIC).  This was centrifuged at 60 000 g  
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at 4 °C for 30 min and the final pellet resuspended in Buffer F (1.5 ml per 20-24 g 

starting material).  Aliquots of resuspended pellets were transferred to microtubes and 

stored at -80 °C.  Protein concentrations were quantified using amido black with BSA 

as the standard following trichloroacetic acid precipitation. 

2.2.5  PfCRT purification 

PfCRT-his-bad was purified and reconstituted via chaotropic washing, detergent 

solubilization, avidin column chromatography and dialysis (55).  CM harboring PfCRT-

his-bad were resuspended at 2mg/ml in a 6.0 M Urea chaotropic wash buffer (6.0 M 

Urea, 50 mM phosphate buffer pH 7.5, 250 mM sucrose, 20% glycerol, 1 mM MgCl2 

and 6.5 mM β-mercaptoethanol), gently mixed by rotation at 4 °C for 30 min.  The 

suspension was centrifuged at 100 000 g at 4 °C for 1 h and the resulting pellet washed 

with the chaotropic wash buffer, but without any urea added, with gentle mixing at 4 °C 

for 10 min.  The washed pellet was centrifuged 100 000 g at 4 °C for 1 h and the pellet 

resuspended in at 2 mg/ml in 0.5% DM solubilization buffer (0.5% dodecyl-β-D-

maltoside (DM), 500 mM NaCl, 250 mM sucrose, 20% glycerol, 1 mM MgCl2, 6.5 mM 

β-mercaptoethanol, 50 mM phosphate buffer pH 7.5) by gently mixing at 4 °C for 30 

min.  The solubilized pellet was centrifuged at 174 400 g at 4 °C for 1 h and the pellet 

discarded.  The detergent solubilized PfCRT-his-bad in the supernatant was purified via 

avidin column purification at a flowrate of 1ml/min using a Pharmacia Peristaltic pump 
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and all steps done at 4 °C.  The supernatant passed through an immobilized monomeric 

avidin packed column (3 ml volume)  that had been pre-equilibrated with avidin wash 

buffer (0.5% DM, 300 mM NaCl, 250 mM sucrose, 20% glycerol, 1 mM MgCl2, 6.5 

mM β-mercaptoethanol, 50 mM phosphate buffer pH 7.5) and the supernatant allowed 

to sit in the column for 30 min before washing.  The column flowthrough was collected 

and saved for SDS-PAGE analysis.  The column was then washed with 30 ml of avidin 

wash buffer, the wash collected and saved for SDS-PAGE analysis.  Bound protein was 

eluted from the column with avidin wash buffer containing 2 mM D-Biotin.  All buffers 

used for avidin column purification were supplemented with EDTA-free PIC.  The 

protein-containing eluate was mixed with 1.4% E. coli polar lipid and incubated on ice 

for 30 min before dialyzing overnight at 4 °C against 900 volumes of dialysis buffer 

(140 mM KCl, 70 mM sucrose, 4 mM magnesium salt, 1 mM β-mercaptoethanol, 10 

mM phosphate buffer pH 7.5) using Fisherbrand Regenerated Cellulose Dialysis Tubing 

(MW= 6000-8000, width= 23 mm, vol/cm= 1.67 ml).  The dialysis buffer was changed 

with fresh buffer after 16 h and dialysis was allowed to continue for another 4 h. The PL 

were centrifuged at 200 000 g for 1 h at 4 °C, resuspended in fresh dialysis buffer, 

aliquoted, snap frozen in dry ice-ethanol, and kept at -80°C until use.  Control PL was 

made in parallel using CM from yeast cells not expressing PfCRT-his-bad (P. pastoris 

transformed with pPIC3.5 plasmid or S. cerevisiae transformed with pYKM77 

plasmid).  Protein concentrations were determined using Amido black with BSA as the 

standard.  
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2.2.6  PfCRT crosslinking 

Crosslinking of PfCRT-his-bad in CM and PL was performed by incubating the 

CM or PL with different concentrations of membrane permeable and membrane 

impermeable crosslinkers in suspension (for CM) or dialysis (PL) buffer.  Membrane 

permeable crosslinkers used were the following:  amine reactive Disulfosuccinimidyl 

suberate (DSS) and sulfuhydryl reactive Bismaleimidohexane (BMH).  Membrane 

impermeable crosslinkers were the following:  amine reactive Bis(sulfosuccinimidyl) 

suberate (BS3) and sulfuhydryl reactive 1-11-Bismaleimidotetraethyleneglycol 

(BM[PEO]3).  The crosslinking reaction was quenched with 0.5 mM Tris-HCl pH 6.8, a 

known volume mixed with 2x Laemmli buffer, and aliquots of the reaction mix 

analyzed by Sodium dodecylsulfate-Polyacrylamide gel electrophoresis (SDS-PAGE).   

2.2.7  Radiolabeled probe uptake assay 

One hundred micrograms of PfCRT-his-bad ISOV were mixed with 1 µM 14C-

Arginine (300 µCi/µmol) in 500 µL transport buffer (10 mM MES-Tris pH 7.5, 140 

mM KCl, 330 mM sucrose, 4 mM MgCl2 and 1 mM DTT) at room temperature. 

Samples were incubated at different times in the absence and/or presence of 2 mM 

ATP. Incubations were stopped with the addition of 2 mL ice-cold transport buffer. 
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ISOV were filtered by vacuum-filtration using 0.45 mm Whatman GF/F Filter, washed 

twice with same ice-cold assay buffer, and mixed with 14 ml Ecoscint A scintillation 

liquid. Radioactivity was measured using Beckman LS6500 scintillation counter 

(Fullerton, CA).  

2.2.8  Fluorescence spectroscopy 

Fluorescence was measured continuously using a PTI Alphascan fluorometer 

(Birmingham, NJ) with a water-jacketed cuvette holder which maintained the 

temperature at 37 °C and the cuvette contents constantly mixed by a star-head magnetic 

spin bar.   

2.2.8.1  Acridine orange assay 

Proton pumping by functional ATPase in ISOV membrane is checked by 

monitoring the quenching of acridine orange fluorescence inside the ISOV as the 

ATPase acidifies the inside of the ISOV in the presence of ATP (55).  For acridine 

orange fluorescence measurements, the excitation slit and emission slit widths were set 

to 4 nm and 2.5 nm, respectively.  The excitation wavelength was set to 490 nm while 

the emission wavelength was 535 nm. 

In 3 ml of MES-Tris buffer (10 mM MES-Tris pH  7.5, 330 mM sucrose, 140 

mM KCl, 4 mM MgCl2), 2 µM acridine orange was added and a baseline recording 
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obtained.  On the 2nd minute, 50 µg of ISOV was added and the contents of the cuvette 

allowed to mix thoroughly.  On the 12th minute, 2 mM of MgATP was added to initiate 

the ATPase activity of the ISOV membrane ATPases.  On the 32nd minute, 20 mM 

FCCP was added to collapse the formed proton gradient.   

2.3 P. falciparum methods 

2.3.1  Tissue culture 

All P. falciparum strains were maintained using the method of Trager and 

Jensen (77) with minor modifications (78).  Fresh cultures are initiated from frozen 

vials containing glyceroloyte and > 5% parasitemia kept in liquid N2.  Once active for at 

least two RBC cycles, cultures were maintained at 2% hematocrit in Complete Media 

(10% O+ human serum, RPMI 1640, 25 mM HEPES pH 7.4, 24 mM NaHCO3, 11 mM 

glucose, 0.75 mM hypoxanthine, and 20 µg/l gentamycin) and grown in sterile 75 cm3 

canted neck plugged flasks.  Parasitemia was monitored by staining with 5% Giemsa 

and set to 2% every 48 h for continuous culture.  Parasitemia was cut down regularly by 

getting an aliquot of the iRBC culture and diluting with freshly washed RBC.  Fresh 

RBC were initially washed 4 times with Incomplete Media (IM) (RPMI 1640, 24 mM 

NaHCO3, 11 mM glucose, 0.75 mM hypoxanthine, pH 7.4) and kept as a 50% 
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suspension in IM and stored at 4 °C.  For experiments, hematocrit was cut to 1% and 

parasitemia set to ≥ 5% to increase the iRBC population in the culture. 

2.3.2  Synchronization 

All cultures were routinely synchronized three times per cycle by 5 % D-

Sorbitol treatment to obtain rings and some early trophozoites as described in detail in 

(4).  In general, parasite cultures were centrifuged at 400 g for 3 min and the 

supernatant discarded.  5% D-Sorbitol was added at five times the volume of the pellet 

and incubated for 5 min.  Five milliliters of Complete Media was added and the sample 

centrifuged again at the same settings as before.  The washed pellet was resuspended to 

the desired hematocrit in Complete Media and an aliquot taken out for Giemsa staining.  

The parasites were then returned to culture conditions until the next synchronization 

schedule and the process repeated a total of three times. 

2.3.3  Fluorescence spectroscopy 

Fluorescence was measured continuously using a PTI Alphascan fluorometer 

(Birmingham, NJ) with a water-jacketed cuvette holder which maintained the 

temperature at 37 °C and the cuvette contents constantly mixed by a star-head magnetic 

spin bar.  For NBD-CQ, measurements were performed at excitation and emission 

maximum wavelengths of 470 and 550 nm, respectively, at a rate of 4 points/second.   
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2.3.4  Antimalarial drug activity 

The antimalarial effect of the probe was quantified as growth inhibitory effect 

and measured as the concentration at which 50% of growth is inhibited (IC50).  This was 

determined using the Sybr Green I method (79) with some modifications.  Synchronous 

ring stage parasites at 5-10% parasitemia and 2% hematocrit were used as stock 

cultures.  In brief, 100 µl of varying concentrations of drug or probe were prepared as 

2x concentrations in phenol-red free RPMI 1640 and plated in 96 well plates.  Parasite 

cultures and uninfected RBC control of equal volumes were added to the drugs such 

that the levels of parasitemia and hematocrit at final dilution were 0.5% and 1.0%, 

respectively.  Background readings due to RBC only were considered by making the 

same parasitemia and hematocrit as described but no drug was added.  The plates are 

placed in a sealed modular chamber, gassed with   5% O2/ 5% CO2/ 90% N2 gas blend, 

and left at 37 ºC for 72 h.  After 72 h, 50 x Sybr Green I was added to all the wells (final 

concentration 2 x) and the samples stained for 1 h.  Control wells containing probe only, 

with no Sybr Green I added, were also made to determine if the fluorescence signal due 

to the probes only could significantly affect the fluorescence readings.  Standard curves 

were generated on the day the fluorescence measurements were done, using samples of 

known parasitemia and prepared by serial dilution.  Fluorescence was measured using a 

bottom-well GeminiEM plate reader and SoftMax Pro (Molecular Devices, Sunnyvale, 

CA).  Excitation wavelength was set to 485-490 nm with 515 nm long-band-pass and 
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530 nm band-pass emission filters.  The fluorescence measurements were exported to 

MS Excel and subsequently into SigmaPlot 9.0 software for sigmoidal curve-fits.   

2.3.5  Microscopy 

2.3.5.1  Sample preparation 

Coverslips were prepared by immersing them in 0.1 % (w/v) Poly-L-lysine for 

15 min, which were then dried and stored at 4 ºC until use.  Late stage trophozoite 

parasites in iRBC were resuspended as 0.5% hematocrit in IM with 25 mM HEPES pH 

7.4 (IM+HEPES) and 200 µl were placed on a poly-L-lysine coated coverslip and 

incubated for 3-5 min under standard cell culture atmosphere.  Non-adherent cells were 

washed off and the coverslip was mounted on custom-designed perfusion chambers (see 

Figure 3.1) for microscopy work as described in the following sections or in relevant 

captions. 

 



 83

 

Figure 3.1.  Custom built perfusion chamber for SCP and SDCM.  The coverslip with 
the cells was mounted on the perfusion chamber, and the perfusion chamber placed on 
the stage of the microscope.  To ensure a constant flow of buffer across the cells, a 
Pharmacia peristaltic pump was used to drive 3ml/min of buffer through the perfusion 
well.  The “inlet” needle was inserted into one of the perfusion chamber inlets and 
waste perfusate collected through the outlet hole by gravity force. 

 
For perfusion experiments, the parasites were always maintained under constant 

perfusion at 3 ml/min of a physiologic buffer, HBSS, with 5% O2 and 5% CO2 (balance 

N2) maintained at 37 ºC.  For some experiments, perfusion was done with Hepes 

Buffered Salt Solution (HBS, 25 mM HEPES pH 7.4).   HBS was used in all 

experiments performed without perfusion.  
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2.3.5.2  Single Cell Photometry 

The SCP apparatus consisted of a custom-built Nikon Diaphot epifluorescence 

microscope with a 100x fluorescence objective, an attached 8-bit COHU charge-

coupled device (CCD) camera, a computer controlled xenon arc lamp (Fig. 3.2), custom 

software, and custom-made perfusion chamber (described in the previous section), as 

described by Bennett et al. (9).  Lamp illumination was controlled by custom software 

to set both wavelength and to completely block illumination between data acquisition 

steps (typically 3 sec recovery time between msec illumination steps).  Excitation was 

filtered using a 460 nm band pass filter (10 nm width) and emission collected with  a 

535 nm long pass filter attached to a 515 nm dichroic mirror.  On-chip integration times 

varied depending on the dynamic thresholding set by the software, which also 

constantly corrects for background within 1-2 µm of a “donut” region of interest (ROI).   
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Figure 3.2.  SCP schematic.  The SCP system essentials consist of the perfusion 
chamber described in the previous section and shown here as part of the SCP system 
with the the buffers and pump necessary for perfusion experiments, as well as the 
microscope set-up and software described in this section.   

The custom software calculates the signal by defining two concentric 

rectangular regions around each pixel in a ROI, where the second region is larger than 

the first and excluding it (the smaller region represents the local neighborhood of the 

pixel while larger can be referred to as the the local surrounding).  Three parameters 

were determined for each region:  mean pixel intensities, standard deviation of the pixel 

intensities, and number of pixels in each region.  To determine if the mean intensities in 

the local neighborhood were significantly different from the surroundings, the software 

performs an on-line statistical test and uses a p value = 0.05.  The central pixel was 

considered significant if the mean intensities were different.  This procedure is repeated 

for every pixel in the ROI and defines a pattern of fluorescence.  All significantly bright 
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pixels were then selected to compute the mean value of fluorescence within the region 

(M2), the standard deviation (S.D. 2), and the number of pixels (N).  The software then 

processes these values via (A) normalization of fluorescence intensity; (B) ROI position 

adjustment; and (C) correction of integration time. 

(A)  All measured fluorescence intensities were initially expressed in 

absolute grayscale units and to obtain true intensities, the fluorescence intensities 

were normalized by the integration times used for image acquisition.  The final 

intensities were expressed as grayscale levels per second (“standard units”) and are 

a function of the gain potentiometer of the CCD camera. 

(B)  When the brightest pixels in a ROI were initially selected, their 

positions were spatially averaged with weight coefficients proportional to their 

intensities and the center of the fluorescent pattern identified.  All ROI were then 

automatically repositioned before new image acquisition in a sequence which may 

make the center of the ROI move away from its original position (as created by the 

operator).  This online repositioning becomes critical when buffer flow or parasite 

movement may cause very small but random displacements as a function of time 

measurements.   

(C) Image intensity obtained with an integrating CCD camera is directly 

proportional to the chip integration time (<10% of intensity originates from the 

camera’s thermal noise which has a constant amplitude).  The integration time used 

for acquiring each image was automatically adjusted for the wavelength used in 
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order to avoid overloading the analog input of the frame grabber and saturating the 

images.  In order to do this, after each ROI was processed, the highest intensity was 

used to set the integration time for the next image and mean intensity scaled to 240 

grayscale levels for the next image.  Reported fluorescence intensities were always 

normalized by the integration times. 

Parasites were initially perfused for 5 min with gas balanced HBSS, and then 

with known concentrations of NBD-CQ in the same physiologic buffer.  Efflux was 

typically initiated by perfusion of HBSS without NBD-CQ after probe accumulation 

(78).     

Rates of influx and efflux were calculated by curve-fitting using SigmaPlot 9.0 

software (78).  Accumulation rate constants were obtained by fitting influx to f = yo + 

a(1-e(-bx)).  Efflux rate constants were obtained by fitting efflux trace to f = yo + ae-bx.  

Initial rates were calculated by fitting to y = mx + b.    

Glucose starvation (78) was performed by perfusion with gas balanced HBSS 

containing 2 mM 2-deoxy-D-glucose instead of 5 mM glucose, for 15 min as described 

(7) or by perfusion without any glucose substitution.  Influx of 250 nM NBD-CQ in 

glucose free HBSS was measured for 15 min. 

For influx measurements in the presence of 1 µM verapamil (VPL), cells were 

perfused with gas balanced HBSS for 5 min, HBSS plus 1 µM VPL for another 5 min, 

then HBSS with 250 nM NBD-CQ and 1 µM VPL for 15 min more (78).   
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NBD-CQ accumulation was also measured in iRBCs after 60 min of incubation 

with 1 nM NBD–CQ in HBS under culture conditions (no perfusion) (78).  In this case, 

NBD-CQ was allowed to accumulate in parasite cultures with 1% hematocrit and 5% 

parasitemia, cells were attached to coverslips as described, and DV localized NBD-CQ 

was quantified by imaging many different ROIs for several coverslips.   

2.3.5.3  Spinning Disk Confocal Microscopy 

The SDCM system (3,4) used was a 2003 model Perkin-Elmer UltraView 

SDCM device with a Yokogawa CSU21 spinning disk confocal scan head with fixed 50 

µm pinhole and a Nikon TE 2000 inverted microscope.  The camera was an Andor iXon 

DV887 back illuminated electron multiplying charge coupled device (EMCCD), and for 

fluorescence SDCM, excitation was with a Coherent Innova 300 I Ar/Kr Laser (488 

nm) and exposure time was 100 ms with z-spacing of 200 nm.  Image acquisition was 

carried out using SlideBookTM (Denver, CO).   

