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ABSTRACT 

Plasmodium falciparum degrades hemoglobin releasing toxic ferriprotoporphyrin 

IX (FPIX) within the digestive vacuole (DV). Unlike the host, it lacks FPIX degrading 

enzymes. Consequently, it has adapted an alternative detoxification pathway, FPIX 

crystallization into non-toxic hemozoin (Hz). The antiplasmodial activity of quinolines 

is partially due to inhibition of this process. However, molecular-level understanding of 

this mechanism and how it is presumably altered in drug resistant parasites remains 

elusive. 

Herein, I present evidence to further aid in elucidating the mechanism of action of 

quinoline antimalarials. First, using rationally designed quinoline analogs, I illustrate 

that predicted accumulation at their site of action, the DV, is essential for their 

antiplasmodial activity and can be enhanced through specific structural modifications.  

Secondly, owing to the ability of quinolines to inhibit Hz crystallization in vivo, I 

methodically explore different factors affecting this crystallization process in vitro. I 

develop a novel high throughput beta-hematin growth assay that mimics physiologic 

conditions, which is an improvement over current conventional assays. My findings 

show that lipids and pH are crucial for crystallization efficiency and crystal growth 
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inhibitory activity for quinolines. There are currently contradicting views regarding 

possible correlation between antiplasmodial activity and Hz growth inhibition for these 

drugs. Using a large set of common and candidate quinoline antimalarial drugs and this 

assay, I provide evidence supporting a weak correlation between these two parameters 

for both chloroquine sensitive and resistant strains. 

Finally, limited reports are currently available on drug-substrate interaction and 

structural modification for quinoline methanols. I perform a comprehensive structure-

function study of quinine demonstrating that the hydroxyl functionality and a rigidly 

positioned nitrogen are vital to its activity. Based on extensive analyses of an isolated 

quinine-FPIX adduct formed under aqueous conditions, I propose a novel quinine-heme 

binding model. This model envisions that the hydroxyl oxygen and the iron center of 

heme associate via a non-covalent electrostatic interaction aided by hydrogen bonding 

between the hydroxyl proton and the quinuclidyl nitrogen. 

Collectively, this work provides additional insight into the mechanism of action of 

quinoline antimalarial drugs, and should therefore aid in the future design of efficacious 

new therapies for drug resistant malaria. 

 
 
  



 v 

      ACKNOWLEDGEMENTS 

While this dissertation ultimately represents my accomplishments it benefited 

significantly from insights, input and the direction of multiple people that I desire to 

acknowledge. First and foremost, my influential mentor, Dr. Paul D. Roepe, whose 

unique scientific passion and extensive knowledge I strongly admire and will always 

aspire to achieve. His patience, daily guidance and support have helped nurture and 

develop me to what I am today. His influence will always be a guide as I venture out on 

my own to tackle challenging scientific problems. 

My sincere gratitude also goes to Dr. Angel C. de Dios for his expert advice, 

contribution and assistance in performing NMR experiments which proved to be an 

important part of this dissertation. I also wish to thank Dr. Christian Wolf for his expert 

synthetic chemistry advice, allowing me to learn synthetic techniques and for the use of 

analytical instruments in his laboratory upon commencing and throughout my graduate 

training. Finally, I thank Dr. Judith F. Rubinson for insightful suggestions on my 

dissertation and for being part of my thesis committee. 

I wish to also acknowledge several Roepe lab alumni especially Dr. Bojana 

Gligorijevic who took me under her wings and so intently trained me on different 

aspects of culturing and imaging malarial parasites. My dear friend Dr. Jayakumar K. 

Natarajan from whom I learnt different aspects of synthesis, purification and 

characterization of organic compounds which turned out to be of key value in this 

dissertation and also for synthesizing some of the compounds used in my research. My 



 vi

good friend Dr. Chang’an Xie, your comments and suggestions to my research were 

highly appreciated. 

This dissertation also greatly benefitted from the work of Dr. Kekeli Ekoue-Kovi, 

Dr. Kimberly Y. Spangler and Daniel P. Iwaniuk, all from the Wolf lab, who 

synthesized most of the compounds used in my studies and presented in this 

dissertation. Dr. Leah B. Casabianca for performing some of the solution NMR 

experiments and obtaining the solid state 13C-NMR spectra while based at the 

Department of Chemistry, University of Illinois at Chicago, Illinois, Chicago.  

Thanks to my unique undergraduate honors students; Katherine B. Nickley (’09), 

Jonathan P. Brower (’09), Erica Comstock (REU, ’09) and Vaishali Amin (’07) for their 

endurance, obedience and diligence while working side by side with me in the various 

research projects I undertook during my graduate training. I truly appreciate your hard 

work and contribution to this dissertation. 

I would like to also thank the current Roepe lab members; Dr. Grace Ostera, Dr. 

Michelle F. Paguio, Perri Pleeter, Kelly Bogle, Alexander Gorka, David Gaviria, 

Nicholas Baro, Mashal Sultani, Jacqueline McCabe for day to day help and support.  

Finally, I would like to sincerely thank Georgetown University and the NIH for 

financial support which allowed me to successfully complete my Ph.D program. 

  



 vii

 

 

 

 

 

 

DEDICATION 

To My Family  

I could not have achieved my goals without your support and encouragement 

  



 viii

TABLE OF CONTENTS 

 

Page 

ABSTRACT ............................................................................................................. iii 

ACKNOWLEDGEMENTS ........................................................................................ v 

DEDICATION ......................................................................................................... vii 

TABLE OF CONTENTS ........................................................................................ viii 

LIST OF FIGURES.................................................................................................. xii 

LIST OF TABLES ....................................................................................................xv 

LIST OF SCHEMES .............................................................................................. xvii 

LIST OF ABBREVIATIONS ................................................................................ xviii 

 

CHAPTER 1: GENERAL BACKGROUND .......................................................... 1 

1.1 Understanding Malaria; History & Distribution .................................................... 1 
1.2 Plasmodium falciparum Life Cycle ...................................................................... 4 
1.3 Physiology of the Malaria Parasite ........................................................................ 6 

1.3.1 Parasite Anatomy ......................................................................................... 6 
1.3.2 Hemoglobin Uptake and Degradation .......................................................... 8 
1.3.3 Deleterious Effects of FPIX ......................................................................... 9 
1.3.4 FPIX Detoxification via Hz Crystallization .................................................14 

1.4 Classification of Antimalarial Chemotherapeutic Agents ....................................  15 
1.4.1 Classification by Biological Activity ...........................................................15 
1.4.2 Structural Classification ..............................................................................18 

1.5 Quinoline Antimalarial Drugs: Mode of Action against Plasmodia ......................20 
1.6 Resistance to Quinoline Based Antimalarial Drugs ..............................................21 



 ix

 
 

1.6.1 CQ Resistance ............................................................................................22 
1.6.1.1 Mechanism of CQR ...........................................................................22 
1.6.1.2 Molecular Basis of CQR ....................................................................23 

1.6.2 QN Resistance ............................................................................................23 
1.7 Perspective & Study Objectives ...........................................................................24 
 
 
CHAPTER 2: MATERIALS & METHODS .........................................................26 

2.1 Material ...............................................................................................................26 
2.2 Methods ..............................................................................................................27 

2.2.1 Synthesis ....................................................................................................27 
2.2.1.1 General Methods & Procedures ..........................................................28 
2.2.1.2 Synthesis of the 4-S-diethyl 7-Chloroquinoline Derivatives ................28 
2.2.1.3 Synthesis of Quinine Derivatives........................................................33 

2.2.2 Cell Culture ................................................................................................38 
2.2.3 Antiplasmodial Growth inhibitory Assay ....................................................39 
2.2.4 β-hematin Growth Inhibitory Assay ............................................................40 

2.2.4.1 Conventional Tube Assay...................................................................40 
2.1.4.2 High Throughput β-hematin Growth Assay ........................................42 

2.2.5 Magnetic Susceptibility Measurements .......................................................43 
2.2.6 Inversion Recovery & Distance Geometry Calculations ..............................45 
2.2.7 Drug – Heme Solution NMR Studies with Zinc Protoporphyrin IX .............46 
2.2.8 Drug – Heme Affinity Measurements .........................................................47 

2.2.8.1 Affinity Measurements Vs Monomeric Heme ....................................47 
2.2.8.2 Affinity Measurements Vs µ-oxo Dimeric Heme................................48 

2.2.9 Vacuolar Accumulation Ratio (VAR) Determination ..................................48 
2.2.10 pKa Determination ....................................................................................49 
2.2.11 Mass Spectroscopy Analyses ....................................................................49 
2.2.12 Infrared Spectroscopy Analyses ................................................................50 
2.2.13 Fluorescence Analyses ..............................................................................50 
2.2.14 Solid State 13C-NMR Analyses .................................................................51 

  



 x 

 

CHAPTER 3: NEW INSIGHTS ON THE STRUCTURE-FUNCTION 

PRINCIPLES OF 7-CHLOROQUINOLINE ANALOGS ....................................52 

3.1 Background .........................................................................................................52 
3.2 Results ................................................................................................................55 
3.3 Discussion ...........................................................................................................66 
 

CHAPTER 4: ADDITION OF BASIC FUNCTIONALITIES TO 

QUINOLINES REVERSES THE CQR TRAIT ....................................................73 

4.1 Background .........................................................................................................73 
4.2 Results ................................................................................................................75 
4.3 Discussion ...........................................................................................................80 
 

CHAPTER 5: CORRELATION BETWEEN THE ANTIPLASMODIAL AND 

IN VITRO ββββ-HEMATIN GROWTH INHIBITORYACTIVITIES FOR 7-

CHLOROQUINOLINE ANALOGS ......................................................................83 

5.1 Background .........................................................................................................83 
5.2 Results ................................................................................................................86 
5.3 Discussion ...........................................................................................................98 
 

CHAPTER 6: QUININE – FPIX INTERACTION AT MOLECULAR 

LEVEL................................................................................................................... 105 

6.1 Background ....................................................................................................... 105 
6.2 Results .............................................................................................................. 109 
6.3 Discussion ......................................................................................................... 126 
  



 xi

 

CHAPTER 7: CONCLUSIONS ........................................................................... 136 

BIBLIOGRAPHY ................................................................................................. 143 

APPENDIX A: Rights and Permissions ............................................................... 157 

  



 xii

LIST OF FIGURES 

Figure           Page 

Figure 1.1 The malaria vector; the female anopheles mosquito ................................... 1 
 
Figure 1.2 Global distribution and estimated incidences of malaria per 1000 

population 2 
 
Figure 1.3 Global distribution and severity of P. falciparum malaria as of 2006 ......... 3 
 
Figure 1.4 Complete life cycle of the malaria parasite ................................................ 5 
 
Figure 1.5 Cartoon representation of an infected RBC illustrating the important 

features of the malaria parasite ................................................................ 7 
 
Figure 1.6 Flow chart illustrating the Hb degradation process ....................................10 
 
Figure 1.7 Detoxification of FPIX via the heme oxygenase pathway .........................11 
 
Figure 1.8 Detoxification of FPIX via crystallization .................................................13 
 
Figure 1.9 Common antimalarial drugs ......................................................................17 
 
Figure 3.1 pH dependent occurrence of CQ species in aqueous media .......................53 
 
Figure 3.2A Structures of drug − µ-oxo dimer complexes derived from distance 

geometry calculations using Fe(III)-drug (1H) distance restraints from 
relaxation measurements ......................................................................61 

 
Figure 3.3B As described in figure 3.2A, but top view ..............................................62 
 
Figure 3.3 Proposed structure for a drug − µ-oxo dimer complex, in which the drug 

has a branched side chain .........................................................................65 
 
Figure 3.4 Structures of the 4-Amino, 4-Alkoxy and 4-Alkylthioquinoline 

derivatives used in this study ...............................................................66 
 



 xiii

Figure 3.5 Antiplasmodial growth inhibitory IC50 trends for the 4-Amino, 4-Alkoxy 
and 4-Alkylthioquinoline CQ derivatives .................................................69 

 
Figure 4.1 General structure of the linear dibasic 4-O- and the linear tribasic 4-N-

CQ derivatives .........................................................................................74 
 
Figure 4.2 Structures of the 4-N- linear and branched tribasic analogs (24-47) & the 

4-O-linear dibasic analogs (48-51) ...........................................................80 
 
Figure 5.1 Effect of SDS on the absorbance of heme .................................................87 
 
Figure 5.2 Catalyst Optimization ...............................................................................89 
 
Figure 5.3  pH dependent kinetics for the production of β-hematin ............................91 
 
Figure 5.4A Structures of common quinoline antimalarial drugs................................93 
 
Figure 5.4B Effect of pH on the β-hematin growth inhibitory activity of common 

antimalarial drugs .................................................................................94 
 
Figure 5.6 Structures of the compounds used to investigate the correlation between 

the antiplasmodial activities and the in vitro BHIA ..................................95 
 
Figure 5.5 Correlation between the in vitro β-hematin inhibitory activities (BHIA) 

and the antiplasmodial activities for selected heme targeted antimalarial 
drugs ........................................................................................................97 

 
Figure 5.7 Comparison of the activities for the mono-, di- and tribasic CQ 

derivatives ............................................................................................98 
 
Figure 5.8 Correlation between the in vitro BHIA and the antiplasmodial activities 

for common antimalarials as observed by Dorn et al .............................. 101 
 
Figure 5.9 Correlation between the in vitro BHIA and the antiplasmodial activities 

for 4-aminoquinoline analogs as observed by Kaschula et al .................. 102 
 