The microscope was fitted with 0.85 NA Nikon oil immersion objective, and a 

Merzhauser MS-2000 motorized XY translation stage.  The same microscope had been 

customized with Nikon DIC optics consisting of a linear polarizer, an analyzer, a 

condenser, and objective Nomarski prisms (all optimized for properties of the specific 

objective used) and custom cell perfusion chambers. The whole customized apparatus 

was mounted on a Newport Corp. pneumatic vibration isolation table to further 

minimize image blurring and other artifacts. 
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Differential interference contrast (DIC) data were collected with type A 

immersion oil (η= 1.515), a halogen lamp for transmittance illumination, and a LP520 

filter for transmittance filtering. Spacing in z was set to 0.2 µm and exposure time was 

100 ms.  The DV was located by focusing on the hemozoin within the living parasite 

DV, until it was clearly visible and presented the largest diameter possible.  This 

allowed an initially defined z axis focal plane well within the confines of the DV.  This 

z axis position was defined as “0 µm”.  SlideBookTM then could acquire a series of DIC 

images in successive 0.2 µm z axis displacements as the parasite was from the -2.4 µm 

to +2.4 µm positions.  A custom MatLab conversion script was used to export images at 

a high rate as sets of 25 16- bit tiff images to a portable hard drive. 

For acquisition of fluorescent images, the laser power was set to 50%, and 

exposure times were 100 ms.  Fluorescence image collection experiments were done in 

a similar fashion to the DIC experiments described previously (78).  Transmittance was 

focused until the Hz presented the largest diameter possible, which again defined the z 

axis position as “0 µm”.  The microscope was then switched to fluorescence imaging 

and a series of images in successive 0.2 µm z axis displacements was acquired.  

Similar to the perfusion experiments on the SCP (78), the parasites were always 

maintained under constant perfusion at 3 ml/min of a physiologic buffer, HBSS, with 

5% O2 and 5% CO2 (balance N2) maintained at 37 °C.  The parasites were initially 

perfused for 5 min with gas balanced HBSS, and then with known concentrations of 
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NBD-CQ in the same physiologic buffer.  Efflux was typically initiated by perfusion 

with HBSS without NBD-CQ after probe accumulation reached plateau.   

2.3.6  3H-CQ Uptake assay 

Each experiment was done in duplicate using different incubating external 

concentrations of CQ (3H-CQ 0.05 Ci/mmol) and repeated three times.  Parasite culture 

suspensions at 5% parasitemia and 1% hematocrit were made in IM and the assay 

performed at 37 °C.  At the desired timepoint, the suspension was overlaid on Dow 

Corning 550 silicon oil in a 1.5 ml microtube and centrifuged at 12 000 g for 1 min.  

The resulting pellet was collected by cutting the tip of the tube thru the oil layer and the 

tip placed in a glass scintillation vial.  The pellet was solubilized wtih 1 ml of Biosol, 

heated to 60 °C for 30 min, then allowed to cool for 15 min.  The solution was 

decolorized using 1 ml of 30% H2O2 for 1 h at room temperature, heated to 60 °C for 10 

min, then at room temperature for 15 min.  Ten milliliters of Bioscint was added to each 

vial and left at room temperature overnight.  Cpm measurements were obtained the next 

day using a Beckman LS6500 scintillation counter (Fullerton, CA).  Background due to 

RBCs was subtracted by measuring accumulation of CQ in RBC suspensions with the 

same incubating conditions as above.  Non-specific binding of CQ at 37 °C and 4 °C 

was subtracted by performing the same experiments for RBC and iRBC suspensions at 

4 °C. 
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2.4  NBD-CQ synthesis 

Following a literature procedure (80), my collaborators Dr. Jayakumar Natarajan 

and Dr. Christian Wolf,  prepared N-t-Boc-glycinal 3 in 90% yield from commercially 

available Weinreb amide 2 (see Appendix). Reductive amination of 3 with 

monodesethyl chloroquine 4 in the presence of sodium cyanoborohydride produced 

65% of carbamate 5. Removal of the carbamoyl protecting group with 2 M HCl gave 

primary amine 6 in 78% yield. Coupling of this CQ analogue 6 with commercially 

available succinimidyl 6-(N-(7-nitrobenz-2-oxa-1,3- diazol-4-yl)amino)hexanoate 7 

furnished NBD-CQ derivative 1 in 85% yield.  
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CHAPTER 3  CHARACTERIZATION OF PFCRT 

3.1  Background 

The discovery of the central role of the PfCRT protein in CQR has led to the 

assessment of mutations in the protein as linked to CQR in parasites lines in Asia, 

Africa, and South America (48).  Ultimately PfCRT was found to be responsible for 

CQR via parasite transfection studies wherein the mutant pfcrt haplotype was shown to 

confer the CQR characteristics of reduced drug susceptibility (via growth inhibition 

studies) and reduced drug cellular accumulation (52,53,78).  Heterologous expression of 

the wild-type and mutant forms of the protein in P. pastoris (81), D. discoideum (10), 

and Xenopus laevis (64,82) have further confirmed the definitive contribution of the 

protein to altered CQ flux of the mutant PfCRT form. 

PfCRT is a polytopic integral membrane protein, the endogenous function of 

which is still unknown.  It has been hypothesized to be an amino acid transporter based 

on the similarity of CQ as a substrate to basic amino acids or peptides produced from 

Hb digestion within the DV (54).  It has also been described as a possible member of 
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the drug/metabolite family of transporters and may function as a dimer, based on 

bioinformatics analysis of the protein sequence and its predicted 10 transmembrane 

domains (83).  CQS vs CQR isoforms bind to CQ with slightly different Kd’s, as 

determined by equilibrium binding assays (54).  Photolabeling experiments with a 

photolabile CQ analog (with drug competition) showed different apparent affinities of 

CQ to various CQS and CQR isoforms (65).   

Purification and reconstitution into proteoliposomes of the heterologously 

expressed PfCRT in P. pastoris has also shown some formation of oligomeric units, 

mostly dimer units of the protein, when resolved by SDS-PAGE (Fig. 3.1 in Results).  

To further elucidate these functional structural characteristics of PfCRT, chemical 

crosslinking of yeast membrane fractions or purified fractions containing the protein 

was attempted using different membrane permeable and membrane impermeable 

crosslinkers.   

Chemical crosslinking can be a direct method of identifying possible transient 

and stable interactions. The technique involves the formation of covalent bonds using 

bifunctional reagents (homo- or hetero-bifunctional) containing reactive end groups that 

react with functional groups of amino acid residues (such as amines and sulfhydryls) of 

the protein of interest.  Crosslinking experiments can also help identify the regions of 

contact between covalently linked proteins via site-directed mutagenesis. 

Four different crosslinkers were tested in these experiments, two of which were 

water-soluble and membrane impermeable, while the other two were water-insoluble 
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and membrane permeable.  Membrane permeable crosslinkers used were the following:  

amine reactive DSS and sulfuhydryl reactive BMH.  Membrane impermeable 

crosslinkers were the following:  amine reactive BS3 and sulfuhydryl reactive 

BM[PEO]3.   

3.2  Results 

PfCRT has a mass of 48.6 kDa.  When it was initially expressed in P. pastoris, 

two tags were engineered at its C-terminal end for identification and purification 

purposes.  The tags were a truncated biotin acceptor domain (-bad) and a hexahistidine 

sequence (-his) which made PfCRT-his-bad protein run at an effective mass of 57.7 kDa 

on SDS-PAGE.   

During the optimization of PfCRT purification via avidin column 

chromatography, the reconstituted PfCRT-his-bad of several PfCRT isoforms eluted as 

different fractions from the column, is shown to run at a 57.7 kDa mass on a western 

blot in Fig. 3.1 (left panel, pointed out as 1) (detection was by chemiluminescence of 

streptavidin-HRP conjugated to the -bad tag).  Three sets of avidin elution fractions 

were saved and reconstituted into proteoliposomes:  fraction e1= first eluate fraction 

with 2 mM D-biotin, e2= a second elution with another volume of 2 mM D-biotin, e3= 

an eluate collected with 5 mM D-biotin.  Interestingly, several bands of what appears to 

be dimeric mass proteins were seen in the purified samples (see “winged” appearance of 
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“2” bands in Fig 3.1, left) and a silver stain of the same samples confirmed the presence 

of these higher mass proteins in the elution fractions (Fig 3.1, right, “2”).   

 

Figure 3.1. PL of different PfCRT-his-bad isoforms from avidin column purification.  
(Left) Biotin blot of purified PfCRT. Lane 1 is biotinylated molecular mass marker, 
lanes 2-4 are different elution fractions of KM71/Dd2 reconstituted as PL:  lane 2 was 
made from e1, lane 3 was made from e2, and lane 4 was made from e3.  Similar to lanes 
2-4, lanes 5-7 and 8-10 were PLs of KM71/7G8 and KM71/S106, respectively, made 
from their different elution fractions.  (Right)  Silver stain of purified PfCRT.  (1) 
PfCRT-his-bad at 57.7 kDa.  (2) PfCRT-his-bad at “dimeric” mass.  Loading of samples 
were exactly the same as in the figure at left except for lane 1 which was a pre-stained 
molecular mass ladder.  All lanes contained 0.4 µg of protein each.   

To test if the higher mass proteins in the samples would correspond to dimers of 

PfCRT, the reconstituted protein in KM71/HB3 PLs, a CM preparation, and the avidin 

elutate, were crosslinked using the amine reactive membrane permeable BS3 which is 

11.4 Å in length.  The samples were incubated with different concentrations of BS3, the 

reactions quenched, and aliquots of the samples analyzed in a 7.5% SDS-PAGE gel 

(Fig. 3.2).  Controls corresponding to the uninduced KM71/HB3 CM (Fig. 3.2, lane 2), 

the DM extract (lane 3), and PL (lane 4) were also included.   
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Figure 3.2.  Varying BS3 concentrations for crosslinking of KM71/HB3 in purification 
products and PL.  Lane 1 is a high-range biotinylated molecular mass marker, lane 2 is 
5 µg of uninduced KM71/HB3 CM, lane 3 is 5 µg of KM71/HB3 DM extract, and lane 
4 is 2 µg of KM71/HB3 PL.  In lanes 5-10, 0.8 µg protein were loaded into each well, 
out of the 2.0 µg that had been incubated with BS3 (concentration of BS3 described per 
lane) for 30 min at room temperature:  lane 5 is KM71/HB3 CM with 0.1 mM BS3, lane 
6 is KM71/HB3 DM extract with 0.1 mM BS3, lane 7 is the avidin eluate with 0.1 mM 
BS3, lane 8 is KM71/HB3 PL with 0.01 mM BS3, lane 8 is HB3 PL with 0.05 mM BS3, 
lane 8 is HB3 PL-200 with 0.1 mM BS3.  (1) PfCRT-his-bad at 57.7 kDa, (2 and 3) 
crosslinked PfCRT-his-bad. 

Similar to the result shown in Fig 3.1, the KM71/HB3 PL in Figure 3.2 (lane 4) 

showed a “spread” of the band corresponding to PfCRT with a band at the dimeric mass 

(labeled as 2).  The crosslinked CM (lane 5), DM extract (lane 6), and avidin eluate 

(lane 7) did not show any crosslinked products (only 57.7 kDa PfCRT-his-bad, labeled 

as 1) but the PLs clearly showed PfCRT at 57.7 kDa (arrow 1) as well as crosslinked 

PfCRT (Fig. 3.2, lanes 8-10, bands at 2 and 3).  The densest bands in the crosslinked 

products are possibly dimeric PfCRT (band 2). 
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 Higher concentrations of BS3 were then used with the intent of increasing the 

amount of crosslinked products.  Crosslinked products were seen in the CM fraction 

(Fig. 3.3, lane 4) but the products were not as distinctly resolved as the crosslinked 

proteins in PLs (Fig. 3.3, lanes 7-10).  The bands in the crosslinked PLs increased in 

intensity corresponding to formation of more crosslinked proteins with increasing BS3 

concentration (lanes 7-10, increasing concentration from left to right), with a significant 

increase in the dimer (labeled 1) and even larger massed crosslinked PfCRT (labeled 2). 

  

Figure 3.3.  Varying BS3 concentrations for crosslinking of KM71/HB3 in purification 
products and PL.  Lane 1 is a high-range biotinylated molecular mass marker, lane 2 is 
5 µg protein from uninduced KM71/HB3 CM, and lane 3 is 5 µg KM71/HB3 DM 
extract.  In lanes 4-6, 0.8 µg protein were loaded into each well out of the incubation 
mix with BS3.  Lane 4 was from 10.0 µg CM with 1.0 mM BS3, lane 5 was 10.0 µg DM 
extract with 1.0 mM BS3, and lane 6 was 1 µg PL-100 with 1.0 mM BS3.  In lanes 7-10, 
0.8 µg protein were loaded out of the PL-200 incubation mix with BS3 (2.0 µg PL 
protein with 0.1, 0.5, 1.0, and 5.0 mM BS3).  (1 and 2) Crosslinked PfCRT-his-bad 
products.  PL-100 and PL-200 are two different PL preparations with different protein 
to lipid ratios. 
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To further optimize the formation of crosslinked proteins in PLs, the incubation 

times for the crosslinking reaction were varied (Fig. 3.4 , lanes 4-9; 5, 10, 20, 30, 40, 60 

min) while keeping the amount of protein (1 µg protein), concentration of BS3 (1.0 

mM), and the temperature (room temperature) all constant, except for one set where the 

incubation was done on ice.  Crosslinked products were visible as early as 5 min (lane 

4) and formation of crosslinked proteins increased with increasing time of incubation 

(lanes 4-10, indicated by arrow 2).  The results for 30 min of incubation (Fig. 3.4, lane 

7) appeared to be optimal without losing any of the native 57.7 kDa PfCRT (labeled as 

1) because incubation for more than 30 min resulted in loss of PfCRT (1) without 

further formation of crosslinked products in (2).  All subsequent crosslinking reactions 

were then performed for 30 min. 
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Figure 3.4.  Varying crosslinking incubation time with BS3 and KM71/HB3 PL.  Lane 
1 is a high-range biotinylated molecular mass marker, lane 2 is 5 µg protein from 
uninduced KM71/HB3 CM, and lane 3 is 5 µg KM71/HB3 DM extract.  Incubation 
time for crosslinking reaction was varied in lanes 4-10 (5, 10, 20, 30, 45, and 60 min at 
room temperature or 120 min on ice) wherein 0.8 µg of protein was loaded into each 
well out of the incubation mix of 2.0 µg PL-200 with 1.0 mM BS3.  (1) 57.7 kDa 
PfCRT-his-bad, (2) crosslinked PfCRT products. 

Crosslinking was also performed on CM fractions of P. pastoris expressing 

PfCRT-his-bad.  Even though CM fractions contained a smaller percentage of PfCRT 

protein compared to PLs (relative to the total protein content), the protein is 

overexpressed in the system and might be usable for crosslinking reactions. To optimize 

the parameters for crosslinking; three samples each of 5 (lanes 4-6), 10 (lanes 7-9), 50 

(lanes 10-12) and 100 µg (lanes 13-15) of KM71/Dd2 CM were incubated with 0.11, 

1.2 and 5.3 mM crosslinker for 30 min at room temperature.  The crosslinkers used with 
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CM fractions were BS3 (Fig. 3.5) and DSS (Fig. 3.6).  Unlike BS3 which is a membrane 

impermeable crosslinker, the latter is a 14.7 Å membrane permeable amine reactive 

crosslinker.  The reactions were quenched and aliquots of the reaction mixtures and 

controls were analyzed on a 7.5% SDS-PAGE gel.   

  
Figure 3.5. Varying BS3 concentration with different amounts of KM71/Dd2 CM.  
Lane 1 is a high-range biotinylated molecular mass marker, lane 2 is an uninduced 
KM71/Dd2 CM, and lane 3 is induced KM71/Dd2 CM.  Five micrograms of protein 
were loaded into lanes 2-15.  Crosslinking reactions:  lanes 4-6 were 5 µg of CM, lanes 
7-9 were 10 µg of CM, lanes 10-12 were 50 µg of CM, and lanes 13-15 were 100 µg of 
CM; incubated with 0.11, 1.1 and 5.3 mM BS3 (4-6, 7-9, 10-12, 13-15).  (1) 57.7 kDa 
PfCRT-his-bad, (2 and 3) crosslinked PfCRT-his-bad. 
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Figure 3.6.  Varying DSS concentration with different amounts of KM71/Dd2 CM.  
Lane 1 is a high-range biotinylated molecular mass marker, lane 2 is an uninduced 
KM71/Dd2 CM, and lane 3 is induced KM71/Dd2 CM.  Five micrograms of protein 
were loaded into lanes 2-15.  Crosslinking reactions:  lanes 4-6 were 5 µg of CM, lanes 
7-9 were 10 µg of CM, lanes 10-12 were 50 µg of CM, and lanes 13-15 were 100 µg of 
CM; incubated with 0.11, 1.2 and 5.3 mM DSS (4-6, 7-9, 10-12, 13-15).  (1) 57.7 kDa 
PfCRT-his-bad, (2 and 3) crosslinked PfCRT-his-bad. 

Formation of crosslinked products from CM fractions was shown to be possible 

with BS3 (Fig. 3.5) and DSS (Fig. 3.6), although the bands formed in the gels were not 

as well resolved as the bands in the crosslinked PfCRT PL.  The membrane permeable 

DSS appeared to be more selective in forming crosslinking products when compared to 

BS3 (less number of crosslinked proteins in Fig. 3.6 across all lanes).  The more reactive 

BS3 also produced more large sized oligomeric crosslinked protein units with masses 

>217 kDa (compare Fig. 3.5 and 3.6, the bands labeled as 3), some of which can be seen 

on the bottom of the wells used for loading samples into the gels (samples that did not 
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penetrate the stacking gel, Fig. 3.5 and 3.6, above 3).  Even though the crosslinked 

products in the CM fraction could not be resolved to individual bands of determinate 

mass, the chosen optimum conditions from both trials were used for CQ competition 

with the crosslinking reaction.   

Using 50 µg of KM71/Dd2 CM pre-incubated with different CQ concentrations 

(1.0, 0.75, 0.50, 0.25, 0.10, and 0.01 mM) for 30 min at room temperature, these were 

then subsequently reacted with 1.0 mM BS3, for 30 min at room temperature (see Fig. 