Figure 6.1 Magnetic moment per iron vs pH for 4 mM hemin chloride dissolved 

in 40% DMSO-d6/D2O ........................................................................ 109 



 xiv

 
 
Figure 6.2  Fraction of monomer (based on measured magnetic moments per iron) 

vs pH: (■) no CQ, (□) 100µM CQ, (∆) 500µM CQ, (x) 1µM CQ, (◊) 
2µM CQ, (♦) 10µM CQ ...................................................................... 110 

 
Figure 6.3 Structures of the quinoline methanols used in my analyses including  . 112 
 
Figure 6.4 Drug - heme affinity studies ................................................................ 116 
 
Figure 6.5 Structures of the test compounds used for NMR analyses .................... 119 
 
Figure 6.6 Fluorescence spectra ........................................................................... 120 
 
Figure 6.7  Mass spectrum of the ‘QN - heme adduct’ .......................................... 122 
 
Figure 6.8 IR Spectral Overlay............................................................................. 123 
 
Figure 6.9  Solid state 13C CP-MAS NMR Spectra ................................................ 124 
 
Figure 6.10 The proposed ‘QN-heme’ binding model ............................................ 125 
 
Figure 6.11A Schematic representation of a ‘linear pathway’ for the Hz 

crystallization process ......................................................................... 127 
 
Figure 6.11B Schematic representation of a ‘circular pathway’ for the Hz 

crystallization process ......................................................................... 128 
 
Figure 6.12 Proposed effect of CQ on the ‘linear’ Hz crystallization process ......... 130 
 
Figure 6.13 Proposed effect of QN on the ‘linear’ Hz crystallization process ......... 131 
 
Figure 6.14 Effect of CQ & QN on the ‘circular’ Hz crystallization process ........... 133 
 

  



 xv

 

LIST OF TABLES 

Table           Page 

Table 3.1 The antiplasmodial growth inhibitory activities for the 4-Amino, 4-
Alkoxy and 4-Alkylthioquinoline derivatives ........................................... 58 

 
Table 3.2 Calculated and measured pKas for representative compounds ................... 59 
 
Table 3.3 Calculated Vacuolar Accumulation Ratios (VAR) for CQ and compounds 

8, 13, 18 & 22. ......................................................................................... 59 
 
Table 3.4 Measured binding constants for monomeric heme (pH 3.9) and µ-oxo 

dimeric heme (pH 7.5) for CQ and Compounds 8, 13, 18 & 22. ............... 60 
 
Table 3.5 Measured hemozoin (Hz) inhibition IC50s (µM) for CQ and compounds 

8, 13, 18 & 22. ......................................................................................... 63 
 
Table 4.1 Antiplasmodial growth inhibitory activities for compounds 24-37 against 

HB3, GCO3, Dd2 & FCB ........................................................................ 76 
 
Table 4.2 Antiplasmodial growth inhibitory activities for compounds 38-51 against 

HB3 and Dd2 ........................................................................................... 79 
 
Table 5.1 Initial rates of β-hematin production ......................................................... 92 
 
Table 5.2 BHIA IC50 at pH 5.2 for the common antimalarials in the presence of PC, 

pMAG and sMAG.. ................................................................................. 92 
 
Table 6.1  Calculated physicochemical properties for QN, QD and QN analogs 

under investigation ................................................................................. 113 
 
Table 6.2 Antiplasmodial activities against two QNS strains (GCO3, HB3) and 

two QNR strains (Dd2, 7G8) .................................................................. 114 
 
Table 6.3  In vitro β-hematin growth inhibitory activities (BHIA)........................... 115 



 xvi

 
 

 

Table 6.4  Drug-heme affinity coefficients .............................................................. 117 
 
Table 6.5 Changes in the chemical shifts for the quinoline protons in the presence 

and absence of heme (ZnPIX) and the measured magnetic moments (µ) 
for FPIX in the presence of the corresponding drug ................................ 118 



 xvii

LIST OF SCHEMES 

 
Scheme          Page 

Scheme 2.1  Synthesis of 4-S-7-chloroquinoline derivatives ...................................... 29 
 
Scheme 2.2 Synthesis of dehydroxy-quinine (DHQN) .............................................. 33 
 
Scheme 2.3 Synthesis of dequiniclidyl-quinine (DQQN) and deamino-dequiniclidyl-

quinine (DADQQN) ............................................................................ 35 



 xviii

LIST OF ABBREVIATIONS 

ART - Artemisinin; ACTs - Artemisinin combination therapy; AQ - Amodiaquine; 

BHIA - β-hematin Inhibitory Activity; CM - Complete media; CN – Cinchonine; CQ - 

Chloroquine; CQR - Chloroquine Resistant; CQS - Chloroquine Sensitive; DADQQN - 

Deamino-dequinuclidylquinine; DHQN - Dehydroxyquinine; DQQN - 

Dequinuclidylquinine; DV - Digestive Vacuole; DVPH - Steady state digestive vacuolar 

pH; FPIX - Iron Protoporphyrin IX; ZnPIX - Zinc Protoporphyrin IX; Hb - 

Hemoglobin; HF - Halofantrine; HRP - Histidine Rich Proteins; HT Dimer - Head-to-

Tail Dimer; HTA - Heme Targeted Antimalarials; Hz - Hemozoin; IC50 - Inhibitory 

Concentration at 50% growth Relative to controls; IM - Incomplete media; IR - 

Infrared; K - Kelvin; Ka - Affinity Coefficient; MQ - Mefloquine; MS - Mass 

Spectroscopy; NMR - Nuclear Magnetic Resonance; PC - Phosphatidylcholine; PfCRT 

- Plasmodium falciparum chloroquine resistance transporter; PfMDR - Plasmodium 

falciparum multi drug resistance protein 1; PfNHE - Plasmodium falciparum Sodium 

proton exchanger; PPM – Parasite plasma membrane; PVM - Parasitophorous vacuolar 

membrane; QD - Quinidine; QN - Quinine; QNR - Quinine Resistant; QNS - Quinine 

Sensitive; RBC - Red blood cell; iRBC - Infected red blood cell; ROS - Reactive 

Oxygen Species; SDS - Sodium dodecyl sulfate; SI - Selectivity Index; SNP - Single 

Nucleotide Polymorphisms; T - Temperature; TLC - Thin Layer Chromatography; VAR 

- Vacuolar Accumulation Ratio; VPL - Verapamil.  



 1 

CHAPTER 1 

GENERAL BACKGROUND 

1.1 UNDERSTANDING MALARIA; HISTORY & GLOBAL 

DISTRIBUTION 

Malaria is an infectious disease caused by a blood-borne protozoan of the genus 

Plasmodium (P) and is transmitted by the female Anopheles mosquito (fig 1.1). This 

genus belongs to the phylum Apicomplexa that includes parasites with a 

unique/specialized organelle, the apical complex, which enables parasites to invade 

their targeted host cells. Among the more than 120 species from the genus Plasmodium 

five are currently known to infect humans: P. falciparum, P. vivax, P. malariae, P. 

knowelsi and P. ovale.  