3.7).  The crosslinking reaction was quenched and 2 µg of the CM was loaded onto a 

7.5% SDS-PAGE gel (Fig. 3.7, lanes 5-10).  Controls consisted of 2 µg of CM 

crosslinked in the same conditions but without CQ pre-incubation (lane 4) for 

comparison of CQ competition, uninduced (lane 2) and induced CM fractions for 

positive controls (lane 3).     
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Figure 3.7.  CQ competition with KM71/Dd2 CM BS3 crosslinking.  Lane 1 is a high-
range biotinylated molecular mass marker, lane 2 is an uninduced KM71/Dd2 CM, and 
lane 3 is induced KM71/Dd2 CM.  Five micrograms of protein were loaded into lanes 
2-10.  Crosslinking reactions:  lane 4 is 50 µg of CM with 1.0 mM BS3 for 30 min at 
room temperature; lanes 5-10 are 50 µg of CM pre-incubated with varying CQ 
concentrations (from lane 5-10:  1.0, 0.75, 0.50, 0.25, 0.10, and 0.01 mM CQ) for 30 
min at room temperature and crosslinked with 1.0 mM BS3 (same condition as no CQ 
added).  (1, 2, 3) Crosslinked PfCRT-his-bad. 

Again, the crosslinked products of the KM71/Dd2 CM fraction appeared as an 

indistinct smear (Fig. 3.7, lane 4) but crosslinked products were formed (bands 

indicated by 1, 2 and 3), when compared to the unreacted induced CM (lane 3).  

Oligomers with a range of masses were formed, some of which were too large to go 

through the stacking gel layer (see bottom of wells in lanes 4-10, above 3).   More 

importantly, pre-incubating the Dd2 isoform with increasing concentrations of CQ 
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increased the amount of dimeric crosslinked products (lanes 5-10, arrow 2) and the even 

larger oligomeric species (> 217 kDa, arrow 3).   

When the same experiment was performed on KM71/Dd2 CM using the 

membrane impermeable crosslinker DSS (Fig. 3.8), CQ appeared to promote the 

formation of the dimer (lanes 5-10, arrow 2) but competed with the formation of the 

oligomers at > 217 kDa (lanes 5-10, arrow 3) and even with the larger proteins that 

were not able to pass through the stacking gel (above 3).  

 

Figure 3.8.  CQ competition with KM71/Dd2 CM DSS crosslinking.  Lane 1 is a high-
range biotinylated molecular mass marker, lane 2 is an uninduced KM71/Dd2 CM, and 
lane 3 is induced KM71/Dd2 CM.  Five micrograms of protein were loaded into lanes 
4-10.  Lane 4 is 10 µg of CM with 0.1 mM DSS for 30 min at room temperature.  Lanes 
5-10 are 10 µg of CM pre-incubated with varying CQ concentrations (from lane 5-10:  
1.0, 0.75, 0.50, 0.25, 0.10, and 0.01 mM CQ) for 30 min at room temperature and 
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reacted with 0.1 mM DSS (same condition as in no CQ added).  (1) 57.7 kDa PfCRT-
his-bad, (2 and 3) crosslinked PfCRT-his-bad. 

For KM71/HB3 CM, increasing the CQ pre-incubating concentrations increased 

the formation of the >217 kDa oligomers (Fig. 3.9, lanes 5-10, above 3), unlike the 

result for the CQ competition with KM71/Dd2 CM and DSS crosslinking (Fig. 3.8, 

lanes 5-10, above 3).  Also in contrast to the results in Fig. 3.8, CQ may have prevented 

the crosslinking of the ~123-170 kDa crosslinked products (Fig. 3.9, lanes 5-10, 

between 2 and 3).   

 

Figure 3.9.  CQ competition with KM71/HB3 CM DSS crosslinking.  Lane 1 is a high-
range biotinylated molecular mass marker, lane 2 is 2.5 µg protein from an uninduced 
KM71/HB3 CM, lane 3 is 3 µg of induced KM71/HB3 CM.  Three micrograms of 
protein were loaded into lanes 4-10.  Lane 4 is 5 µg of CM with 0.1 mM DSS for 30 
min at room temperature.  Lanes 5-10 are 5 µg of CM pre-incubated with varying CQ 
concentrations (from lane 5-10:  1.0, 0.75, 0.50, 0.25, 0.10, and 0.01 mM CQ) for 30 
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min at room temperature and reacted with 0.1 mM DSS (same condition as in no CQ 
added).   

Two other crosslinkers were tested for crosslinking of PfCRT in PLs.  These 

were the membrane impermeable sulfuhydryl reactive BM[PEO]3, with a length of 14.7 

Å, and membrane impermeable sulfuhydryl reactive BMH, with a length of 16.1 Å. 

The membrane impermeable sulfuhydryl reactive BMH formed increasing 

amounts of crosslinked products with KM71/HB3 PL in the presence of increasing 

concentrations of the crosslinker (Fig. 3.10, bands labeled as 2 in lanes 3-7:  0.1, 1.0, 

2.5, 5.0 mM).  In addition, using BMH and PfCRT in PLs produced only the dimeric 

crosslinked product (indicated by 2) and none of the oligomeric crosslinked units.  

Unfortunately, the result of this particular experiment was not the best (see lanes 3-5), 

but it showed that 1.0 mM CQ may have prevented the formation of crosslinked 

products (with BMH) in the dimeric mass range (Fig. 3.10, labeled as 2) and higher 

molecular mass range of oligomers.   
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Figure 3.10.  Varying BMH concentration and CQ competition with KM71/HB3 PL.  
Lane 1 is a high-range biotinylated molecular mass marker and lane 2 is 0.1 µg of 
KM71/HB3 PL.  All lanes, except for lane 1, contained 0.1 µg protein.  Lanes 3-7 were 
crosslinking reactions of 0.1 µg of PL with increasing BMH concentrations (0.1, 0.5, 
1.0, 2.5, 5.0 mM).  Lanes 8-10 is 1 ug of PL pre-incubated with 1.0 mM CQ.  In lane 8, 
the PL was not reacted with the crosslinker while in lanes 9-10, 1.0 and 5.0 mM of 
BMH, respectively, were reacted with CQ. (1) 57.7 kDa PfCRT-his-bad, (2) crosslinked 
PfCRT. 

Increasing concentrations of BM[PEO]3 (0.1, 1.0, 2.5 and 5.0 mM in lanes 3-7 

in the Fig. 3.10) with 0.1 µg of KM71/HB3 PL showed an increase in the formation of 

dimeric crosslinked PfCRT units (distinct bands labeled as 2) with minimal formation 

of the higher oligomeric units (at or above 3) that was observed in the other crosslinkers 

and conditions tested.  This result was similar to using BMH as was shown in Fig. 3.10.  

The presence of a dimeric mass protein (band 2) started to appear in the presence of > 

0.5 mM crosslinker (lane 4) and increased with increasing crosslinker concentration 
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(lanes 5-7).  This was the most promising of the experimental conditions for 

crosslinking PfCRT in PLs because as shown Fig. 3.11, pre-incubation of the PfCRT PL 

in a fixed concentration of 1.0 mM CQ may have competed with the formation of the 

crosslinked dimer product (compare lane 5 vs 9, lane 7 vs 10, the bands labeled as 2).   

 

Figure 3.11.  Varying BM[PEO]3 concentration and CQ competition with KM71/HB3 
PL.  Lane 1 is a high-range biotinylated molecular mass marker and lane 2 is 0.1 µg of 
KM71/HB3 PL.  All lanes, except for lane 1, contained 0.1 µg protein.  Lanes 3-7 were 
crosslinking reactions of 0.1 µg of PL with increasing BM[PEO]3 concentrations (0.1, 
0.5, 1.0, 2.5, 5.0 mM).  Lanes 8-10 is 0.1 µg of PL pre-incubated with 1.0 mM CQ.  In 
lane 8, the PL was not reacted with the crosslinker while in lanes 9-10, 1.0 and 5.0 mM 
of [BMPEO]3, respectively, were reacted with CQ.  (1) 57.7 kDa PfCRT-his-bad, (2 and 
3) crosslinked PfCRT. 
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3.3  Discussion 

Characterization of the functional structure of a protein can be done in a variety 

of ways, and may be relatively easier if the function of the protein of interest was 

known.  This involves isolation of the protein, with purification and successful 

reconstitution, along with an assay for measuring how much its activity or effect on the 

cellular mechanism in which it is involved is affected when exposed to various 

conditions.   

For PfCRT, as had been described in Section 3.1, the pattern of mutations found 

in the CQR isoforms responsible for CQR, as of this time, can be definitively described 

as being involved in the flux of the drug CQ and reduced drug susceptibility.  How the 

protein does this in vivo, and the structural considerations of the process is still 

unknown, except for two studies using the same P. pastoris system described here.  

These showed PfCRT to non-covalently interact with CQ via binding equilibrium 

studies (54) and photolabeling with a photoactive CQ derivative (65). The experiments 

described in this section were actually performed in between the time period of the two 

previous cited references.  All were embarked on with the objective of finding an assay 

that would show the interaction of the substrate CQ with the protein structure of PfCRT.   

Crosslinking of PfCRT in CM, purification fractions or products, or 

proteoliposomes with the appropriate crosslinkers (reactive groups and length of the 

crosslinking arm) would have given an insight into the possible contact points between 
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monomeric units to form dimeric or even higher oligomeric units.  The importance or 

significance of these crosslinked PfCRT products to the CQR mechanism was measured 

by competing these with the proposed substrates of PfCRT, in this case CQ. 

In summary, the effect CQ on dimerization of PfCRT could not be clearly 

resolved when CM fractions were used.  On the other hand, more distinctly formed 

crosslinked products were seen when purified PfCRT reconstituted in PLs were used 

(specifically the dimerized PfCRT).  Among the different chemical crosslinkers tested, 

BM[PEO]3 showed the best resolved crosslinked products.  However, no firm 

conclusions can be made from the data regarding the effect of the drug on dimerization 

due to the need for further optimization of the assay conditions as well more tests 

comparing different PfCRT isoforms. 
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CHAPTER 4  CHARACTERIZATION OF AMINO ACID TRANSPORT IN YEAST VESICLES 

HARBORING PFCRT 

4.1  Background 

Mutations in PfCRT had been shown to be responsible for CQR (48,52).  The 

mutations confer increased fold resistance to CQ’s growth inhibitory effect (52) and 

even to its cytotoxicity effect (3).  Furthermore, the different patterns of mutations 

present in the various isoforms of PfCRT that make parasite isolates CQR, are linked to 

the reduced accumulation of the drug in CQR vs. CQS isolates (52,53,64,78,81).  

Additional evidence for the role of PfCRT in altered CQ flux come from transport 

studies using P. pastoris yeast inside-out plasma membrane vesicles (ISOV) 

overexpressing wild type PfCRT (HB3) or a mutant PfCRT isoform which confer CQR 

(Dd2) that showed less accumulated CQ in Dd2 ISOV vs. HB3 ISOV (54); and from 

targeted expression of the wild-type vs. mutant PfCRT forms in D. discoideum wherein 

the acidic vesicles of the former showed minimal effect on CQ accumulation and the 
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latter enabled to expel CQ (10).  Up until now what is known about the CQR 

mechanism and PfCRT are based on these two parameters (drug efficacy, mostly under 

growth inhibitory conditions, and accumulation).  How this relates to the endogenous 

transport activity of PfCRT is still unknown.  This question prompted a series of 

experiments with the objective of characterizing the contribution of PfCRT:  (1) to the 

survival of PfCRT transformed yeast cells, incapable or deficient in its endogenous 

active amino acid uptake, to utilize amino acids as its sole nitrogen source; (2) and to 

mediate or facilitate accumulation of radiolabeled amino acids in whole yeast cells or 

membrane vesicles.   

As described in the introduction, the P. falciparum parasite is capable of 

digesting Hb in the DV into dipeptides and possibly amino acids.  Moreover, the DV 

membrane or transporters on the DV membrane must allow passage of these digestion 

products into the parasite cytosol to regulate the osmotic equilibrium in the DV (7).  

The dipeptides and amino acids have charges based on their pKa’s and affected by the 

acidic environment of the DV.  For basic amino acids specifically, these have a positive 

charge due to their protonated amino acid functional group at an acidic pH. Due to 

general structure similarities of CQ, a diprotic weak base which exists as the protonated 

or diprotonated form in the acidic DV, to the positively charged amino acid Hb 

digestion products (basic amino acids make up 14% of the Hb α-chain and 12% of the 

Hb β-chain) in the DV, the initial premise was to test if PfCRT will allow survival of 

yeast cells based on incorporation or uptake of basic amino acids when yeast cells or 
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vesicles expressing PfCRT were selected and/ or grown in nitrogen deficient media and 

with only amino acids as the sole nitrogen source, as well as how PfCRT could possibly 

represent a modified amino acid transporter using fast-filtration techniques and yeast 

ISOV expressing various isoforms of PfCRT. 

4.2  Results 

The initial stage of this project involved obtaining yeast cells deficient in 

endogenous amino acid transport by having the genes for amino acid permeases 

knocked-out or mutated.  Yeast cells however, have more than one permease for the 

different amino acids (84) and selection of the yeast strain to be used is important.   One 

S. cerevisiae strain used was HS100-3C (gap1can1lyp1ura3delta, mutations unknown, 

(85)) and was transformed to express PfCRT isoforms that express a 6-histidine 

sequence and biotin acceptor domain for detection and purification purposes. 

Selection of the transformed yeast cells on plates containing minimal amino 

acids resulted in growth of cell colonies for the HS100-3C/pYKM77HB3, HS100-

3C/pYKM77Dd2 and control HS100-3C/pYKM77 on almost all the different amino 

acids groups tested.  The number of colonies on all plates were counted and the result 

for this is shown in the Fig. 4.1.  The number of colonies for each PfCRT isoform for 

each plate (for each grouping of amino acid) seemed impressive as they show that the 

Dd2 isoform allowed for growth of a greater number (black bars) relative to the HB3 
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isoform (gray bars).  More significantly on the SC3 (H, R, K) plates, when compared to 

the control where PfCRT was not expressed and no colonies grew, the growth of PfCRT 

transformed HS100-3C colonies showed that PfCRT was “essential” for survival when 

only basic amino acids were present for selection. 

 
Figure 4.1.  HS100-3C Transformation and Selection on Amino Acids.  The total 
number of cell colonies for (white bars) HS100-3C/pYKM77, (gray bars) HS100-
3C/HB3 and (black bars) HS100-3C/Dd2 when grown on various selective solid media 
composed of different amino acids and SC-ura. 

When the number of PfCRT transformed colonies on all the different groups of 

amino acids were normalized against the number of colonies on the corresponding SC-

ura control plate (as a control for amount of DNA, SC has a mixture of amino acids in 

concentrations necessary for optimal S. cerevisiae growth), i.e. the number of HS100-

3C/pYKM77HB3 colonies on SC2(D, E) divided by number of HS100-

3C/pYKM77HB3 colonies on SC-ura,  a notable effect of PfCRT to the growth on the 
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SC3(H, R, K) plates was seen (Fig. 4.2).  This was in contrast to the results in the other 

amino acid groups where the number of normalized colonies were not significantly Dd2 

vs HB3.    

The normalized number of cell colonies on the minimal basic amino acid group 

SC3 (H, R, K) supports the results from Fig. 4.1, wherein the control plasmid (no 

PfCRT, transformed with the empty vector) in the HS100-3C background could not 

survive without PfCRT, while cells transformed with PfCRT were actually able to 

survive and possibly utilize the basic amino acids for growth or survival due to the 

presence of PfCRT.  These initial results were very promising because it implied that 

PfCRT was essential for the uptake or consumption of the basic amino acids for growth 

or survival.  
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Figure 4.2.  Normalized number of HS100-3C colonies against number of colonies on 
SC-ura plate.  The number of colonies for transformed (white bars) HS100-
3C/pYKM77, (gray bars) HS100-3C/HB3, and (black bars) HS100-3C/Dd2 on the 
different solid selective amino acid media were divided by their corresponding number 
of colonies on the SC-ura. 

Colonies were inoculated from the control cells as well as the pfcrt transformed 

cells.  The control cells (HS100-3C/pYKM77) were from the SC-ura plate, since none 

of these grew on the SC3(H, R, K) plate.  HS100-3C/pYKM77HB3 were from SC-ura 

and SC3(H, R, K) plates.  HS100-3C/pYKM77Dd2 was also from both SC-ura and 

SC3(H, R, K).  All were inoculated in the following media and their growth by 

measuring OD600nm of aliquots, were monitored for 24 h:  SC-ura, SC(14)-ura, SC3(H, 

R, K), SC(H), SC(R), and SC(K).  All of the liquid media had 1 mM of the amino acid 
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except for SC-ura which contained the standard amino acid concentrations for optimal 

S. cerevisiae growth.   

Measurement of OD600nm of all the inoculated cells (controls and transformed 

with PfCRT) for 24 h in the minimal SC(H) and SC(K) media showed minimal growth 

(OD600nm < 0.5), while growth in SC-ura, SC14 and SC(R) reached a value of 6 and a 

steady-state plateau (Fig. 4.3).  It was only in SC(R) that the inoculated colonies 

showed any differences in their growth behavior, wherein the controls did not 

appreciably grow while the PfCRT transformed cells grew in a slightly more robust rate 

(Fig. 4.3).  The two colonies inoculated from each plate showed similar values for 

OD600nm measurements, and the numbers for optical density were averaged for these 

two.  These preliminary results again gave further evidence of a possible role of PfCRT 

for yeast growth in basic amino acids. 
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Figure 4.3.  Growth Curve of Transformed HS100-3C.  Colonies were inoculated from 
SC3 (H, R, K) and grown in liquid SC3(H, R, K).  The growth of the cells was 
measured (optical density at 600 nm) as the total number of cells increase with time.  
(o) HS100-3C/pYKM77, (∆) average growth of 2 HS100-3C/HB3 colonies, (▲) 
average growth of 2 HS100-3C/Dd2 colonies. 

To further test the strength of the PfCRT transformation in HS100-3C, crude 

membranes were prepared from the very same cells used in the growth measurement 

experiments described previously.  Specifically these were the cells from the SC-ura 

plates that were inoculated in SC-ura, SC14, and SC3(H, R, K); as well as the SC3(H, 

R, K) colonies in inoculated in SC-ura, SC14, and SC3(H, R, K); centrifuged to collect 

the cells and subsequently lysed by the glass bead method described in Section 2.2.3.  

The expression of PfCRT was visualized by SDS-PAGE analysis on a 12% SDS-PAGE 

gel and was detected by the chemiluminescence of Streptavidin-HRP bound to the 

biotin acceptor domain of the PfCRT sequence.  The positive control for PfCRT was 

CM from an induced KM71/pPIC3.5HB3.  The expression of pfcrt in P. pastoris is 
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under an inducible promoter and had been shown to be overexpressed in such a system 

(55), and as also seen in Fig 4.4 distinctly shows up in lanes 2 of the two gels (left and 

right) as a very distinct 57.7 kDa band.   

Moderate constitutive expression of PfCRT was observed in CM fractions of the 

transformed HS100-3C/pYKM77Dd2B and HS100-3C/pYKM77HB3A from the SC-

ura plate and grown in both SC-ura and SC14 liquid media (see Fig. 4.4 lanes 4 and 5 in 

both).  Unfortunately, CM fractions from pfcrt transformed cells inoculated from 

SC3(H, R, K) plates and grown in SC-ura or SC3(H, R, K) did not resolve well in the 

SDS-PAGE (not shown), even though inoculation of the same colonies of cells and 

analyzing by SDS-PAGE were repeated several times.   
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Figure 4.4.  Membrane protein and PfCRT expression in HS100-3C transformed cells.  
(Left) CM of yeast cells from the SC-ura plate and grown in SC-ura, 20 µg of protein 
per well.  (Right)  CM of yeast cells from the SC-ura plate and grown in SC14, 10 µg of 
protein per well.  Lane 1 is a biotinylated molecular mass marker, lane 2 is CM from an 
induced P. pastoris KM71/HB3, lane 3 is HS100-3C/pYKM77, lane 4 is HS100-
3C/pYKM77Dd2, lane 5 is HS100-3C/pYKM77HB3. 

The HS100-3C transformed cells from the SC-ura plates that showed modest 

expression of PfCRT via SDS-PAGE were subsequently used for measurements of 

steady-state accumulation of 14C-Arginine via whole cell assays.  However, no 

significant differences in the steady-state accumulation in the controls vs. PfCRT 

transformed cells were resolvable when whole cells were used (data not shown).   

Inside-out vesicles were then made from the HS100-3C/Dd2, HS100-3C/HB3, 

and HS100-3C/pYKM77 using the method described in Section 2.2.5, to be used for 

measuring accumulation of radiolabeled amino acid.  The functionality of the ATPases 

on these ISOV preparations were tested using the method described in Section 2.2.6.1 
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and as shown in Fig 4.5, generated H+ gradients in HS100-3C/Dd2 (black trace) and 

HS100-3C/HB3 (gray trace).  The H+ gradient generated by the control ISOV, HS100-

3C/pYKM77, was similar to the HS100-3C/HB3 and was not included in Fig. 4.5 for 

clarity. 

 

Figure 4.5.  Acridine Orange assay for measuring H+ gradient in ISOV.  ISOV made 
from (black trace) HS100-3C/Dd2 and (gray trace) HS100-3C/HB3 show similar H+ 
gradients upon activation of the endogenous ATPases on the vesicle surface.  The first 
arrow was the addition of ISOV into the cuvette and the second arrow was the addition 
of 2 mM MgATP.  The sudden increase in signal at >2500 sec is due to the addition of 
20 mM FCCP which collapses the H+ gradient. 

The steady-state accumulation of 14C-Arginine was measured using the method 

described in Section 2.2.5.  In brief, 100 µg of ISOV was incubated in assay buffer 

containing 1 µM 14-C Arginine (300 µCi/µmol) in transport buffer, in the presence or 

absence of 2 mM MgATP.  The reaction was quenched at the desired time of incubation 

with 2 ml of ice-cold transport, filtered, washed, and the entrapped radiation measured 
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by scintillation counting.  Both ISOV preparations containing the HB3 (∆) and Dd2 (▲) 

PfCRT isoforms (Fig. 4.6) in HS100-3C showed similar greater steady-state 

accumulation of 14C-Arginine in the presence of 2 mM MgATP compared to the control 

(absence of MgATP in the accumulation assay yielded similar results to the presence of  

MgATP in the assay, not shown).  However, no significant difference was seen between 

CQS HB3 and CQR Dd2 isoforms.  This indistinguishable contribution of the two 

PfCRT isoforms to the steady-state accumulation of 14C-Arginine in the HS100-3C 

background was initially attributed to the weak expression of the PfCRT protein in 

HS100-3C.  Therefore, it was decided to perform the same 14C-Arginine uptake assay 

on ISOV made from P. pastoris yeast transformed with pfcrt, KM71/PfCRT, wherein 

PfCRT is overexpressed (54), and accumulation due to background might be less 

significant even though the KM71 endogenous amino acid permeases were not 

perturbed in any way. 
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Figure 4.6.  Steady-state accumulation of 14C-Arginine in HS100-3C.  S. cerevisiae (o) 
HS100-3C/pYKM77, (∆) HS100-3C/HB3, and (▲) HS100-3C/Dd2 were incubated in 
1 µM 14C-Arginine in the presence of 2 mM MgATP (+ATP conditions).  No addition 
of MgATP (-ATP) in the assay showed similar values as above. 

ISOV were made from KM71 pfcrt transformed cells:  control empty vector 

KM71/pPIC3.5; HB3 isoform KM71/pPIC3.5HB3 (KM71/HB3; and Dd2 isoform 

KM71/pPIC3.5Dd2 (KM71/Dd2).  These ISOV preparations were analyzed for PfCRT 

content using SDS-PAGE and were shown to express PfCRT (Fig. 4.7).  14C-Arginine 

steady-state accumulation was measured in the same way as described for HS100-3C 

transformed cells. 
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Figure 4.7.  Membrane protein and PfCRT expression in KM71 transformed cells.  
Lane 1 is a biotinylated molecular mass marker, lane 2 is CM from uninduced 
KM71/Dd2, lane 3 is CM from induced KM71/Dd2, lane 4 is KM71/pPIC3.5, lane 5 is 
ISOV from KM71/Dd2, lane 6 is ISOV from KM71/HB3.  All lanes contained 10 µg of 
protein. 

Steady-state accumulation of 14C-Arginine in ISOV made from KM71/pPIC3.5 

controls cells was found to be lower compared to ISOV made from HS00-3C/pYKM77 

controls.  Surprisingly, the accumulation of the KM71 pfcrt transformed cells showed a 

similar trend to the HS100-3C pfcrt transformed cells.  That is both KM71/HB3 (∆) and 

KM71/Dd2 (▲) PfCRT isoforms were not significantly different (CQS vs. CQR) in 

their steady-state accumulation of the 14C-Arginine (Fig. 4.8) but higher than the 

controls.   
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Figure 4.8.  Steady-state accumulation of 14C-Arginine in KM71.  (o) KM71/pPIC3.5;  
(∆) KM71/HB3;  (▲) KM71/Dd2 were incubated in 1 µM 14C-Arginine in the presence 
of 2 mM MgATP (+ATP conditions).  Absence of MgATP (-ATP) in the assay showed 
similar values as above. 

4.3  Discussion 

Utilizing a yeast strain known to be deficient in its endogenous amino acid 

transport (HS100-3C), the initial results in this chapter showed a possibility that PfCRT 

expressed in such a system was capable of mediating the utilization of amino acids for 

its survival when selected on minimal media with amino acids only as the sole nitrogen 

source.  More strikingly, the basic amino acids used here differentiated the contribution 

of PfCRT, when compared to the controls, such that the pfcrt transformed cells that 
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were selected on the minimal basic amino acid group were able to grow in a more 

robust manner in a minimal arginine liquid media.   

Measurements of steady-state accumulation of arginine in ISOV yeast cells 

expressing PfCRT CQR and CQS isoforms (both HS100-3C/PfCRT and KM71/PfCRT) 

showed consistent basic amino acid transport by PfCRT, the extent of which is not 

appreciably different between the two isoforms tested (Fig. 4.6 and Fig. 4.8),  and is 

probably not mediated by an active uptake process.  The last is hypothesized due to the 

similar results obtained with or without ATP added.    Other experiments such as CQ 

competition with basic amino acid accumulation might give more insight to this 

proposed transporter function of PfCRT. 

Experimentally, the objective of this chapter to determine the molecular function 

of PfCRT was via an overly simplified model.  For one, the selection of pfcrt 

transformed yeast cells in minimal amino acid media did not take into consideration 

how signaling pathways within the cells could be affected by the presence of the 

different amino acids (54).  This may be a reason why the HS100-3C transformed cells 

were not as robust as the original untransformed cells or that the Dd2 isoform in the 

HS100-3C ISOV did not generate a greater ∆pH such that had been shown in the KM71 

system (55).  However, as an initial foray into elucidating the endogenous molecular 

function of PfCRT, the results could be taken into consideration with (future) yeast 

genetics based assays for more definitive selection of cells that show essential 

expression and utilization of PfCRT.   
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CHAPTER 5  INFLUX AND EFFLUX KINETICS FOR LIVE TROPHOZOITE PARASITES 

USING A NOVEL FLUORESCENT CHLOROQUINE PROBE 

Reproduced in part with permission from [Cabrera, M., Natarajan, J., Paguio, M. F., 

Wolf, C., Urbach, J. S., and Roepe, P. D. (2009) Chloroquine transport in Plasmodium 

falciparum I: influx and efflux kinetics for live trophozoite parasites using a novel 

fluorescent chloroquine probe, Biochemistry 48, 9471-9481].  Copyright 2009 (78) 

American Chemical Society.     

5.1  Background 

CQ and other quinoline drugs have been mainstays of malaria treatment for 

decades, but CQR in the malarial parasite P. falciparum is a massive global problem.  

Design of effective second line therapies depends crucially on elucidation of the 

molecular mechanism(s) of CQR.  Mutations in the unique DV polytopic integral 
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membrane protein PfCRT confer CQR in P. falciparum (48) but the molecular 

mechanism is not fully defined.  

 Decreased cellular accumulation of CQ is a well known characteristic of CQR 

parasites.  Studies with live cells over the past 20 years report a variety of data and, in 

sum, the thermodynamic and kinetic characteristics of this phenomenon have not been 

elucidated.  This is because historically the primary tool for such analysis has been 

filtration of parasite samples pre-incubated with radiolabeled drug at different time 

points, which does not provide data at high resolution.  Yet, it is the precise definition 

of the kinetics and thermodynamics of CQ transport that is essential for distinguishing 

between various mechanistic proposals.   These include that mutant PfCRT may 

mediate either active outward (63,86) or downhill passive (27,54) CQ transport across 

the DV membrane under certain conditions.  

 Coy Fitch was the first to measure reduced cellular accumulation of CQ linked 

to CQR in studies with an intrinsically drug resistant bird malaria P. berghei (57).  

Subsequently, the phenomenon of lower CQ accumulation for live CQR vs. CQS 

parasites was carefully documented in other Plasmodia species, including the lethal 

human pathogen P. falciparum (27,48,53,57,58,60,62,63,68,69,72,73,86,87).   In 

reviewing these studies, it is difficult to consolidate much of the data and reconcile 

conflicting conclusions since many different methods and experimental conditions were 

employed.   Key transport assay conditions (e.g. hematocrit, parasite density 

[parasitemia], buffer conditions, whether the parasite culture is synchronized vs. 
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asynchronous, etc.) have varied considerably.  In most experiments the conditions are 

non-physiologic since exogenous buffers and other variables must be manipulated to 

perform the measurements with conventional radio-tracer methods.   Other key 

differences are the external concentrations of probe CQ (typically 3H-labeled CQ) used 

for accumulation experiments, and the application of different mathematical approaches 

for estimating how much CQ within iRBC is in the red cell vs. parasite localized, or 

how much represents saturable vs. nonsaturable uptake. It is exceedingly difficult to 

measure how much accumulated drug is free vs. bound to CQ target(s), however, Bray 

et al. have quantified CQ binding capacity under various conditions and concluded this 

can be 10-50 µM depending on the experimental conditions (61).  

 Accumulation differences for CQR vs. CQS parasites vary widely across 

previous studies.  Importantly, Fitch and others have reported that the fold difference in 

accumulation of CQ for CQS vs. CQR parasites is strongly related to the external [CQ] 

used during the measurement.  At higher external [CQ] (≥200 nM) the fold decrease in 

net cellular CQ accumulation is typically 2 fold or less for a CQR derivative relative to 

CQS, whereas at lower [CQ] differences ≥10 fold are sometimes calculated after 

subtraction of computed nonsaturable uptake.  Variance in these previously measured 

differences might be due to depletion of external CQ during some experiments because 

it is low (1-2 nM) and the experiment is often done in a small fixed volume. 

Ambiguities could be further exacerbated by use of asynchronous culture and 

differences in cell cycle kinetics for CQS vs. CQR parasites, since different stages of 
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the parasite accumulate different levels of drug. Presumably because accumulation 

differences for CQR vs. CQS parasites are larger at 1-2 nM CQ, and thus easier to 

quantify with bulk culture and radio-tracer methods, studies in this range of 

concentrations have been emphasized.  More importantly however, plasma levels of CQ 

are much higher (to several µM) and in vitro IC50 for CQS and CQR parasites are 20-

350 nM (in cytostasis assays) or 0.25-2.00 µM (in cytotoxicity assays) (3).  The expense 

of radiolabeled CQ and P. falciparum cell culture, as well as the very time consuming 

nature of traditional filtration approaches for assaying transport has presumably 

inhibited analysis of accumulation at this much wider range of CQ concentrations.   

This study reports on the synthesis and initial use of a valid fluorescent probe for 

cellular CQ transport, NBD-CQ.  Pharmacology and subcellular localization of the 

probe is similar to CQ, and that differences in fold accumulation of NBD-CQ for CQR 

vs. CQS parasites are found to be similar to what has been reported in many previous 

studies using 3H-CQ and filtration methods.   These results validate use of the probe to 

characterize influx and efflux kinetics, which can now be defined at enormously 

improved resolution for live, single cells.  Importantly, unlike all previous CQ transport 

experiments which had been described in the Introduction, transport was analyzed while 

cells are under constant perfusion with physiologically buffered media and quantify 

levels of drug accumulation under constant perfusion as well as initial rates and rate 

constants for NBD-CQ influx and efflux.    
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5.2  Results 

Elucidating cellular transport kinetics for a drug (e.g. CQ) by use of a 

chemically modified probe (e.g. a fluorescent CQ derivative such as NBD-CQ) could in 

theory be complicated by changes in the drug’s physical properties caused by the 

derivatization. A valid probe should behave similarly to underivatized CQ.   Our 

definition of a valid probe for analysis of physiologically relevant CQ transport is:  1) 

relative sensitivity (IC50) of the compound and fold difference in that sensitivity for 

CQR vs. CQS malarial parasites should be similar to that seen for CQ; 2) subcellular 

localization of the probe is (best one can ascertain) identical to that previously found for 

3H-CQ via in situ autoradiography (5); and 3) relative steady state accumulation of the 

probe is reduced for well defined laboratory strains of CQR parasites relative to CQS, 

and to a similar extent when compared to previous 3H-CQ/fast filtration data.  As 

described below, one probe created in our laboratory (NBD-CQ) satisfies these criteria.   

NBD-CQ was synthesized from monodesethyl CQ and a commercially available 

fluorophore tag as described in Section 2.4 and shown in the Appendix.  

Characterization and purification of the probe are shown in the Appendix.  Because CQ 

can tolerate multiple side chain modifications without loss of activity, and since tags 

placed at the ethyl group termini of CQ did not appear to perturb physiologically 

relevant binding of CQ to PfCRT protein (65), the NBD fluorophore was attached to the 

CQ side chain terminus via a similar strategy reported earlier for AzBCQ (65).  This 

placement does not perturb CQ pKa essential for parasite vacuolar localization and 
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leaves the 7-chloro-4-amino pharmacophore that defines binding to free heme (29) fully 

intact.  Excitation and emission spectra of the highly fluorescent probe as well as linear 

intensity vs. concentration plots under both bulk and thin layer (i.e. SCP; see (79)) 

conditions may be found in Fig.5.1.   

Figure 5.1 NBD-CQ Fluorescence spectra.  (Left)  1 µM NBD-CQ excitation scan from 
415 nm to 530 nm (dashed line), and emission scan from 485 nm to 650 nm (solid line).  
Excitation λmax= 470 nm and emission λmax= 550 nm.  3 ml of a 1 µM NBD-CQ in 10 
mM MES-Tris pH 6.5 buffer was used for scanning excitation and emission using a PTI 
Alphascan Fluorometer.   (Right)  100 nM NBD-CQ in pH 5.5 (□), 6.5 (∆) and 8.5 (○).  
Inset figure is an expansion for NBD-CQ concentrations less than 1 µM. 

Toxicity of NBD–CQ was quantified for CQS (strain HB3) and CQR (strain 

Dd2) malarial parasites using the SYBR-Green assay (79) and IC50 found to be 26 (± 9) 

nM and 184 (±18) nM respectively.   Although the SYBR-green assay is fluorescence-

based and some competition between NBD-CQ and SYBR-green fluorescence is in 

theory possible, control wells with 0.1-0.5 µM levels of NBD-CQ alone and various 
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NBD-CQ/SYBR-green mixtures showed fluorescence of the drug probe at these 

concentrations was irrelevant vs. that of SYBR-green and did not affect calculation of 

IC50 (not shown).  Previous quantification of CQ IC50 for these strains in our laboratory 

and others range from 10-30 nM and 120-200 nM respectively, and in our hands are 15 

(±4) nM and 155 (±12) nM using the same SYBR-Green assay.  So although precise 

IC50 values for NBD-CQ are not exactly the same as for CQ, they fall within the range 

reported for CQ by a number of laboratories.  More importantly, CQR parasite 

resistance to NBD-CQ is similar to CQ.   