 

Fig 1.1. The malaria vector; the female anopheles 

mosquito (reproduced without permission from 

www.sprojects.mmi.mcgill.ca). 

 

Ancient Chinese medical reports document typical malaria symptoms back to about 

2700 BC [1]. Centuries later in 1847, Meckel, a German physician, discovered large 

amounts of dark colored spots which he named ‘melanin’ from the blood, liver and 

spleen of a patient deemed insane but could not link this strange phenomenon to malaria 

[2]. A proposal that such a link existed was put forth in 1849 by Rudolf Virchow [3]. 
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Initially, it was believed that this pigment was produced by the body as an immune 

response to the infection. However, in 1880 Charles Laveran, a French army physician, 

established the missing link between this pigment and the protozoan parasite responsible 

while examining freshly stained blood from a malaria infected patient [4]. This finding 

established the pigment now known as ‘hemozoin’ (Hz) as a key feature and it is used 

decades later by pathologists to diagnose this disease. 

 

 

Fig 1.2.  Global distribution and estimated incidences of malaria per 1000 population. 

(Reproduced with permission from ref. 5)  

 

At present, malaria remains one of the most dreaded infectious diseases afflicting 

millions of people worldwide. Once believed to be endemic only within the ‘tropic and 



 3 

less developed sub-tropical regions’, malaria continues to persist as a real and eminent 

health problem for the rest of the world as an ‘imported disease’ owing greatly to 

transmission by returning travelers and/or immigrants from endemic regions (fig 1.2). 

The current regional localization of malaria infections proves that this disease is now 

pandemic and that stringent steps need to be taken for us to have a chance of controlling 

and/or eradicating this disease.  

 

Fig 1.3. Global distribution and severity of P. falciparum malaria as of 2006 

(Reproduced with permission from ref. 5)  

 

According to the Center for Disease Control there are currently an estimated 300 - 

500 million clinical cases of malaria, with approximately 1 million fatalities occurring 

annually. These statistics clearly indicate the urgency required to curb this menacing 
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disease. Of the five species known to afflict humans, P. falciparum causes the most 

severe form of human malaria and results in a majority of the reported fatalities 

worldwide. Global distribution of this species (fig 1.3) illustrates the enormous task and 

effort needed to tackle its effects on the human population. Evidently, although not 

directly affected, travelers from the developed regions of the world such as North 

America, and most of Europe are still at risk. The economic, political disruption as well 

as humanitarian costs involved motivates the involvement these nations towards global 

eradication of malaria. 

 

1.2 PLASMODIUM FALCIPARUM LIFE CYCLE 

 The complex life cycle [1] of the malaria parasite P. falciparum incorporates 

three sub-cycles, one occurring in the vector, and two in the human host (fig 1.4). In the 

former, also known as the sporogonic cycle, male and female gametocytes undergo 

sexual reproduction in the belly of the mosquito leading to the formation of ookinetes 

which further develop into oocysts. These oocysts containing sporozoites mature and 

rupture releasing schizonts that are stored safely within the salivary glands of the host.  

Transmission then commences following a blood meal by an infected female 

Anopheles mosquito on an uninfected human. Sporozoites are injected into the host 

which then travel via the blood stream and invade liver hepatocytes to commence their 

second cycle; the exo-erythrocytic cycle. This cycle usually lasts about 14 days during 

which the sporozoites develop, mature and undergo exo-erythrocytic schizogony which 
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eventually leads to rupture releasing merozoites into the hosts’ blood stream. This 

marks the commencement of the erythrocytic cycle where the released merozoites 

invade the hosts’ red blood cells (RBCs). As we shall see later, this cycle is of great 

importance to antimalarial drug discovery since most of the known antimalarials, 

including quinolines, exhibit their antiplasmodial activity within this cycle. 

 

 

Fig 1.4.  Complete life cycle of the malaria parasite (reproduced without permission 

from ref. 1). 
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The erythrocytic cycle is marked by distinct development stages of the malaria 

parasite as the parasite undergoes intraerythrocytic schizogony. Following invasion the 

merozoites develop into the ‘ring’ stage which lasts about 16 h and then develops 

further into the ‘trophozoite’ stage. During this stage the parasite develops an acidic 

compartment; the digestive vacuole (DV), within which it actively degrades the host 

RBCs hemoglobin (see details in section 1.3.2) for nutrients while undergoing 

transformation from an ‘early’ to a ‘mid’ and eventually a ‘late’ or ‘mature’ trophozoite. 

At the end of this stage, usually lasting about 16-32 h, the parasite divides asexually 

realizing between 8 - 32 merozoites encapsulated as schizonts. This stage lasts about 8 h 

after which the schizont ruptures releasing the merozoites into the hosts’ bloodstream. 

These merozoites then proceed to invade new RBC host cells. This event generally 

triggers typical immune responses including recurrent fever approximately every 48 h 

followed by chills concurrent with the rupture-invasion events. However, the most 

severe symptoms of malaria result from anemia due to erythrocyte invasion and cerebral 

malaria resulting from adhering, rossetting and occlusion of the small capillaries within 

the brain.  

 

1.3 PHYSIOLOGY OF THE MALARIA PARASITE 

1.3.1 PARASITE ANATOMY  

The parasitic features described in this section are those most relevant to this 

dissertation. At the trophozoite development stage, the malaria parasite contains two 
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external membranes, the outer parasitophorous vacuolar membrane (PVM) and the 

inner parasite plasma membrane (PPM) with a parasitophorous space enclosed between 

them [fig 1.5]. The PPM then encloses the cytoplasm which contains all the cellular 

organelles. Most importantly, at least to this dissertation, the cytoplasm houses 

numerous small specialized lysosomes that degrade and transport Hb from the RBC 

cytosol to a centralized acidic compartment known as the DV, where additional 

degradation continues. It is important to recognize that this model represents only one 

mechanism of Hb transport to the DV. Additional mechanisms of Hb ingestion also 

exist including the big gulp, phagotrophy or formation of cytostomes from the parasite 

membrane to the DV [6] (see details in the next section). 

            

Fig 1.5. Cartoon representation of an infected RBC illustrating the important features of 

the malaria parasite (described in this dissertation). RPM – RBC plasma membrane, 

RCy – RBC cytosol, PVM - parasitophorous vacuolar membrane (outer), PPM – 

parasite plasma membrane (inner), PCy – parasite cytoplasm, DVM – digestive vacuole 

membrane, DV – digestive vacuole.  
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1.3.2 HEMOGLOBIN UPTAKE & DEGRADATION  

Hemoglobin (Hb) is a tetrameric protein consisting of four globular protein subunits 

(2α and 2β subunits) and four heme prosthetic groups tethered to each sub-unit. This 

protein occupies the majority of the RBC volume and is near 5 mM within the RBC 

cytosol. Following invasion the parasite ingests and degrades Hb not only to acquire 

nutrients but also to create space necessary for its growth and development. The 

mechanism of Hb uptake by the malaria parasite is an essential feature of its biology 

and is still a subject of debate. However, using electron micrograph imagery, Elliot et 

al. [6] have illustrated four possible distinct pathways that could be involved in the 

uptake process. The first primarily involves the early ring stage where, due to 

morphological changes, the parasite ‘folds-up’ forming a cup-like shape that seals off at 

the end in the process, enclosing large volumes of the RBC cytosol. This phenomenon 

results in a double membrane bound vacuole and has been termed the ‘Big Gulp’. A 

second process vaguely mimics the classical endocytosis process where small 

endosomes formed at the membrane of the parasite transport and deposit their Hb load 

to a centralized lysosome, the DV. The third process termed phagotrophy resembles the 

‘Big Gulp’. However, unlike the latter process which occurs only once in the ring stage, 

phagotrophy occurs repeatedly in the late-trophozoite and schizont stages [6]. The final 

process occurs in the late trophozoite stage and involves the formation of long double 

membrane bound tubular ‘channels’. These ‘channels or cytostomes’ emanate from the 

parasites membrane, veer into its cytoplasm, and bud off at the cytosolically disposed 



 9 

terminal to give rise to vesicles containing Hb. Hb ingestion from the RBC cytosol to 

the DV of the parasite is thus achieved and eventually leads to catabolism. 

Degradation of Hb proceeds upon ingestion by the malaria parasite. Initially, 

plasmepsin I, an aspartic protease, cleaves the Phe33-Leu34 peptide bond on the 

α−globin chain of native Hb [7]. This initial cleavage renders the tetrameric protein 

accessible to additional aspartic and histoaspartic proteases which cleave it into globin 

sub-units [fig 1.6]. One path leads to the formation of toxic heme and its crystallization 

into the inert crystal hemozoin. The other path leads to the formation of small peptides, 

di-peptides and free amino acids. These units are further broken down by cysteine 

proteases into smaller peptides which eventually undergo proteolysis by amino 

peptidases to give rise to free amino acid supplements for the parasite. Noteworthy, Hb 

degradation is marked with the release of millimolar quantities of toxic FPIX which 

exists only transiently within the digestive vacuole (DV) of the parasite [10,11]. 

 

1.3.3 DELETERIOUS EFFECTS OF FPIX 

FPIX toxicity arises either directly or indirectly from a number of factors. On one 

end FPIX has been shown to result in direct RBC membrane lyses upon incubation with 

uninfected RBCs [8]. On the other hand FPIX toxicity occurs indirectly via the 

generation and/or its interaction with reactive oxygen species (ROS) emanating from 

various redox reactions within the cell. Generation of these ROS results in oxidative 

stress with a number of repercussions including DNA damage, membrane lipid 
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peroxidation and protein carbonylation all of which ultimately lead to cell death [9]. 

Thus, to sustain life the malaria parasite and host alike have to eliminate the threat 

posed by free FPIX. 

 

 

 

 

Fig 1.6. Flow chart illustrating the Hb degradation process.  
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Within the human host, FPIX is degraded through the heme oxygenase pathway. 

This pathway (fig 1.7) involves the transformation of a molecule of FPIX to biliverdin 

through the action of heme oxygenase which cleaves FPIX at the α-methene bridge of 

the porphyrin ring system in the presence of oxygen and electrons donated by the 

NADPH-Cytochrome P450 reductase. Carbon monoxide (CO), water (H2O) and free 

iron II (Fe2+) are released as by-products during this process. Biliverdin reductase then 

converts biliverdin to bilirubin by reducing the double bond between the second and 

third pyrrole rings (see arrow fig 1.7) [12-14]. This process enables the host to 

neutralize the toxic effects of FPIX. 

 

 

 

Fig 1.7. Detoxification of FPIX via the heme oxygenase pathway. 
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Unlike the host, the malaria parasite lacks the heme oxygenase detoxification 

pathway. To circumvent this deficiency, the parasite maintains low concentrations of 

toxic FPIX via alternative mechanisms including; i) sequestestration into the inert, non 

toxic crystal; hemozoin (Hz) [15,16], ii) neutralization of the resulting oxidative 

damage by the glutathione mediate pathway [17], iii) acid promoted aggregation to non-

crystalline aggregates [18], iv) possibly neutralization by histidine rich proteins (HRPs) 

[19].  The process involving FPIX detoxification via crystallization has become a viable 

target for antimalarial chemotherapy upon realization that quinoline antimalarials such 

as chloroquine (CQ) bind to different pre-crystalline forms of FPIX, inhibiting this 

process [20,21]. Thus, numerous studies have been directed at further investigating this 

phenomenon in vitro. 
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Fig 1.8. Detoxification of FPIX via crystallization. Detailed discussion in chapter 7.  
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1.3.4 FPIX DETOXIFICATION VIA Hz CRYSTALLIZATION 

While not completely understood, the process of Hz formation is a phenomenon of 

mesmerizing complexity involving transition between different heme species (fig 1.8). 

In solution, heme exists as either the monomeric, dimeric or aggregated non-crystalline 

form. The relative abundance of these different species is largely governed by the nature 

of the medium. For example, µ-oxo dimeric heme species dominate under more alkaline 

conditions while the monomeric form dominates under mildly acidic conditions [22]. 

Understanding the natural abundance and biological properties of these species is 

crucial towards illuminating the Hz crystallization process. 

The head-to-tail dimer is the immediate precursor for the crystallization process. 

Close examination of the Hz crystal reveals head-to-tail dimer units conjoined via 

hydrogen bonding between the free propionic acid moieties fig 1.8 [23]. The exact 

mechanism of Hz formation is still an intriguing mystery under investigation. However, 

as earlier mentioned, it is generally agreed that this is the primary pathway through 

which the malaria parasite detoxifies free heme. The discovery of a structural mimic of 

authentic Hz, synthetic β-hematin [23], proved to be important in the malaria field as it 

opened an avenue for further studies on this unique process in vitro. Through the years 

research geared towards elucidating the mechanism of action of heme targeted 

antimalarials has exploited this discovery in an effort to quantify quinoline inhibition of 

Hz formation in vitro. This practice has traditionally been viewed as one way (perhaps a 

faster and less expensive way) to quantify and predict drug activities in vivo [20,24,25]. 
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Currently, there is a surge to develop ways and means of achieving this more efficiently 

as the need to rapidly screen novel drug candidates rises.   

 

1.4 CLASSIFICATION OF ANTIMALARIAL 

CHEMOTHERAPEUTIC AGENTS  

 Classification of malarial chemotherapeutic agents is largely based on either 

their biological activity or chemical structure.  