Fig. 5.2 shows that NBD-CQ localizes to the parasite digestive vacuole (DV) 

under live cell perfusion conditions used in this work, for both HB3 CQS parasites (A, 

C, E, G) and Dd2 CQR (B, D, F, H) (see Fig. 5.2).   Importantly, this shows that ATP 

depletion (C, D, E, F) and VPL treatment (G, H) do not affect DV localization of 

quinoline under initial perfusion conditions for either CQS or CQR parasites.  Although 

other cellular targets for CQ most likely exist (3), and although relative toxicity of the 

interactions with these different targets is not yet understood, the DV is believed to be 

the principle site of initial CQ accumulation and also the site of a principle CQ target, 

namely, heme released from hemoglobin digestion (e.g. (5,27,29)).  The only other 

previously published parasite subcellular localization data for a quinoline drug of which 

we are aware reports approximately 1 nM external 3H-CQ localization via in situ 

autoradiography, and shows that this is DV specific (Fig. 1 in ref (5)).   Taken together 
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then, initial pharmacology and subcellular localization results show that NBD-CQ is a 

valid probe for measuring CQ accumulation within live malarial parasites.   
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Figure 5.2.  Localization of NBD-CQ in the digestive vacuole of Plasmodium 
falciparum using SDCM.  DIC (left), fluorescence (middle), and DIC with fluorescence 
overlay images of a single optical Z-section of late trophozoite stage CQS HB3 (A, C, 
E, G) or CQR Dd2 (B, D, F, H) parasites in intact iRBCs, perfused with 250 nM NBD-
CQ in gas balanced HBSS.  (A, B)  250 nM NBD-CQ in normal HBSS that contains 5 
mM D-Glucose.  (C, D)  ATP depleted conditions with 250 nM NBD-CQ in HBSS and 
2 mM 2-Deoxy-D-glucose in place of 5 mM D-Glucose.  (E, F)  250 nM NBD-CQ in 
HBSS without glucose.  (G, H)  250 nM NBD-CQ in HBSS with glucose and 1 uM 
VPL.  The scale bar in each set of panels =  4.0 µm.  

Previously, we constructed SCP systems that are optimized for quantifying 

small changes in intracellular fluorescence intensity vs. time (9,88).  These SCP 

methods are easily adapted to monitor the increase in probe fluorescence (DV NBD-CQ 

concentration) vs. time while iRBC are under perfusion with physiologic solution 

harboring low levels of NBD-CQ.  To quantify the levels of NBD-CQ accumulated 

within the DV, we first generated calibration curves using various [NBD-CQ] 

equilibrated within uninfected RBC.  The RBC were previously treated with 

protonophore to collapse any pH gradient (∆pH) across the plasma membrane, such that 

incubating concentrations of NBD-CQ were then equal to internal (representative 

calibration curves can be found in Fig. 5.3).  These equilibrated RBC harboring variable 

[NBD-CQ] were then imaged with the same SCP instrument under identical conditions.  

NBD-CQ intensities were measured and averaged across many RBC, and average 

intensities then plotted vs. known [NBD-CQ].  Two calibration curves were routinely 

generated (at pH 5.2 and 5.6) since, although the point remains somewhat controversial 

(11-13), our group favor the interpretation that the DV pH is near 5.2 for Dd2 CQR 

parasites and nearer 5.6 for HB3 CQS (9,10,89).  Regardless, calibration at 5.2 vs. 5.6 
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does not differ under thin layer calibration conditions (see Fig. 5.3) thus conclusions 

related to the kinetics of NBD-CQ transport for these CQS vs. CQR parasites are not 

dependent on very small calibration differences at pH 5.2 vs. 5.6 (see Discussion).   

Free heme released from Hb digestion within the DV could also conceivably affect the 

magnitude of DV NBD-CQ fluorescence.  Best available estimates for free heme within 

the DV based on rates of Hb digestion give an upper limit of < 1 µM (4), but these are 

clearly overestimates, due to low DV pH and heme solubility limits at these pH (31).  

Thin layer NBD-CQ calibration curves at different pH +/- µM concentrations of heme 

show <10 % quenching when the ratio of heme:NBD-CQ is <0.2,  as must be the case 

for the experiments described here, and quenching ~30% when heme:NBD-CQ is 1 

(Fig. 5.4). These issues are explored further in the Discussion.   

 

Figure 5.3.  Thin layer calibration NBD-CQ.  Varying concentrations of NBD-CQ in 
25 mM MES-Tris  pH 5.2 (▼) and 5.6 (∆).  
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Figure 5.4. NBD-CQ fluorescence.  NBD-CQ fluorescence measured via thin layer 
calibration methods (see (88) in the presence of 100 nM heme (○), 1 µM heme (□), or 
no heme (∆).  Heme solutions were prepared from 5 mM hematin dissolved in 0.1 M 
NaOH, titrated to pH 5.5, and then added to different concentrations of NBD-CQ 
dissolved in 50 mM MES-Tris pH 5.5. 

With these caveats in mind it was tested whether measured accumulation of 

NBD-CQ via our SCP methods is similar to that of cellular 3H-CQ measured with 

previous filtration methods.  Thus a traditional tube-based assay followed by fast 

filtration of 3H-CQ loaded iRBC at different times was compared to similar tube-based 

accumulation of NBD-CQ, that was then quantified by microscopy using calibration 

curves described above.  In this analysis, computed theoretical “nonsaturable” uptake 

was not subtracted to calculate “saturable” uptake, rather, comparison was done on raw 

(unprocessed) uptake data for identical cultures.  Fig. 5.5 shows that accumulation of 

3H-CQ vs. NBD-CQ does not differ significantly after 60 min of incubation.  Both CQS 
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HB3               Dd2

(HB3, left side) and CQR (Dd2, right) parasites accumulate 1 nM 3H-CQ to levels 

reported many times previously, and Dd2 parasites show a similarly reduced level of 

either 3H-CQ or NBD-CQ relative to HB3.  

 

 

Figure 5.5. 3H-CQ and NBD-CQ accumulation in iRBC. HB3 and Dd2 iRBC were 
incubated with 1 nM 3H-CQ (open bars) or 1 nM NBD-CQ (hashed bars) as described 
in the Methods.  Accumulation was measured as the ratio of the concentration of the 
probe inside the iRBC vs. the concentration of the external incubating probe 
concentration and is presented on a log scale.  Error bars were calculated from the 
standard error of the mean (SEM). Note that unlike many other studies in the past 10 
years, there is no subtraction of theoretical calculated “nonsaturable” uptake from these 
data.  These represent raw unprocessed differences for CQS vs. CQR net accumulation.    

The sensitivity of our current SCP apparatus did not allow analysis of NBD-CQ 

accumulation in real time at adequate signal-to-noise ratio for perfused live cells, when 

perfusate [NBD-CQ] was <50 nM (not shown).  However, at ≥50 nM concentrations 

single cell DV specific accumulation is easily resolved using SCP techniques previously 
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developed in our laboratory.  As expected (Fig. 5.6), reduced probe accumulation vs. 

time is found for Dd2 vs. HB3 parasites (Fig. 5.6, compare panel A vs. B), and reduced 

accumulation persists across a variety of fixed external [NBD-CQ] (see Table 5.1), 

similar to data for CQ (68).  Importantly, unlike all previous work with radio-isotope 

probes, these accumulation traces are obtained in real time, with live intraerythrocytic 

parasites under continuous perfusion with physiologic perfusate.   Measured differences 

in NBD-CQ accumulation for CQS vs. CQR parasites are not identical to some earlier 

static measurements with 3H-CQ, but they are quite similar to several previous studies 

done at these concentrations (e.g. (68)).  Note also that no subtraction of estimated 

“nonsaturable uptake” was performed for Fig. 5.5 and 5.6 or Table 5.1.   This operation 

heightens the fold difference that is often reported in other recent studies.  
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Figure 5.6.  NBD–CQ influx under continuous perfusion.  (A, B) Representative 
accumulation traces and illustration of curve-fitting methods for 100 nM NBD-CQ 
influx in CQS HB3 (A) or CQR Dd2 (B) parasites under continuous perfusion with 
NBD-CQ as described in the text. Solid black lines show the raw data; accumulation 
(internal NBD-CQ on the y-axis) vs. time under perfusion with constant 100 nM NBD– 
CQ (x-axis). Black dashed lines represent linear curve fits to the first 60 sec (apparent 
initial rate) using y = mx + b. Black dotted lines show exponential curve fits for rate 
constant determinations using f = yo + a(1-e-bx), where the rate constant is “b”.  Initial 
rates (C, D) and rate constants of influx (E, F) at various external NBD-CQ 
concentrations were measured in gas balanced HBSS with 5 mM D-Glucose (open 
symbols) vs. 5 mM D-Glucose substituted with 2 mM 2-Deoxy-D-glucose (filled 
symbols).   (C)  HB3 initial rates of influx with (○) and without glucose (●).  (D)  Dd2 
initial rates of influx with (∆) and without glucose (▲).  (E)  HB3 rate constants for 
influx with (○) and without glucose (●).  (F)  Dd2 rate constants for influx with (∆) and 
without glucose (▲).  Each point is the average of >20 parasites from at least 5 
independent perfusion experiments.  All error bars were calculated from the standard 
error of the mean (SEM).  One set of experimental conditions for Dd2 (marked with *) 
repeatedly led to ambiguous rate constant calculation since, despite many attempts, the 
accumulation traces in these experiments did not provide a clear plateau within 15-20 
minutes.  This phenomenon (seen only at higher [NBD-CQ]) will be explored 
elsewhere.   

Table 5.1  DV NBD-CQ Concentration. 
Internal NBD-CQ (µM) External  

NBD-CQ (µM) HB3 Dd2 
0.050 1.86 ± 0.11 1.47 ± 0.07 
0.10 4.92 ± 0.25 3.96 ± 0.30 
0.15 6.48 ± 0.34 4.17 ± 0.27 
0.25 10.6 ± 1.0 8.20 ± 0.67 
0.50 14.1 ± 1.0 9.87 ± 0.92 

Table 5.1.   DV NBD-CQ concentrations in iRBC.  aThe mean of the internal NBD-CQ 
concentrations for individual HB3 and Dd2 parasites in intact iRBCs were determined 
after 15 min of perfusion with different known NBD-CQ concentrations in gas balanced 
HBSS.  Internal concentrations were obtained from thin layer calibration curves (see 
Fig. 5.3) and influx traces as shown in Fig. 5.6, A and B.  

Since many data points are collected in digital form, linear initial rates and true 

rate constants for these accumulation traces are easily computed, and can be quickly 
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averaged for many individual late stage trophozoites (note that we use only highly 

synchronized culture that is confirmed visually).  Consistent with a reduced amplitude 

of accumulation (c.f. Fig. 5.6 A vs. B), I compute a reduced linear initial rate of NBD-

CQ accumulation for CQR parasites relative to CQS (Fig. 5.6, D vs. C) are computed 

either in the presence (open symbols D vs. C) or absence (closed symbols) of glucose.   

However, again consistent with previous studies, differences in initial rates for glucose 

starved CQR vs. CQS parasites are smaller than those measured in the presence of 

glucose.  Interestingly, for the first time, clearly reduced rate constants for NBD-CQ 

DV accumulation in CQR parasites relative to CQS at a range of NBD-CQ 

concentrations are measured, when glucose remains constant in the perfusate (Fig. 5.6, 

F vs. E, open symbols).  More intriguingly, this dramatic difference in rate constants is 

normalized when accumulation is measured in the absence of glucose (Fig. 5.6, F vs. E, 

closed symbols).  A reduced linear initial rate of accumulation is a trivial prediction of a 

reduced amplitude (Fig. 5.6 A-D), and both observations could in theory be due to a 

decreased concentration of (or lowered affinity for) drug targets within the DV 

(27,54,57,58,60,61,68,72).  However, reduced rate constants derived from single 

exponential fits to these data indicates that net physical translocation of the probe across 

the DV membrane proceeds more slowly for CQR parasites relative to CQS.  One 

possible explanation is that an ATP dependent uptake process that exists for CQS 

parasites is absent for CQR, and another is that net outward translocation of NBD-CQ 

for CQR parasites kinetically competes vs. ATP dependent probe accumulation.   
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 To distinguish between these possibilities, I first compared HB3 (CQS) and 

Dd2 (CQR) parasites to CQS and CQR parasites created by transfection with mutant 

PfCRT (Table 5.2). Reduced accumulation, initial rate, and rate constant is seen for 

C4Dd2 (CQR) transfectants vs. C2GC03 (CQS, see (52)), similar to the trend noted for 

Dd2 vs. HB3.   Since the two transfectant lines express the same isoform and levels of 

the P. falciparum multidrug resistance protein (PfMDR1) as well as other ATP 

dependent DV transporters, and since function of PfCRT protein is not directly ATP 

dependent, it seems unlikely that an ATP dependent DV membrane transporter that 

imports drug to CQS parasite DV is absent for CQR.  
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Table 5.2.  Summary of Accumulation Kinetics at  
250 nM NBD-CQ external concentration. 

 DV Internal concentration at plateau  
(µM) 

Glucose* 
VPL^ 

+ 
- 

-# 
- 

+ 
+ 

HB3 10.6 ± 1.0 8.20 ± 0.94 9.99 ± 0.46 
Dd2 7.33 ± 0.72 10.8 ± 0.74 8.95 ± 0.5 
C2GCO3 9.81 ± 0.56 8.26 ± 0.64 10.1 ± 0.76 
C4Dd2 7.91 ± 0.56 10.8 ± 1.0 9.98 ± 0.73 
 Initial Rates  

(µmol L-1sec-1 x 10-2) 
Glucose* 
VPL^ 

+ 
- 

-# 

- 
+ 
+ 

HB3 4.24 ± 0.47 2.22 ± 0.35 4.94 ± 0.35 
Dd2 2.61 ± 0.22 3.23 ± 0.34 3.48 ± 0.27 
C2GCO3 3.90 ± 0.32 1.56 ± 0.22 4.69 ± 0.51 
C4Dd2 2.37 ± 0.17 2.55 ± 0.44 3.61 ± 0.32 
 Rate Constants 

(sec -1 x 10-3) 
Glucose* 
VPL^ 

+ 
- 

-# 
- 

+ 
+ 

HB3 8.03 ± 0.63 4.43 ± 0.25 9.85 ± 0.61 
Dd2 5.29 ± 0.53 4.63 ± 0.39 7.21 ± 0.76 
C2GCO3 7.05 ± 0.33 3.42 ± 0.37 9.43 ± 0.65 
C4Dd2 4.24 ± 0.32 3.91 ± 0.30 8.51 ± 0.83 
 *  5mM D-Glucose 
 #  No glucose substitution 
 ^  1µM Verapamil 
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Table 5.2.  Accumulation kinetics at 250 nM NBD-CQ.  Using external 250 nM NBD-
CQ, influx kinetics were measured in the presence (2nd column), vs absence of glucose 
(3rd column) and with a constant external concentration of 1 µM Verapamil (4th column) 
for several parasite lines; CQS parasites HB3 and C2GCO3, and CQR parasites Dd2 and 
C4Dd2. Similar patterns were also measured at 100 and 500 nM NBD-CQ in the 
perfusate (data not shown). 

To further test the basis of pronounced differences in accumulation rate 

constants, I attempted to isolate differences in NBD-CQ efflux rate constants for CQS 

vs. CQR parasites.  To manipulate the levels of probe preloaded into the DV and to 

examine possible differences in binding sites as proposed (61), external incubating 

concentrations of NBD-CQ and time of incubation were varied.   Figure 5.7 shows that 

both incubation time and incubating concentration are critical in analysis of drug efflux 

from live parasites.  That is, I first analyzed NBD-CQ efflux similar to how most 

previous studies have analyzed 3H-CQ efflux.  Namely, when CQS (HB3, left) and 

CQR (Dd2, right) parasites are preloaded for 1 h at nM levels of NBD-CQ, and then 

analyzed for NBD-CQ efflux in a volumetric excess of buffer (Fig. 5.7, top two traces, 

dashed lines), Dd2 parasites release more preloaded drug probe relative to HB3 and also 

efflux the probe considerably faster.  This is strikingly similar to many previous 3H-CQ 

efflux measurements done via a similar approach.  However, when I preload the 

parasites to the same internal [NBD-CQ] via very short term (1 min) perfusion with 250 

nM external NBD-CQ, initiate zero trans efflux by rapidly switching to perfusate 

without NBD-CQ (Fig. 5.7, bottom trace each panel, solid lines), and then continue to 

monitor efflux under constant perfusion, the traces for CQS and CQR parasites appear 
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much more similar.  These data clearly indicate that time dependent intracellular 

binding phenomena significantly complicate analysis of zero trans efflux kinetics.   

 

 

 

 

 

 

 

 

Figure 5.7. NBD-CQ efflux in live intraerythrocytic P. falciparum.  Shown are 
representative traces for NBD-CQ efflux from live CQS HB3 (left) and CQR Dd2 
(right) parasites.  Preloading conditions were by incubation of low inoculum iRBC with 
30 or 50 nM NBD-CQ (for HB3 or Dd2, respectively) in HBS for 1 h (top trace, each 
panel) and with 250 or 500 nM NBD-CQ (for HB3 or Dd2, respectively) for 1 min 
under perfusion with HBSS (bottom trace each panel).  The incubating concentrations 
were chosen such that total internal probe would be equivalent for both the CQS and 
CQR strain.  For cells pre-loaded with NBD-CQ for 1 hr, efflux was initiated by 
perfusion with HBS at 37 °C (top trace each panel, broken line) similar to many 
previous studies.  For cells preloaded via a short pulse with NBD-CQ, efflux was 
initiated by immediately switching to HBSS (bottom trace each panel, solid lines).  

To further explore DV efflux kinetics under conditions wherein complexities 

from time dependent binding are minimized, incubating [NBD-CQ] in the perfusate 

were varied but preloading times were kept short (< 15 min).  Fig. 5.8 shows 

representative efflux traces for CQS (HB3, left side) and CQR (Dd2, right side) 

parasites at higher intra-DV [NBD-CQ] (Fig 5.8, A, B) and also summarizes initial rates 

                                 HB3                                           Dd2 
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(Fig. 5.8, C, D) averaged from hundreds of experiments over a range of intra-DV probe 

concentrations. 
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Figure 5.8.  NBD–CQ efflux under continuous perfusion.  Shown are representative 
NBD-CQ efflux traces for CQS HB3 (A) and CQR Dd2 (B) parasites.  Efflux data 
under continuous perfusion conditions was obtained after the parasites had accumulated 
NBD-CQ via perfusion with gas balanced HBSS for 15 min (as shown in Fig. 5.6 A,B).  
The zero time point for efflux is the internal NBD-CQ concentration immediately 
before perfusate is switched to gas balanced HBSS without NBD-CQ.  The solid black 
lines are the raw data; NBD-CQ efflux traces (internal NBD-CQ on the y-axis) vs.  time 
under perfusion (x-axis); the black dashed lines represent linear curve fits to the first 60 
sec for initial rate determination using y = mx + b and black dotted lines show 
exponential curve fits for rate constant determinations using f = yo + ae-bx.  For parasites 
with varying internal NBD-CQ concentrations after 15 min of accumulation with 
varying e xternal, the initial rates of efflux were measured under continuous perfusion 

DC 

BA 

                                   HB3                                               Dd2 
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with gas balanced HBSS either in the presence (open symbols) or the absence (closed) 
of glucose, for CQS HB3 (panel C) and Dd2 (panel D).  (C,D) Straight line fits to these 
initial rate plots (not shown) obtained in the presence of glucose give a slope of 7.6x10-3 

for HB3 and 8.7x10-3 for Dd2.  In the absence of glucose, the slopes of these plots (not 
shown) are 7.2x10-3 for HB3 and 8.9x10-3 for Dd2, consistent with larger amplitude in 
efflux for CQR Dd2 parasites that increases as internal [probe] increases. 