 

1.4.1 CLASSIFICATION BY BIOLOGICAL ACTIVITY 

In this case classification of candidate drugs is strictly based on the stage in which 

they exhibit their potency within the parasites life cycle. It separately grades groups of 

drugs that target schizonts, gametocytes and/or other development stages within the host 

and vector alike. There are broadly five major categories under this classification [1,26]. 

i) Blood Schizontocides: As the name suggests this category of drugs exhibit their 

antiplasmodial activity in the erythrocytic stage and therefore prevent expansion of 

malaria infections. The most common members of this class include artemisinin (ART) 

and its derivatives, CQ, quinine (QN), mefloquine (MQ), halofantrine (Hf), 

pyrimethamine and sulfadoxine. 

ii) Prophylactic Tissue Schizontocides: These candidates primarily act against the 

liver forms of Plasmodium occurring prior to the erythrocytic stage. These drugs are 

highly essential since they could prevent the onset and development thereafter of 
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clinical infections. Primaquine (PQ) and to some extent pyrimethamine are believed to 

act at this development stage. 

iii) Relapse Preventing Tissue Schizontocides: These drugs (for example 

primaquine) act by targeting the dormozoites of P vivax and P. ovale within host liver 

cells that would characteristically lead to the relapse of malaria symptoms and 

regeneration of the disease. 

iv) Gametocytocides: These antimalarial drugs target the sexual forms of the 

parasite in the blood thereby preventing transmission of the infection to the mosquito. 

CQ and QN possess gametocytocidal activity against P vivax and P. malariae while 

ART has activity against P. falciparum. On the other hand, primaquine possesses 

gametocytocidal activity against all Plasmodia, including P. falciparum. 

v) Sporontocides: Since sporozoites are linked to the mosquito section of the life 

cycle, this group of antimalarial drugs target and cease growth and/or development of 

the oocysts within the mosquito there by preventing transmission. Primaquine and 

chloroguanide are known to exhibit this potential. 
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Fig 1.9. Common antimalarial drugs. The different classes include quinolines, 

sesquiterpene endoperoxides, acridines, antifolates, aromatic alcohols and other classes 

of antimalarial drugs. 
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1.4.2 STRUCTURAL CLASSIFICATION 

Structural classification is based on the similarities between the chemical structures 

of drugs. In some cases (but not all), these similarities may link a group of drugs to a 

common mode of action. Below are the four major classes of antimalarial drugs. 

i) Quinolines: for decades this class of antimalarial drugs has been the 

mainstay for antimalarial chemotherapy. In fact the first drug used to treat 

malaria, quinine, belongs to this group of antimalarials. Members of this 

category contain a quinoline ring as their basic pharmacophore with 

substituents at various positions on this ring system. Members in this 

category are believed to target the asexual stages of P. falciparum. Since the 

work done in this dissertation is solely based on quinolines, a more detailed 

discussion on their proposed modes of action is presented in section 1.5. 

ii) Endoperoxides: this group, also known as the sesquiterpene endoperoxides, 

possesses an endoperoxide bridge that is believed to be the center of their 

antiplasmodial activity. Currently, members of this group are being actively 

used to treat malaria as part of the antimalarial combination therapy (ACT) 

strategy set to prevent the onset of resistance to these potent compounds. 

The proposed modes of action for these antimalarials includes activation of 

the peroxide bridge by Fe2+ from heme or free Fe2+ which then alkylates 

heme inhibiting Hz crystal growth or results in the alkylation of essential 

parasite proteins [27,28]. Artemisinins have also been shown to inhibit the 
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activity of the sarcoplasmic reticulum Ca2+ transporting ATPAses (SERCA) 

in malarial parasites which interferes with parasite development [29]. On the 

other hand a member of this group, artesunate, has been shown to block 

purine synthesis thereby inhibiting action of cytochrome oxydase and DNA 

synthesis [30]. Members of this group include artemisinin and its derivatives 

artemether, dihydroartemisinin and artesunate. 

iii) Naphthoquinones: This subclass contains a naphthalene ring system with 

two ketones at any position. Such compounds may or may not possess 

additional ring substitutents. A good example of a member of this sub-

category is atovaquone (Fig 1.9). This drug is known to selectively inhibit 

the electron transport in the parasites’ mitochondrion without interfering 

with that of the host [31,32]. 

iv) Acridines and Acridones: these are structural mimics of anthracene whose 

main pharmacophore contains three fused aromatic rings. Acridines contain 

a nitrogen group at position one in the middle ring while, in addition to this 

amino functionality, acridones contain a ketone at position nine in the central 

ring. Quinacrine (mepacrine) is a good example of the acridines which has 

been proposed to act via a similar mechanism to CQ [9]. Similarly, synthetic 

acridones have recently been shown to target the Hz biosynthetic pathway 

[33] suggesting that their mode of action is similar to that of CQ. 
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1.5 QUINOLINE ANTIMALARIAL DRUGS: PROPOSED MODE 

OF ACTION AGAINST PLASMODIA  

As mentioned earlier this class of antimalarials contains a quinoline ring as the basic 

pharmacophore. Members of this group differ by the position and type of substituent(s) 

on this ring. In general members of this class are considered to be weak bases with 

some being diprotic, for example CQ and AQ, or effectively monoprotic under 

biological conditions, for example PQ, MQ, QN and QD. As we shall see later the basic 

nature of the molecule in question plays an important role in its activity both in vitro 

and in vivo. In this section, I will review their hypothesized mode of action on the basis 

of their structural classification. At this point it is important to remember that the life 

cycle of Plasmodia species is divided into sections with the mosquito and the human 

serving as hosts at a defined time during this cycle. Further, P. vivax and P. ovale 

produce both primary tissue schizonts and the hypnozoite which eventually leads to 

secondary tissue schizonts and ‘relapse’ of malaria. This is not the case with P. 

falciparum and P. malariae which produce only primary tissue schizonts [34]. 

Quinoline antimalarials are broadly classified into the following major sub-categories: 

a) 4-Aminoquinolines: structurally this sub-category contains an amino 

functionality attached at position 4 of the quinoline ring as an identifying 

factor. Due to their structural nature this class of compounds is believed to 

exhibit their antimalarial mode of action by targeting the heme-

detoxification pathway (described above). By blocking this pathway these 
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compounds ensure the accumulation of toxic FPIX to high concentrations 

which eventually results in parasite death. Members of this class include CQ 

and AQ. 

i) 8-Aminoquinolines: Unlike the previous group this sub-category possesses a 

tethered side chain and an amino functionality at the 8th position on the 

quinoline ring. Unlike the 4-aminoquinolines this compounds are not as 

active at inhibiting Hz formation. Moreover studies have shown that these 

compounds act in the liver stage of the malarial parasites life cycle [35].  A 

well known member of this group, PQ, is used for preventing ‘relapse’ of 

malaria [36].  

b) Quinoline methanols: as their name suggests members of this group contain 

alcohol functionalities within their structure. Some members of this class, 

such as QN and QD, are believed to exhibit their antimalarial activity by 

inhibiting the heme detoxification pathway. Others such as MQ (although 

highly potent) are not as efficient at inhibiting this process and are believed 

to possess alternative, yet to be defined, modes of action. 