To our knowledge, these are the first truly “zero trans” CQ efflux experiments 

for live malarial parasites, since they are acquired under constant perfusion with zero 

NBD-CQ in the perfusate.  Under these conditions, in contrast to data in Fig. 5.7 (top 

traces, each panel), initial rates of efflux either in the presence (open symbols) or 

absence (closed) of glucose are quite similar for CQS (Fig. 5.8, C) and CQR (D) 

parasites.  Small differences are found at several concentrations, and linear curve fits to 

these data show small differences in slope (see caption).  

To analyze efflux in more detail, rate constants were computed for these data 

(Fig. 5.9, A, B) as well as similar zero trans perfusion efflux data obtained after even 

shorter (1 min) pulse with NBD-CQ to preload the DV (Fig. 5.9, C, D).  When rate 

constants are computed a small increase in efflux is seen for CQR parasites but only at 

lower DV concentrations of NBD-CQ (Fig. 5.9, B vs A), and the difference is not 

statistically significant (p-value= 0.55, see Discussion).  However, as pre-incubation 

time is reduced further to 1 min (Fig. 5.9, C, D), two important features become 

noticeably distinct.  First, higher values for efflux rate constants are measured for both 

CQS and CQR parasites relative to rate constants computed for cells preloaded for 

longer time (note position of dashed lines).  This is hypothesized to be due to a higher 
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percentage of DV entrapped probe being freely exchangeable (not bound) upon very 

short term pre-incubation. Second, slightly more dramatic increases in efflux rate 

constant are seen for CQR (D) vs CQS (C) parasites, again at lower DV concentrations.  

Again the differences are not statistically significant (p-value= 0.15, see Discussion), 

but comparing these data to Fig. 5.7 suggests that time dependent binding within the 

DV prevents unambiguous definition of differences in zero trans efflux rate constants 

for live cells.  
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Figure 5.9.  Rate constants for zero trans NBD–CQ efflux under continuous perfusion.  
Zero trans efflux rate constants were measured for parasites preloaded with NBD-CQ in 
gas balanced HBSS.  Preloading accumulation of NBD-CQ was 15 min of continuous 
perfusion (A,B) or 1 min perfusion (C,D) with varying NBD-CQ concentrations needed 
to attain similar initial DV concentrations (x axis). Each point is the average of >20 
parasites from at least 5 independent perfusion experiments.  All error bars (x,y) were 
calculated from the standard error of the mean (SEM).  Dashed lines are positioned at 
the same Y axis value for A,B and C,D for visual reference. 
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5.3  Discussion 

Amphipathic hydrophobic drugs like CQ passively diffuse quickly across 

membranes, and live cells bind amphipathic drugs at intracellular binding sites.  Thus, 

particularly in the presence of a drug gradient, it has proved exceedingly difficult if not 

impossible to kinetically characterize drug transport by putative drug transporters using 

live cells, radiolabeled drugs, and traditional fast filtration methods.  Years of fast 

filtration of preloaded cells, vesicles, and PL preparations harboring PfCRT isoforms 

has convinced us that rigorous kinetic resolution of any PfCRT mediated drug transport 

ultimately requires alternate methodologies.  Although fluorescent drug probes such as 

NBD–CQ are imperfect in the sense that they are not chemically identical to CQ, they 

are obviously far superior in terms of the ability to kinetically define transport.   After 

inspecting several fluorescent derivatives, NBD-CQ was found to have similar 

pharmacology and (as best as can be ascertained) identical subcellular localization 

relative to CQ.  It was also found to be accumulated to lower levels for CQR parasites, 

similar to the behavior of CQ.  Notably, the fluorescent tag is added to the end of the 

flexible alkyl side chain via a flexible linker, a geometry for tag placement that does not 

appear to affect physiologic binding to a single drug binding site our laboratory have 

previously defined for PfCRT (65).   In the binding studies, a perfluoro azido group was 

placed in the same position as the NBD tag is placed in the present work.  Specific 

inhibition of perfluoro azido CQ photolabelling is achieved at a remarkable 7-30 fold 

molar excess CQ, depending on the PfCRT isoform examined. This is exceedingly 
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impressive competition that shows specificity for CQ-PfCRT interactions is not lost 

upon addition of tags at the end of the CQ alkyl side chain.  Furthermore, a previous 

insightful paper (90) measured passive influx of CQ into RBC to derive a CQ 

permeability coefficient of ~ 2.00 cm/sec.  Assuming permeability of the DV membrane 

is similar to that of the RBC plasma membrane, and correcting for differences in DV vs 

RBC membrane surface area (90), estimates a passive influx of CQ into the DV of ~ 

150 CQ/DV/sec at 500 nM external CQ.  This study measured ~130 NBD-CQ/DV/sec 

(HB3 parasites) at 500 nM external NBD-CQ, indicating that the kinetics of NBD-CQ 

passive influx are very similar to those of CQ.  For these reasons, it can be concluded 

that transport of NBD-CQ recapitulates the essential features of CQ transport. 

Early on CQ transport was assessed in the µM range (57,58,60,68), presumably 

because peak plasma [CQ] for malaria patients is > 1 µM.   Over the years, for whatever 

reasons, the practice of using µM range CQ concentrations for transport has shifted to 

using nM levels of drug.  The greatest differences in uncorrected fold accumulation of 

CQ (meaning, accumulation data wherein estimated theoretical nonsaturable uptake has 

not been subtracted from total) for CQR vs. CQS parasites that have been reported are 

seen at [CQ] of 1 nM or less.  These differences are typically 1.5 to 5 fold, depending 

on the conditions.  However, 1 nM is well outside the therapeutic range of the drug, 

being an order of magnitude below typical growth inhibition IC50 for CQS parasites 

(10-30 nM) and at least 2 orders of magnitude below for CQR (125-350 nM).  At 50-

200 nM [CQ], fold differences in net accumulation have ranged from 50 % (58), 60 % 
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(62), 2 fold (57), etc.   In this study, I have examined a wide range of concentrations for 

live cells under continuous perfusion and have also been able to vary loading times 

prior to zero trans efflux measurements, without centrifugation and washing of cells, 

detergent extraction of iRBC parasites, or other potentially deleterious processing steps.  

To our knowledge, no previous CQ accumulation or efflux experiments have 

been done with live intraerythrocytic parasites under perfusion using physiologically 

buffered perfusate (5% CO2 / 5 % O2 / 24.2 mM HCO3
-).  These are also the first data to 

our knowledge collected for individual ROI defined as individual DV within single 

parasites from highly synchronized culture.  Along with vastly improved temporal 

resolution relative to traditional fast filtration approaches, that then allows definitive 

curve fitting, this makes the data in this paper unique.   Perfusion conditions permit 

three important improvements for analysis of transport.  First, analysis can be done 

under physiologic buffering (24.2 mM HCO3
- and continuously replaced 5% CO2).  

Since DV pH is regulated by these parameters and the DV membrane pH gradient is a 

principle driving force for initial accumulation of diprotic CQ (or diprotic NBD-CQ 

with identical pKa), this is important.  Second, accumulation is analyzed at a truly fixed 

external concentration, and truly zero trans efflux (constant zero external probe) can be 

measured. This is important for precise and accurate definition of influx and efflux 

kinetics, and is critical for quantitative comparison between parasite strains.  Third, I am 

able to inspect a much wider variety of accumulation and preloading conditions prior to 

initiation of efflux under true zero trans conditions.  This last improvement is also 
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critical. All previous studies of which we are aware essentially present efflux data 

similar to what we show in Fig. 5.7 (top traces), but clearly this efflux behavior is only 

seen under certain preloading conditions. 

Reduced amplitudes for uptake as well as lower initial rates of uptake (Fig. 5.6 

A-D) have been observed in many previous studies of 3H-CQ accumulation.  This 

paper, for the first time, show that reduced net uptake for CQR parasites is also, at least 

in part, due to a reduced rate constant for accumulation.   Importantly, rate constant 

varies vs. [NBD-CQ] for CQS parasites in the presence of ATP, but is linear for CQR.  

In the absence of ATP, the relationship is linear for both CQS and CQR.  A linear 

relationship is diagnostic of transmembraneous passive diffusion whereas a hyperbolic 

shape (CQS + ATP) suggests some type of enzymatic or quasi enzymatic process.  

Thus, the distinction between a reduced rate constant vs. reduced initial rate is 

very important. The former shows that the molecular process of transmembraneous 

movement inward is physically slower, whereas the latter could simply be due to 

reduced intracellular drug binding.  If viewed only alongside the top traces shown in 

Fig. 5.7 it would be tempting to speculate that the significant decrease in accumulation 

rate constant for CQR parasites is due to a robust outward transport process, specific to 

CQR parasites, that kinetically competes with influx.  However, efflux data obtained in 

this fashion clearly overestimates any contribution of an outward directed transport 

process to lowered net accumulation.  Comparing parasites preloaded to the same levels 

of DV probe, but in one case loaded at low external levels for long time (60 min), and in 
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the other, higher levels for very short time (1 min) clearly demonstrates time dependent 

binding to intracellular targets that differs for CQS vs. CQR parasites, and begins to 

quantify the magnitude of this effect.   Similar observations have been made with 3H-

CQ, but at much lower kinetic resolution, by Bray, Ward and colleagues (61).  It has not 

been possible (until now) to preload for ~1 minute time periods, because transport has 

been assessed with bulk populations of cells that require centrifugation, washes, etc.  

But, under fast perfusion, and using single cell methods, preincubation conditions (time, 

[probe], etc.) can be varied and controlled much more easily.  Thus, I am now able to 

provide evidence that under conditions where binding differences are minimized by 

very short term incubation, zero trans efflux kinetics are actually much more similar 

than data presented in Fig. 5.7 (top traces, each panel) would imply. There is a small 

increase in the rate constant for efflux from CQR parasites at lower levels of DV probe 

observed, but with live cells and these methods the increase is not statistically 

significant (at ~ 3.5 µM internal NBD-CQ, p value = 0.55). That increase appears to 

become more dramatic as incubation times are shortened (hence time dependent binding 

is further reduced), but again the increase is not statistically significant (at ~ 3.5 µM, p 

value = 0.15).  Perhaps more importantly, efflux rate constants are found to be faster 

than influx rate constants for both CQS and CQR parasites, suggesting either that a 

process other than passive transmembraneous diffusion is rate limiting for influx, or, 

that an efflux process faster than inward passive diffusion exists for both CQS and CQR 

parasites.  It is also of course possible that both are relevant.   
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As described below and in Paguio et al. (81) these data are suggestive of an 

outward directed drug efflux process that exists for CQR parasites, mediated by PfCRT.   

However, combined with inspection of Fig. 5.7, they lead us to suggest that some 

combination of altered intra DV binding, reduced ATP dependent uptake, and increased 

efflux is responsible for net decreased cellular accumulation of CQ in CQR parasites.  

Quantification of the relative importance of each contributing factor requires additional 

approaches, as described in Paguio et al. (81) and in the Conclusion (Chapter 7). 

That is, from inspection of these data, it seems unlikely that the very small 

increase in rate constant for CQR parasite efflux that perhaps exists can fully explain 

the much more significant decrease in accumulation rate constant for CQR parasites 

relative to CQS.  In comparing these rate constant effects, it seems more likely to us that 

multiple effects must be adding together, only one of which would be heightened efflux. 

I propose that the lower accumulation rate constant for Dd2 vs. HB3 is also due in part 

to a DV accumulation process that is normally present in HB3 that becomes impaired in 

Dd2. This process is directly or indirectly ATP dependent, since upon glucose 

starvation the accumulation rate constants normalize.  Perhaps not coincidentally, this 

normalization occurs concomitant with collapse of the DV membrane pH gradient (see 

(7)), suggesting it is DV pH or ∆pH dependent.  Four possibilities for this perturbed 

influx process are immediately obvious:   
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1) ATP dependent influx of quinoline directly catalyzed by the PfMDR1 protein 

situated in the DV membrane that is different for CQS vs. CQR parasites due to 

mutations in PfMDR1,  

2) pH gradient dependent influx of quinoline directly catalyzed by the CQS 

isoform of PfCRT [but not the CQR isoform],  

3) ATP (intra DV pH) dependent binding of quinoline to DV binding sites,  

4) indirectly ATP dependent (meaning, ∆pH or membrane potential dependent) 

drug efflux via CQR isoform PfCRT that kinetically competes with uptake into CQS 

parasites.  

Possibilities 1, 3 and 4 (but not 2) have been examined in this study.  The data 

does not formally distinguish between possibilities 2, 3 and 4, but does eliminate 

possibility 1, since the C4Dd2 and C2GCO3 transfectants express similar levels of the same 

PfMDR1 isoform (both transfectants are derived from the same strain GCO3 parent and 

were created without any CQ selection pressure).  Those data also suggest, but do not 

prove, that possibility 4 may play a role, but if so, it likely does not fully explain the 

change in influx rate constants for CQR parasites.  Hence again, along with considering 

data in Fig. 5.7, it was concluded that possibility 3 makes an important contribution to 

overall reduced net accumulation.  These concepts are explored further in an another 

study (81) and presented in the Discussion (in Chapter 7). 

A possible limitation to the methodology presented here is NBD-CQ quenching 

that might exist, particularly quenching due to various chemical forms of non-
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crystallized heme within the DV.  If appreciable free heme is present but the levels of 

heme are the same for CQS and CQR parasites, then the calculations for DV 

concentrations (mol probe per DV) and transport kinetics (mol probe per DV per sec) 

are somewhat inaccurate, but kinetic comparison of the rate constants between the two 

strains is empirically precise.  If concentrations of free heme differ, then in theory 

differences in amplitudes and influx kinetics that was observed could actually be 

slightly larger, and the statistically insignificant difference in efflux rate constants could 

also actually be larger.  This is in fact likely to be the case to some extent because free 

heme is likely 2-fold lower in concentration for CQR DV relative to CQS.   This is 

because volume of this organelle increases 2 fold for CQR parasites (7) but the same 

amount of hemozoin is produced in similar time (4).  So any heme-mediated quenching 

of NBD-CQ, even if only minor, would lead to slight under estimation of NBD-CQ 

levels found in HB3 DV, relative to those found in Dd2 DV.  If that were indeed the 

case, the small increases in rate constant of efflux for CQR parasites that were found 

may be slightly underestimated.  Again, this is an issue that that was resolved in the 

study of Paguio et al. and will be discussed in detail in the Conclusion.   

Based on extensive analysis of 3H-CQ accumulation data, Bray, Ward and co- 

workers have hypothesized that DV binding of CQ is reduced for CQR vs. CQS 

parasites (61).  Via this model, the level of accumulation vs. time should be reduced for 

CQR parasites, and the initial rate of accumulation would be reduced as a simple 

consequence.  This would not perturb rate constants as reported, but would explain the 
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observations summarized in Fig. 5.7.  Integrating the Bray and Ward heme binding 

model into what has been learned more recently regarding heme-CQ interactions 

(32,91) leads to a suggestion that interconversion of heme pools from forms that do not 

bind drug to those that do (for example, phase partitioning of heme from lipid to 

aqueous environment within the DV (32) along with drug induced perturbation of heme 

monomer:dimer ratios (91) might be rate limiting for some portion of drug uptake and 

could even be cooperative.  These possibilities merit additional study.  

In sum, this study presents the first definition of significantly reduced quinoline 

accumulation rate constants for the DV of CQR parasites relative to CQS.  I propose 

that this is due to the sum of at least two processes, one of which is ATP (DV pH) 

dependent binding, the other being CQR isoform PfCRT-mediated outward efflux.   But 

with regard to the latter, the data in this study are statistically inconclusive and do not 

define the thermodynamics or kinetics of that process.  Such definition requires 

purification, reconstitution, and detailed analysis of PfCRT PL, as described in Paguio 

et al. and the Conclusion. 
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CHAPTER 6  CQ TOXICITY RESISTANCE IS NOT NECESSARILY DUE TO REDUCED CQ 

ACCUMULATION 

Reproduced in part with permission from [Cabrera, M., Paguio, M. F., Xie, C. and 

Roepe, P. D. (2009) Reduced Digestive Vacuolar Accumulation is Not Linked to 

Resistance to Chloroquine Biochemistry, in press].  Unpublished work copyright 2009 

(92) American Chemical Society.  

6.1  Background 

CQR is an horrific problem (93). For 40 years it has been recognized that, when 

incubated at a fixed low dose, CQR malarial parasites accumulate less CQ in similar 

time relative to CQS (57). This crucial observation birthed an entire field concerned 

with elucidating the molecular basis of this phenomenon (3,27,57,64,68,78,81,86,94-

97).  Yet, only very recently have growth inhibitory (cytostatic, CS) vs. toxic (cytocidal 

or cytotoxic, CT) functions of CQ been quantified for different life stages of P. 

falciparum, and compared for CQS vs CQR parasites (3). CT assays are still in their 
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infancy (3,94) yet CT effects are more relevant for clearing parasites from the human 

host since plasma CQ concentrations are ≥1 µM (95,96). Not coincidentally, a 1 µM, 1-

2 h duration bolus dose of CQ kills >95% of CQS parasites (3). Correspondingly, in a 

human receiving CQ parasitemia drops precipitously within hours (95,96). Residual 

parasites left in distal vascular beds, the liver, and other sites are then presumably held 

in check by the cytostatic activity of CQ, as plasma [CQ] decreases.  

CQR parasites show ≥7 fold higher LD50 relative to CQS when CQ cytocidal 

activity is quantified (3) and I now define this as resistance to CQ cytotoxicity (CQRCT). 