 

1.6 RESISTANCE TO QUINOLINE BASED ANTIMALARIAL 

DRUGS  

While quinoline antimalarials have been used for decades as the first line of defense 

against malaria, resistance to most drugs in this classification has already been reported 



 22

to various degrees within malaria endemic regions. In this section, I will mainly focus in 

describing what is currently known with regard to resistance towards CQ and QN. 

 

1.6.1 CQ RESISTANCE (CQR) 

1.6.1.1 Mechanism of CQR 

Following a period of about 20 years in use, CQ resistant strains were first 

documented in 1957 near the Thai-Cambodian border in SE Asia [37]. Thereafter, 

sporadic cases of CQR infections were reported in South America in 1960 and 

eventually in Africa around 1978 [38,39]. These occurrences are believed to have 

developed independent of each other. In general, it is currently accepted that CQR 

parasites accumulate less CQ within the DV than CQS parasites [40,41]. This 

observation has been hypothesized to be due to a reduction in the number, affinity or 

accessibility of drug substrate within the resistant parasites [40]. Reports have also 

shown that the resistant parasites possess a lower DVpH than the sensitive parasites [42-

44]. These parasites are mainly characterized by at least a 10 fold increase in growth 

inhibitory CQ concentrations (IC50s) relative to CQS parasites as well as verapamil 

reversibility [42-44]. Thus, with all these changes, weak base partitioning alone cannot 

explain the observed reduction in CQ accumulation for the CQR strains. While the 

mechanism of resistance is not completely understood, occurrence of a proposed drug 

transporter may possibly explain the lowered DV accumulation [45,46]. On the other 
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hand, CQ could be passively leaking out of the DV possibly due to lack of substrate 

binding resulting from physiologic changes such as pH [47]. 

 

1.6.1.2 Molecular Basis of CQR 

Previously, it had been assumed that key mutations and/or overexpression of the 

candidate genes P. falciparum multi-drug resistance (pfmdr1) and pfcg2, were directly 

associated with CQ resistance [48-50]. However, this observation was later refuted 

following the discovery of a different gene within a 36 kb segment of chromosome 7, 

named the pfcrt gene, from progeny of a genetic cross between HB3 (CQS) and Dd2 

(CQR) parasites [51]. This gene encodes a 424 amino acid protein, P. falciparum 

chloroquine resistance transporter (PfCRT) predicted to have 10 transmembrane 

domains and is localized within the DV membrane of the parasite [51]. Importantly, a 

key mutation at position 76 in this protein (K76T) has been shown to segregate 

perfectly with the CQR phenotype [52,53]. However, it is also evident that additional 

mutations are necessary but not sufficient to confer CQ resistance [53]. 

 

1.6.2 QN RESISTANCE (QNR) 

Although QN has severe side effects it is still recommended for treatment of severe 

and uncomplicated malaria especially in pregnant women [54]. Little is known about 

QNR since it is a relatively new phenomenon. Unlike CQR, the QNR phenotype is not 

as distinct from the QNS phenotype with regards to the measured differences in the 
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IC50s. QNR is associated with several genes including pfcrt (chromosome 7), pfmdr1 

(chromosome 5) and a putative P. falciparum sodium proton exchanger (pfnhe-1) [55]. 

In general, overexpression and single nucleotide polymorphysisms (SNPs) in the 

PfMDR1 protein have been implicated in the occurrence of the QNR phenotype [56-

58]. Similarly, SNPs on PfCRT [55] as well as elevated cytosolic pH resulting from 

increased PfNHE activity have also been observed in QNR phenotypes and are believed 

to be associated with the QNR phenomenon [59]. 

 

1.7 PERSPECTIVE & STUDY OBJECTIVES 

The observed resistance to current quinoline-based antimalarial drugs coupled with 

the emerging resistance to the most effective antimalarial drugs currently in use, the 

artemisinins, increases the need to develop alternative therapeutic agents. Furthermore, 

the lack of an effective malaria vaccine further emphasizes the above conclusion. 

Although artemisinin combination therapies (ACTs) are still highly effective, given the 

dynamic nature of the parasite genetics, it is only a matter of time before an onset of 

resistance to this mode of therapy. In addition, the global distribution of clinical cases of 

malaria and the high cost of administering ACTs calls for the development of more 

affordable alternative antimalarial drugs. 

With these observations in mind, I have endeavored to study the different structure-

function based principles for quinoline antimalarial drugs with an overall objective of 

designing novel compounds that evade the CQR mechanism. In the first two chapters, I 
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present structure - function studies of 7-chloroquinoline analogs based on the 

chloroquine pharmacophore while paying close attention to previous studies on the 

same topic. After designing and developing these candidates it is essential to screen the 

activity of these agents rapidly and in a manner that mimics physiologic conditions so 

as to more accurately predict the activities of these compounds in vivo. I have thus 

developed a more physiologic in vitro assay for screening the ability of drugs to inhibit 

Hz crystallization. Finally, as I have mentioned before, little has been done towards 

defining the specific molecular mode of action or substrate interaction for QN. As such, 

I present perhaps the first direct study that utilized QN analogs to study different 

structure-function aspects of QN activity directed at gaining more insight on this 

subject. 
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CHAPTER 2 

MATERIALS & METHODS 

2.1 MATERIALS 

All reagents and organic solvents were purchased from Sigma-Aldrich (St. Louis, 

MO) unless otherwise stipulated. Commercially obtained solvents and reagents were 

utilized without further purification. 1-Monopalmitin (pMAG) and 1-Monostearin 

(sMAG) were purchased from Doosan-Serdary Research Laboratories (Toronto, 

Canada).  Propionic acid, sodium propionate, anhydrous sodium sulfate, clear 

polystyrene flat bottom 96 well plates, sterile tissue culture flat bottom 96 well plates 

were purchased from Fisher Scientific (Newark, DE). 1,2-Diolyl-rac-glycerol (18:1, cis 

9) (DO), 1,2-dipalmitoyl-sn-glycerol-3-PC (DG) and 1,2-Dioctanoyl-sn-glycerol-3-PC 

(DT) were purchased from Avanti Polar Lipids Inc. (Alabaster, AL). Sodium dodecyl 

sulfate was purchased from Bio-Rad laboratories (Hercules, CA). Hemin was purchased 

from Fluka (Buchs, Switzerland). Zinc protoporphyrin IX was purchased from Frontier 

Scientific (Logan, Utah). D2O and DMSO-d6 were purchased from Cambridge Isotope 

Laboratories Inc. (Andover, MA). Iodoethane was purchased from Acros Organics 

(Geel, Belgium). 
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2.2 METHODS 

2.2.1 SYNTHESIS 

Syntheses of all the compounds described in this section are described in 

manuscripts in preparation or are previously published (see below). Most of the 

compounds used in my studies were synthesized by my colleagues in Dr. Christian 

Wolfs’ laboratory as specifically indicated in the relevant sub-sections. 