However, for whatever reasons CQR has almost always been quantified by ratioing 

IC50; that is, by comparing long term (48-96 h) growth of CQS vs CQR parasites in the 

constant presence of low [CQ] (1-100 nM). In this format, CQR parasites typically 

show ≥10-fold resistance. Formally, this is resistance to the cytostatic actions of CQ 

(CQRCS). Presumably because CS measurements are so common, accumulation of CQ 

into live CQS vs CQR malarial parasites is almost always measured at low cytostatic 

dose (1-10 nM). At these concentrations net cellular CQ accumulation differs 2-10 fold 

for CQR vs. CQS parasites ((78), Fig. 6.1). Reduced cellular accumulation for CQR 

parasites at these fixed low doses has led to the near universally accepted conclusion 

that the biochemical basis of CQR is reduced CQ uptake and/or increased CQ efflux. 

Rigorously however, this is valid only for CQRCS. 
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Figure 6.1.  Summary of CQS Cellular Accumulation Ratio (CAR) (A), CQR CAR (B), and ∆CAR values from previously 
published literature.  Breaks on the x-axis are from 300-900 nM External CQ.  Each number in the graph corresponds to a value 
obtained for a parasite strain (or strains) at a specific external CQ concentration in the referenced citation (indicated by a 
parenthesis):  1= (57), 2= (68), 3= (69), 4= (73), 5= (61), 6= (72), 7= (52), 8= (75), 9= (53), 10= (27).  

A B 
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As external CQ ([CQ]ex) is raised in CQ accumulation experiments, the fold 

difference in cellular accumulation for CQR vs CQS parasites drops, and is <2 fold as 

[CQ]ex approaches 1 µM (57,68). Since plasma [CQ] is ≥ 1 µM, since malaria 

chemotherapy kills parasites and does not merely prevent their growth, and since CQR 

evolved in the human host and not in the laboratory, the objective of this study was to 

see if reduced CQ accumulation is associated with CQRCT. 

6.2  Results 

Recently our laboratory had emphasized CT vs. CS functions of CQ, quantified 

parasite 50% lethal dose concentration (LD50) and IC50, respectively, and showed that 

PfCRT mutations confer both CQRCT and CQRCS (3).  It was found that a ~750 nM 

bolus dose of CQ did not kill any strain Dd2 CQR parasites, whereas a ~250 nM bolus 

dose killed ~50% of strain HB3 CQS parasites. Similar observations have been made by 

others (97), however, quantification of LD50 has only been done recently (3).  I 

compared accumulation of 750 nM CQ in Dd2 parasites vs. accumulation of 250 nM 

CQ in HB3 and found Dd2 parasites accumulated similar internal levels of drug (not 

shown, see (78). That is, the higher dose led to similar internal [CQ] for CQR parasites 

relative to CQS incubated at lower drug, yet substantially fewer CQR parasites were 

killed at this higher dose, relative to CQS treated at the lower. This appears to contradict 

the idea that CQR is due to reduced CQ accumulation. Moreover, at 400 nM CQex, CQS 
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parasites accumulate to 55 µM [CQ]in and 2/3 of the parasites are killed, whereas at 1.2 

µM CQex, CQR parasites accumulate to 65 µM yet only 1/3 are killed (3,78). 

That is, it was suspected that CQR parasites may accumulate more drug yet still 

show CQRCT.  

To analyze this in depth accumulation of 3H-CQ over a wide range of [CQ]ex for 

both  HB3 and Dd2 parasites were quantified. Fig. 6.2A shows raw data, whereas panels 

6.2B and 6.2C show calculated Cellular Accumulation Ratio (CAR) for each strain and 

∆CAR (HB3 CAR/Dd2 CAR). Data similar to that in Fig. 6.2 can be found in many 

previous publications (e.g.(27,57,68,78,86)), but with a few exceptions they are 

obtained at only one fixed [CQ]ex. To our knowledge, this is the first measurement of 

CAR (Fig. 6.2B) and ∆CAR (Fig. 6.2C inset) over this wide of a [CQ]ex range using 

data from a consistent set of assay conditions in one laboratory.  The data show that 

CAR is lower for CQR parasites at all values and that ∆CAR remains relatively constant 

over 3 orders of magnitude of [CQ]ex. Scatter plots of CQS CAR, CQR CAR and 

∆CAR, from many experiments published earlier by many different laboratories are 

shown in Fig. 6.1, and demonstrate that data in Fig. 6.2 lie well within the range 

reported earlier. 
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A B 

Figure 6.2.  Summary of HB3 and Dd2 Cellular Accumulation. (A) Internal CQ 
concentrations for synchronized HB3 ( ) and Dd2 ( ) iRBC incubated in varying 
external 3H-CQ concentrations. (B) Cellular Accumulation Ratio (CAR) was calculated 
from the [CQ]in to the [CQ]ex for each strain at each concentration. (Inset) CAR was 
calculated from the ratio of HB3 CAR to Dd2 CAR ( ). 

Knowing [CQ]in vs [CQ]ex, CS (Fig. 6.3A,C, closed symbols) and CT (Fig. 

6.3B,D, open symbols) data for CQS (circles) and CQR (triangles) parasites vs. external 

(A,B) and internal (C,D) levels of drug were compared. As shown earlier (3) CQR 

parasites are resistant via both assays.  When growth or survival are plotted vs internal 

[CQ] it is clear that CQ pharmacology differs for CQS vs CQR parasites. Meaning, the 

CT dose effect curves have conspicuously different slope for CQS (circles) vs CQR 

(triangles) parasites (~2-fold different, cf. Fig 6.3D).  In C and D, shown are multiple x 

axes that denote [CQ]in for CQS (circles) and CQR (triangles) parasites (top x axis) and 

then the [CQ]ex at which these plateau [CQ]in are obtained for CQS (middle x axis) and 

CQR (bottom x axis) parasites. 
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Figure 6.3.  Parasite sensitivity to CS and CT effect of CQ.  (A) The sensitivity of HB3 
( ) and Dd2 ( ) parasites to the CS effect of CQ was measured in a growth inhibition 
assay with varying incubating [CQ]ex after 65 h of continuous drug exposure. (B) The 
CT effect of CQ was measured as survival of HB3 ( ) and Dd2 ( ) parasites at 65 h 
after a 2 h bolus exposure at the late trophozoite stage with different [CQ]ex. Growth 
inhibition due to CS (C), or survival due to CT (D) and CQin is shown with multiple x-
axes that denote the [CQ]ex at which [CQ]in were obtained (calculated from Fig.6.2A 
and [CQ]in). 
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Since CS assays require several days of growth in the presence of drug, it is 

difficult to extrapolate plateau [CQ]in to what is present intracellularly days later. Also, 

the [CQ]in differences at a given level of CQS vs CQR parasite growth  are relatively 

small. However, the plateau [CQ]in we measure correspond precisely to [CQ]in used in 

the CT assay (3) so direct comparison between CQS vs CQR parasite CQ toxicity at a 

given [CQ]in is possible.  

Clearly then, CQR parasites can accumulate more drug yet still show CQRCT. 

For example, 40% of CQR parasites with [CQ]in= 325 µM  survive once the drug is 

washed away (3) whereas only 10% of CQS parasites with [CQ]in = 125 µM survive 

(Fig. 6.3D).  

Even if reduced CQ accumulation is interpreted to be the explanation for CQRCS 

at low levels of drug, reduced cellular accumulation is not necessarily the explanation 

for resistance to CQRCT. However, since a chief target for CQ is heme within the DV, at 

high doses of CQ used in shorter term exposure cytotoxicity assays, perhaps relatively 

less CQ is still found within the DV for CQR parasites due to drug transport by PfCRT 

(64,78,81). That is, perhaps “effective dose” at the site of action is still reduced. To test 

this, measurements were done to obtain DV concentrations of a recently validated 

fluorescent CQ reporter (NBD-CQ; see (78,81) using rapid SDCM z sectioning for live 

parasites under perfusion (3). In parallel to similar cellular accumulation, Dd2 parasites 

perfused with 750 nM NBD-CQ accumulate similar drug probe within the DV relative 
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to HB3 parasites perfused with 250 nM (Fig. 6.4G, left set of panels for HB3 and right 

set of panels for Dd2). 
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Figure 6.4.  NBD-CQ accumulation in the DV via SDCM. DIC (A), fluorescence (B), 
and fluorescence overlay (C) images in HB3 (left) and Dd2 (right) parasites. HB3 cells 
were perfused with 250 nM NBD-CQ in gas-balanced HBSS while Dd2 cells were 
perfused with 750 nM NBD-CQ. X-, y-, z-axes in (B) correspond to the same axes in 
(D-F) and show 3-D reconstruction of fluorescence from the z-sections. (G) Internal 
NBD-CQ in HB3 and Dd2 DV was calibrated as in [Cabrera Biochemistry 2009] and 
represents the mean of from >15 parasites (error bars were calculated from the standard 
error of the mean). Scale bar= 1µm. 

6.3  Discussion 

Targeting cell cycle regulatory proteins leads to cytostatic effects, whereas 

promoting apoptotic or necrotic pathways is the basis of cytotoxicity. The initial 

distinction between static vs toxic effects is made by comparing low dose continuous 

drug exposure (via a growth inhibition assay to determine IC50) to high(er) dose bolus 

exposure (via a cytostatic or cytocidal assay to determine LD50). For tumor cells, clear 

molecular markers for distinguishing between cytostasis vs cytotoxicity are available. 

For malarial parasites, only one previous laboratory study that distinguishes cytostastic 

vs cytocidal drug effects (94) had been found, even though discussion of this is 

relatively common in the clinical malaria literature (95,96). We can only speculate as to 

why this essential distinction has not been emphasized at all when studying CQR 

pathways, but perhaps it is related to the fact that current cytocidal assays for malarial 

parasites are enormously tedious, time consuming, and relatively expensive (3,94).  

Induction of apoptosis in malarial parasites is a controversial topic (98,99) and 

no agreed upon quantification of apoptotic death is available (100-102). Direct 

quantification of necrotic death is essentially impossible in merozoite red cell culture 
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since necrotized cells disappear from culture. Our laboratory has quantified cytotoxic 

effects of CQ for live malarial parasites by eliminating cytostatic effects as an 

explanation for reduced propagation following bolus administration of CQ (3). 

Although extremely tedious, this allowed us to conclude that a 1 - 2 h bolus dose of 750 

nM CQ is not at all cytotoxic to CQR (strain Dd2) parasites, but that the CQ LD50 is 

250 nM for CQS (HB3) parasites. Here, I show that at 750 nM external 3H-CQ, Dd2 

parasites accumulate the same amount of drug relative to that accumulated by HB3 

incubated at 250 nM drug. Using a validated fluorescent CQ probe (78,81) and fast 4D 

imaging via SDCM (see (3)), intra-DV accumulation is shown to be the same as well. 

This leads to the surprising yet simple conclusion that CQR parasites do not need to 

accumulate less CQ in order to show CQRCT. Further inspection of the data show that 

CQR parasites can even accumulate more drug relative to CQS and still exhibit CQRCT.  

I propose that a full understanding of the CQR mechanism requires careful comparison 

of CQ accumulation at higher (plasma) levels and that comparing accumulation at only 

one fixed, sub-IC50 dose can be misleading. 

Peak plasma [CQ] is frequently ≥1 µM but is also variable among malaria 

patients. Individuals infected with either CQS or CQR parasites may achieve several 

fold different plasma concentration of CQ (e.g. 400 nM vs 1.2 µM). It is imperative 

then to recognize that this could be the circumstance under which resistance to CQ 

evolved. That is, variable CQ toxicity pressure, not only variable CQ growth inhibitory 

pressure, could have contributed to the emergence of CQR (see also (95)). If this notion 



   

 174

is entertained, then elucidating the mechanism that confers CQRCT is at least as relevant 

for circumventing CQR in the field, relative to the mechanism that confers CQRCS. 

Reduced drug accumulation may be central to CQRCS, but it is not the explanation for 

CQRCT. For the past 20 years, have we been studying all that is particularly relevant? 

 Based on the results of this study, a proposal on the distinction between the 

molecular details of CQRCS vs CQRCT is essential.  I predict this will uncover additional 

CQ targets that may or may not reside within the parasite DV. Indeed, previously (3) 

work previously done in our laboratory found that schizonts (wherein DV metabolism 

of heme to hemozoin has stopped) are nearly as susceptible to CQ cytotoxicity as are 

trophozoites with active DV heme metabolism. If additional, non-DV, non-heme targets 

are indeed relevant for CQ toxicity, then non-DV mediated mechanisms of resistance 

must be relevant for CQRCT. 
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CHAPTER 7  CONCLUSIONS 

Excerpts reproduced in part with permission from:  

[Cabrera, M., Natarajan, J., Paguio, M. F., Wolf, C., Urbach, J. S., and Roepe, P. D. 

(2009) Chloroquine transport in Plasmodium falciparum I: influx and efflux kinetics for 

live trophozoite parasites using a novel fluorescent chloroquine probe, Biochemistry 48, 

9471-9481].  Copyright 2009 (78) American Chemical Society.    

[Paguio, M. F., Cabrera, M., and Roepe, P. D. (2009) Chloroquine Transport in 

Plasmodium falciparum II: Analysis of PfCRT Mediated Drug Transport Using 

Proteoliposomes and a Fluorescent Chloroquine Probe, Biochemistry 48, 9482-9491].  

Copyright 2009 (81) American Chemical Society.     

[Cabrera, M., Paguio, M. F., Xie, C. and Roepe, P. D. (2009) Reduced Digestive 

Vacuolar Accumulation is Not Linked to Resistance to Chloroquine Biochemistry, in 

press].  Unpublished work copyright 2009 (92) American Chemical Society. 
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Unlike the rest of the data in the literature where radioloabeled drug flux was 

measured by fast-filtration methods that collect data “point-wise” for populations of 

parasites at low kinetic resolution, this work obtained rates of influx and efflux (rate 

constants and initial rates) in real time by utilizing SCP methods specifically designed 

to collect fluorescence intensity vs time in live intact individual parasites in RBCs.  The 

experiments allowed for continuous monitoring of fluorescence changes in the DV of 

the parasite while under continuous physiologic buffering by perfusion which also 

allowed for instantaneous analysis of the changes in the parasites DV as the perfusate 

conditions were changed.   

NBD-CQ, as the CQ probe, was shown to be as toxic as CQ to P. falciparum 

parasites using the Sybr Green assay.  Perfusion experiments via SDCM also showed 

that the probe localized with Hz in the parasite DV.  As has been described in Chapter 

5.2, this is the first study to show physiologic CQ (or NBD-CQ) concentrations 

localizing to the DV, as predicted by weak-base partitioning of a weak base such as CQ.   

In sum, this work is the first to show a significantly reduced accumulation rate 

constant of CQ accumulation in the DV of CQR parasites relative to CQS.  The 

significance of this cannot be emphasized enough because rate constants, unlike initial 

rates which are dependent on reduced amplitude values (amplitude corresponds to 

concentration), are independent of the concentration of the probe and report the net 

molecular movement of the probe across the DV membrane.  The reduced accumulation 

rate constant for CQR parasites is proposed to be due to the sum of at least two 
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processes, one of which has been shown to be ATP (perhaps DV pH) dependent 

binding, and the other as CQR isoform PfCRT-mediated outward efflux.  The latter was 

not shown conclusively in this study but collaborative work done with Michelle Paguio 

in our laboratory (81) with purified reconstituted PfCRT enabled measurements of 

NBD-CQ turnover numbers (in the outward efflux) mediated by PfCRT (see Fig. 7.1 

below and Ph.D. thesis “Biochemical and Biophysical Analysis of Recombinant 

Malaria Protein Plasmodium falciparum Chloroquine Resistance Transporter (PfCRT)” 

by Michelle Paguio).   

 

Figure 7.1. PfCRT-mediated NBD-CQ turnover in outward efflux. (Left) HB3 (black 
bars) and Dd2 (gray bars) PL preloaded with 5 µM NBD-CQ gave similar turnover 
numbers under different conditions denoted on the x-axis.  (Right) NBD-CQ efflux in 
HB3 ( ) and Dd2 ( ) PL in the absence (dashed-dotted lines), presence of 1 unit 
(dashed lines), or 2 units (dotted lines) ∆pH gradient was linear over the range of 
concentrations used, as well as in the presence of ∆Ψ+ (solid lines).Turnover numbers 
were calculated by dividing the initial rate of efflux by the number of PfCRT-his 
molecules in a given PL preparations, which was calculated via quantitative 
densitometry.  Reprinted with permission from American Chemical Society: 
Biochemistry (81), copyright 2009. 
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Figure 7.1 points out several important conclusions for how PfCRT mediates 

turnover numbers.  In PLs preloaded with 5 µM NBD-CQ, the same turnover numbers 

are measured for HB3 and Dd2 isoforms when neither a ∆pH nor a ∆Ψ was present 

across the PL membrane (Fig. 7.1, left side).    The presence of a one unit ∆pH 

increased turnover to 0.83 and 0.80 NBD-CQ/PfCRT/sec for HB3 and Dd2 PL, 

respectively.  This suggests that when the magnitude of DV ∆pH is the same, the rate of 

efflux of CQ via PfCRT is similar for either CQS or CQR parasites.  This is seen when 

a 2 unit pH gradient increased the turnover number to almost similar values of 1.59 and 

1.61 NBD-CQ/PfCRT/sec, for HB3 and Dd2 PL, respectively (Fig. 7.1, right side).  

This trend also suggests that CQ flux is H+-coupled or electrogenic since the turnover 

increases with increasing ∆pH and ∆Ψ+.  It must be taken into consideration though that 

the DV pH in CQS vs CQR parasites are variable (as described in Chapter 1) and if the 

differences are taken into account (DV pH gradients of ~1.5 units for HB3 and ~2.0 

units for Dd2), the measured turnover numbers do not reflect the actual values for the 

PL.  Therefore, a higher ∆pH and/or ∆Ψ for CQR DV membranes in some combination, 

may promote higher outward flux of CQ by mutant (CQR associated) PfCRT.  Other 

studies have suggested CQ transport from the CQR DV occurs along with a significant 

H+ leak (103). This would also be explained by higher ∆pH and/or ∆Ψ for CQR DV 

membranes, along with the data in Paguio et al.   
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Quantification of this meaningful but rather low turnover, along with data in 

presented in Chapter 5, suggests that PfCRT-mediated flux cannot be the only 

contributing factor to altered net accumulation of CQ vs. time in CQR parasites. Data 

presented in Chapter 5 as well as from Bray et al. (61,72) clearly indicate a contribution 

that is due to altered binding in CQS vs. CQR parasites. When exposed to drug for 

longer times at lower external dose such that the same total level of drug is accumulated 

vs. CQS parasites, CQR parasites clearly bind progressively lower proportions of the 

drug, such that when zero trans efflux is initiated, more drug leaves the DV (Figure 5.7, 

in Chapter 5). When external drug concentration is raised and incubation time 

shortened, CQS parasites bind less in ATP dependent fashion (see also (57)) such that 

they then behave similar to CQR parasites in efflux assays (Figure 5.7, in Chapter 5).  

This leads to a proposal that the reduced rate constant for drug accumulation into CQR 

DV is due to at least two effects: increased ATP dependent efflux via PfCRT (with ATP 

dependence manifested as ATP dependence for ∆Ψ or ∆pH) and altered ATP dependent 

drug binding.    

Taking all of these data together allowed us to distinguish between detailed 

models for altered CQ accumulation within live CQR parasite DV. The CQS parasite 

DV must accumulate CQ via at least 2 processes: passive influx (Fig. 7.2A, 1) and some 

form(s) of ATP dependent accumulation.  The ATP dependent accumulation could be 

either via an ATP driven transporter (Figure 7.2A, 2) or via rate limiting ATP 

dependent binding to intra DV heme targets (Figure 7.2A, 3), regardless, it is 
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compromised for CQR parasites whereas 1 must remain the same (see also Fig. 5.6E vs. 

F, solid symbols, in Chapter 5). To explain a reduced rate constant for accumulation 

into CQR DV, either 2 could be reduced (Figure 7.2B, denoted “ 2’ ”), or a new 

PfCRT-mediated efflux (Figure 7.2C, labeled “4”) could kinetically compete with 1 and 

2. In either scenario, 3 is altered (Figure 7.2B & C, denoted “ 3’ ”) which further 

contributes to reduced accumulation. If 3 depends critically upon ATP and is rate 

limiting for net accumulation, then the process labeled 2 in Figure 7.2A perhaps reduces 

to process 3 (meaning, no 2 is necessary). We have eliminated the possibility that either 

PfMDR1 (see Table 5.2 in Chapter 5) or CQS (HB3) isoform PfCRT (Fig. 6, Paguio et 

al. Biochemistry 2009) mediates a hypothesized 2’ (Figure 7.2B), thus we favor the 

model shown in Figure 7.2C.  In this model, we predict time, pH, and volume 

dependent binding of drug to various forms of heme is present within the DV as had 

been described in Chapter 1. We envision that net reduced CQ accumulation for CQR 

DV is the sum of reduced binding to heme pools (Figure 7.2C; 3’) as well as increased 

electrochemically driven efflux via mutant PfCRT that is due to a higher 

electrochemical driving force for CQR DV (Figure 7.2C; 4). Both of these processes are 

ATP dependent since cytosolic ATP controls intra DV pH and other parameters central 

to the efficiency of heme to hemozoin conversion and hence the availability of drug 

binding sites (29,32,91), and also controls the magnitude of DV membrane ∆pH and 

∆Ψ  which have large effects on drug efflux mediated by PfCRT.   
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Figure 7.2.  Proposed mechanism for altered CQ transport in CQR P. falciparum. (A) 
CQ transport in CQS parasites is regulated by passive influx (1), an ATP-dependent 
accumulation process (2), and binding to heme (3). (B) While similar passive influx is 
still present in CQR parasites, an ATP-dependent carrier becomes less active (2’) and 
heme binding is altered (3’) due to changes in DV pH and volume. These changes 
explain the reduced net accumulation of CQ associated with the CQR phenotype, 
including altered rate constant for influx shown in Chapter 5. (C) Our data, however, 
support another model wherein CQR parasites harbor no change in ATP dependent 
carrier (similar 2, if it exists), altered binding (3’) and an additional ∆Ψ-dependent 
efflux process (4) mediated by PfCRT.  Reprinted with permission from American 
Chemical Society: Biochemistry (81), copyright 2009. 
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In the midst of my study of the CQ transport literature for the work presented in 

Chapter 5, I was able to compile the data presented in Fig. 6.1 (Chapter 6) which 

encompass reports by various laboratories on reduced CQ accumulation as the basis of 

CQR.  It is true that reduced CQR parasites accumulate less CQ when compared to CQS 

parasites (Fig. 6.1 in Chapter 6), at the same external low CQ concentrations and at the 

same incubating times, however these data were from studies that reported different 

experimental conditions (hematocrit, parasitemia, buffers, incubating CQ 

concentrations, several studies were performed with “nonsaturable accumulation 

subtraction”).  Because of this, it was the initial goal of the work in Chapter 6 to 

measure and confirm the CQ accumulation in CQS and CQR parasites across a range of 

external CQ concentrations that span those cited in the literature, using one set of 

experimental conditions.  It is important to note that the most of the external CQ 

concentrations wherein these studies had focused on were concentrations as low as 1 

nM to as only as high as 100 nM.  These are CQ concentrations that are relevant for 

growth inhibition inhibition assays that are designed as 2-3 day continuous drug 

exposures and measure the cytostatic effect of CQ (how growth of the parasite in 

culture is impeded).  However, these are not the medically relevant concentrations of 

CQ in plasma when the drug is administered to patients (95,96).  This led to several 

provocative questions regarding correlation of CQ accumulation vs the higher range of 

external CQ concentrations linked to drug toxicity.   
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To delineate CQ accumulation and CQ cytostatic effects on parasite growth 

(Fig. 6.2A) vs cytotoxic effects on parasite survival CQ (Fig. 6.2B), correlation of 

growth and survival to CQ accumulation were analyzed (Fig. 6.2 C and D, 

respectively).  There is nothing surprising in the data for parasite growth but as had 

been pointed out in Chapter 6 and Gligorijevic et al. (Table 1.1 in Chapter 1 and (3)),  a 

2 h bolus dose of the drug is toxic to parasites at 10-fold higher IC50 concentrations than 

measured in a growth inhibition assay.  Correlation of these external CQ concentrations 

to accumulated CQ (Fig. 6.2 C and D) showed that CQ pharmacology is different in 

CQS vs CQR parasites.  Furthermore, the simple yet surprising conclusion from these 

data is that CQR parasites can accumulate more drug relative to CQS and still exhibit 

resistance to cytotoxic CQR (or CQRCT vs cytostatic CQR distinction made in Chapter 

6).  These data (internal CQ concentration vs. growth or survival) have not previously 

been shown in the literature. 

  The other studies presented here (Chapters 3 and 4) were embarked upon with 

the goal of further understanding the molecular function of PfCRT.  As described in 

Chapter 4, the endogenous function of PfCRT is still unkown.  However, based on the 

discovery of proteolytic enzymes in the DV that might be capable of producing amino 

acids from Hb digestion (described in Chapter 1) and the structural similarity of CQ to 

basic amino acids as proposed by Zhang et al. in 2004, it seemed to be a simple 

objective to measure the ability of PfCRT to transport basic amino acids.  The data 

showed that PfCRT may capable of transporting the basic amino acid arginine but 
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unlike CQ transport (and reduced CQ accumulated in CQR), the yeast vesicles with 

CQS and CQR PfCRT isoforms accumulate similar amounts of arginine.  Since PfCRT 

is proposed to act as a channel as described early on in this chapter, it is possible that 

PfCRT transports basic amino acids and possibly even other amino acids in vivo in the 

outward direction, and there is no distinction between the results in CQS vs CQR 

parasites simply because arginine is not recognized by the protein as is CQ.    These 

results merit further studies.   

The work done on crosslinking PfCRT was part of an effort to investigate the 

possible dimerization of the protein in its functional state.  It was a project that was not 

optimized completely but shows possibilities for use in future work on determining the 

drug binding site (of CQ or other antimalarial drugs of interest in our group) in other 

transporters involved in quinoline resistance such as PfMDR1 using a photolabeling 

technique reported by Lekostaj et al. (65).   

In conclusion, the work presented here was a successful undertaking in 

understanding CQ transport in individual P. falciparum parasites.  This enabled us to 

propose a model for CQ flux and the contribution of PfCRT to the movement of the 

drug using various novel techniques.  It is the first report that measures real-time 

kinetics of flux in both the inward and outward directions under physiological 

conditions.  With these techniques and custom-designed synthesis of probes, other 

investigators will have the tools to further elucidate the mechanism of resistance of 

other antimalarial drugs. 
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APPENDIX 

Synthetic methods for NBD-CQ Synthesis 

 

NBD-CQ Synthesis (78). 
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General. All reagents and solvents were commercially available and used without 
further purification. Flash chromatography was performed on Kieselgel 60, particle size 
0.032-0.063 mm. NMR spectra were obtained on a 300 MHz (1H-NMR) and 75 MHz 
(13C-NMR) Varian FT-NMR spectrometer using CDCl3 as solvent. Electrospray mass 
spectra (ESI-MS) were collected on a Thermo Finnigan LCQ instrument. Samples were 
dissolved in acetonitrile/water (1:1 v/v) containing 1% acetic acid (1 mg/mL) for MS 
analysis. 

NCl

HN
NH

 
Monodesethylchloroquine (4). Monodesethylchloroquine was synthesized by 
following a procedure reported in the literature.1 1H-NMR (300 MHz, CDCl3) δ = 1.13 
(t, J = 6.9 Hz, 3H), 1.31 (d, J = 6.3 Hz, 3H), 1.50-1.86 (m, 4H), 2.60-2.74 (m, 4H), 3.72 
(m, 1H), 5.52 (bd, J = 5.8 Hz, 1H), 6.39 (d, J = 5.4 Hz, 1H), 7.33 (dd, J = 2.4 Hz, 8.7 
Hz, 1H), 7.69 (d, J = 8.7 Hz, 1H), 7.93 (d, J = 2.4 Hz, 1H), 8.50 (d, J = 5.4 Hz, 1H); 
13C-NMR (75 MHz, CDCl3) δ = 15.0, 19.9, 26.3, 33.9, 44.0, 48.2, 49.1, 98.9, 117.3, 
121.4, 124.7, 128.4, 134.5, 149.1, 149.2, 151.7. 
 

NCl

HN
N

N
H

O

O

 
N-(7-Chloro-4-quinolyl)-N′-ethyl-N′-(N″-t-Boc-aminoethyl)-1,4-diaminopentane 
(5). A mixture of desethylchloroquine 4 (0.34 g, 1.15 mmol, 1 equiv.), N-t-Boc-glycinal 
3 (0.55 g, 3.45 mmol, 3 equiv.) and a catalytic amount of AcOH was stirred in 10 mL of 
methanol at room temperature for 15 minutes (N-t-Boc-glycinal 3 was synthesized 
following a procedure reported in the literature).2 Then, NaCNBH3 (0.22 g, 3.45 mmol, 
3 equiv.) was added and the reaction mixture was heated to reflux overnight. After 
cooling, 1 mL of water was added and methanol was removed in vacuo. The residue 
was dissolved in CH2Cl2 and extracted with saturated NaHCO3. The combined organic 
layers were evaporated under reduced pressure and the residue was purified by flash 
chromatography using MeOH/CH2Cl2 (1:9) as the mobile phase. After gradually 
increasing the concentration of MeOH to 30%, 0.33 g (0.76 mmol, 65% yield) of a 
yellow oil was obtained. 1H-NMR (300 MHz, CDCl3) δ = 1.00 (t, J = 6.9 Hz, 3H), 1.33 
(d, J = 6.3 Hz, 3H), 1.42 (s, 9H), 1.50-1.82 (m, 4H), 2.40-2.62 (m, 6H), 3.16 (m, 2H), 
3.73 (m, 1H), 4.99 (bs, 1H), 5.22 (m, 1H), 6.41 (d, J = 5.4 Hz, 1H), 7.34 (dd, J = 9.0 
Hz, 1.8 Hz, 1H), 7.76 (d, J = 9.0 Hz, 1H), 7.94 (d, J = 1.8 Hz, 1H), 8.49 (d, J = 5.4 Hz, 
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1H); 13C-NMR (75 MHz, CDCl3) δ = 11.3, 20.2, 23.7, 28.3, 34.2, 38.1, 47.4, 48.3, 52.5, 
53.0, 79.1, 99.0, 117.1, 121.2, 125.1, 128.2, 134.9, 148.7, 149.2, 151.4, 156.0. 
 

NCl

HN
N

NH2

 
N-(7-Chloro-4-quinolyl)-N′-ethyl-N′-(N″-aminoethyl)-1,4-diaminopentane (6). To a 
solution of N-(7-chloro-4-quinolyl)-N′-ethyl-N′-(N″-t-Boc-aminoethyl)-1,4-
diaminopentane 5 (0.17 g, 0.39 mmol, 1 equiv.) in MeOH, 2M HCl in Et2O (1.5 mL, 
3.0 mmol, 7.7 equiv.) was added and allowed to stir overnight at room temperature. 
Methanol was removed in vacuo and the residue was dissolved in CH2Cl2, extracted 
with 1N NaOH solution and the combined organic layers were removed under reduced 
pressure. Flash chromatography (2% Et3N/MeOH) gave 0.1 g (0.3 mmol, 78% yield) of 
a yellow oil. 1H-NMR (300 MHz, CDCl3/CD3OD) δ = 0.95 (t, J = 6.9 Hz, 3H), 1.27 (d, 
J = 6.3 Hz, 3H), 1.42-1.76 (m, 4H), 2.35-2.54 (m, 6H), 2.55-2.75 (m, 5H), 3.66 (m, 1H), 
6.36 (d, J = 5.7 Hz, 1H), 7.31 (dd, J = 9.0 Hz, 2.1 Hz, 1H), 7.81 (d, J = 9.0 Hz), 7.84 (d, 
J = 2.1 Hz, 1H), 8.37 (d, J = 5.7 Hz, 1H); 13C-NMR (75 MHz, CDCl3) δ = 11.5, 20.1, 
23.8, 34.0, 39.4, 47.4, 48.1, 53.1, 55.9, 98.9, 117.1, 121.2, 124.7, 128.4, 134.4, 149.0, 
149.1, 151.7. 
 

NCl

HN
N

N
H

O H
N N

ON

NO2

 
N-(7-Chloro-4-quinolyl)-N′-ethyl-N′-(N″-6′-(7-nitro-2,1,3-benzoxadiazol-4-amino) 
hexanamidoethyl-1,4-diaminopentane (1). A mixture N-(7-Chloro-4-quinolyl)-N′-
ethyl-N′-(N″-aminoethyl)-1,4-diaminopentane 6 (0.055 g, 0.164 mmol, 1.28 equiv.) and 
succinimidyl 6-N-[4-(7-nitrobenz-2-oxa-1,3- diazol)]aminohexanoate 7 (0.050 g, 0.128 
mmol, 1 equiv.) in CH2Cl2 were stirred at room temperature for 1 h. The reaction 
mixture was extracted with water and CH2Cl2 and the combined organic layers were 
evaporated under reduced pressure. Flash chromatography (1:1 MeOH/CH2Cl2) gave 
0.066 g (0.11 mmol, 85% yield) of a dark red oil. 1H-NMR (300 MHz, CDCl3) δ = 1.00 
(t, J = 6.9 Hz, 3H), 1.26-1.40 (m, 5H), 1.50-1.80 (m, 8H), 2.02 (t, J = 7.2 Hz, 2H), 2.44-
2.60 (m, 6H), 3.29 (m, 2H), 3.46 (m, 2H), 3.73 (m, 1H), 5.06 (d, J = 7.5 Hz, 1H), 6.05 
(bs, 1H), 6.12 (d, J = 8.7 Hz, 1H), 6.42 (d, J = 5.7 Hz, 1H), 7.34 (dd, J = 9.0 Hz, 2.4 Hz, 
1H), 7.71 (d, J = 9.0 Hz, 1H), 7.91 (d, J = 2.4 Hz, 1H), 8.45 (d, J = 8.7 Hz, 1H), 8.50 (d, 
J = 5.7 Hz, 1H); 13C-NMR (75 MHz, CDCl3) δ = 11.7, 20.6, 24.0, 24.8, 26.5, 28.0, 34.4, 
36.1, 37.1, 43.9, 47.7, 48.6, 52.3, 53.2, 98.8, 99.3, 117.4, 121.4, 123.4, 125.4, 128.6, 
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135.2, 136.9, 144.2, 144.5, 144.7, 149.3, 152.0, 172.9; MS (ESI) m/z calcd for 
C30H39ClN8O4 610.3. Found (M + H)+: 611.2. 
 
 
References:  
1) Ansari, A. M.; Craig, J. C. A Convenient, Short Synthesis of Desthylchloroquine [7-
Chloro-4-(4’-ethylamino-1’-methyl-butylamino)quinoline]. Synthesis 1995, 147-149. 
2) Myers, M. C.; Pokorski, J. K.; Appella D. H. Peptide Nucleic Acids with a Flexible 
Secondary Amine in the Backbone Maintain Oligonucleotide Binding Affinity. Org. 
Lett. 2004, 6, 4699-4702. 

 

NMR Spectra of NBD-CQ and intermediates. 
1H-NMR (300 MHz, CDCl3) and 13C-NMR (75 MHz, CDCl3) of N-(7-chloro-4-
quinolyl)-N′-ethyl-N′-(N″-6′-(7-nitro-2,1,3-benzooxadiazol-4-amino)hexanamidoethyl-
1,4-diaminopentane (1) 
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HPLC analysis of N-(7-chloro-4-quinolyl)-N′-ethyl-N′-(N″-6′-(7-nitro-2,1,3-
benzooxadiazol-4-amino)hexanamidoethyl-1,4-diaminopentane (1). 
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Conditions: C18 column (YMC-ODS-AQ), mobile phase: 20% acetonitrile, 70% water 
containing 0.1% trifluoroacetic acid, injection volume: 20 µl, concentration: 0.5 
mg/mL, UV detection: 254 nm, flow rate: 1 mL/min. 
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Conditions: Nucleosil NH2 column (Alltech applied science), mobile phase: 80% 
acetonitrile, 20% water containing 0.1% trifluoroacetic acid, injection volume: 10 µl, 
concentration: 0.5 mg/mL, UV detection: 254 nm, flow rate: 1 mL/min. 
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