 

Natarajan, J. K., Alumasa, J. N., Yearick, K., Ekoue-Kovi, K. A., Casabianca, L. B., de 

Dios, A. C., Wolf, C., Roepe, P. D. 4-N-, 4-S-, and 4-O-chloroquine analogues: 

influence of side chain length and quinolyl nitrogen pKa on activity vs. chloroquine 

resistant malaria. J. Med. Chem. 2008, 51, 3466-79. Reproduced in part with permission 

from the American Chemical Society, Washington, DC, USA. Copyright © 2008 

American Chemical Society. 

 

To be submitted as: 

Alumasa, J. N., Gorka, A. P., Casabianca, L. B., Comstock, E., Wolf, C., de Dios, A. C., 

Roepe, P. D. The Hydroxyl Functionality & a Rigidly Positioned Nitrogen are Essential 

for Quinines’ Activity. To be submitted 2010. 
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2.2.1.1 General Methods & Procedures 

Compound purification was performed by flash chromatography on Kieselgel 60, 

particle size 0.032-0.063 mm. 1H and 13C -NMR spectra were obtained on a 300 MHz 

(1H NMR) and 75 MHz (13C NMR) Varian FT-NMR spectrometer using CDCl3 as 

solvent unless indicated otherwise. The purity of all products was verified by two 

orthogonal HPLC methods with ODS-AQ and Nucleosil NH2 columns. Electrospray 

mass spectra (ESI-MS) were collected on a Thermo Finnigan LCQ mass spectrometer. 

Electrospray mass spectra (ESI-MS) were collected on a Thermo Finnigan LCQ 

instrument. 

 

2.2.1.2 Synthesis of 4-S-diethyl 7-Chloroquinoline Derivatives 

I synthesized this series published in Natarajan et al. 2008. 

S-(7-chloro-4-quinolyl)-2-(N,N-diethylamino)ethanethiol, 16 [60,61,62]: A solution 

of 1M potassium t-butoxide in t-butyl alcohol (6.0 mL, 6.0 mmol, 1.2 equiv.) was 

heated to 40°C and 2-(diethylamino)ethanethiol (0.9 g, 6.0 mmol, 1.2 equiv.) was added 

drop wise . This mixture was refluxed under nitrogen for 5 minutes. A solution of 4,7-

dichloroquinoline (1.0 g, 5.0 mmol, 1 equiv.) in ether was then added drop wise over a 

period of 10 minutes. The mixture was refluxed for an additional 12 h, cooled to room 

temperature and then filtered. Excess solvent was removed in vacuo and the yellow 

residue was purified by flash chromatography using CH2Cl2/MeOH/Et3N (9:0.8:0.2 v/v) 

as the mobile phase to give a yellow oil (1.3 g, 4.4 mmol, 89% yield). 1H-NMR (CDCl3) 
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δ = 1.05 (t, J = 7.2 Hz, 6H), 2.61 (q, J = 7.2 Hz, 4H),  2.83 (t, J = 6.6 Hz, 2H),  3.19 (t, J 

= 6.6 Hz, 2H), 7.17 (d, J = 5.1 Hz, 1H), 7.46 (dd, J = 2.1 Hz, 9.9 Hz, 1H), 8.0-8.1 (m, 

2H), 8.68 (d, J = 5.1 Hz, 1H); 13C-NMR (75 MHz, CDCl3) δ= 29.9, 36.8, 51.3, 52.6, 

116.2, 125.3, 125.3, 127.3, 129.1, 135.8, 148.2, 148.4, 150.4.  

 

Scheme 2.3. Synthesis of 4-S-7-chloroquinoline derivatives 

 

7-Chloroquinolyl-4-thiol [63]: A solution of 4,7-dichloroquinoline (3.0 g, 15.0 mmol, 

1 equiv.) in 100 mL of EtOH was heated to 50 °C and thiourea (1.15 g, 15.0 mmol, 1 

equiv.) was added at once. This mixture was shaken vigorously for 3 minutes and then 

left to cool slowly to room temperature. The white solid was filtered off, dissolved in 

water and Na2CO3 was added. A yellow–orange precipitate formed which was then 
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filtered off and dissolved in 0.2 M NaOH solution. An insoluble solid, 7,7'-dichloro-

4,4'-diquinolylsulfide, was filtered off. The filtrate was acidified with acetic acid to give 

2.64 g of yellow crystals (13.5 mmol, 60% yield). 1H-NMR (300 MHz, DMSO-d6) δ= 

1.91 (s, 1H), 7.28 (d, J = 6.6 Hz, 1H), 7.48 (dd, J = 2.1 Hz, 9.0 Hz, 1H), 7.70 (d, J = 2.1 

Hz, 1H), 7.88 (d, J = 6.6 Hz, 1H), 8.65 (d, J = 8.7 Hz, 1H); 13C-NMR (75 MHz, 

DMSO-d6) δ= 119.4, 125.4, 126.5, 131.5, 131.8, 135.0,  137.4, 137.7, 193.0. 

 

Representative procedure for the synthesis of S-(7-chloro-4-quinolyl)-n-(N,N-

diethylamino)alkanethiols. 

A mixture of 7-chloroquinolyl-4-thiol (0.8 g, 4.1 mmol, 1 equiv.) and KOH (0.11 g, 4.1 

mmol, 1 equiv.) in dry CH3CN was stirred at 25° C under inert atmosphere. 1,3-

Dibromopropane (0.42 mL, 4.1 mmol, 1 equiv.) was added drop wise  and the mixture 

was stirred at room temperature for 12 h. N,N-Diisopropylethylamine (0.7 mL, 4.1 

mmol, 1 equiv.) followed by diethylamine (2.13 mL, 20.5 mmol, 5 equiv.) were added 

drop wise and the reaction was stirred for an additional 12 h. The reaction mixture was 

concentrated in vacuo, diluted with water (15.0 mL), and extracted with EtOAc. The 

combined organic layers were dried over anhydrous MgSO4 and the solvents were 

removed under reduced pressure to give a light yellow oil. Purification was performed 

by flash chromatography using EtOAc/hexane/Et3N (7:2.9:0.1 v/v) as the mobile phase 

to yield a yellow oil (0.8 g, 2.6 mmol, 64% yield). 
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S-(7-Chloro-4-quinolyl)-3-(N,N-diethylamino)propanethiol, 17 [61]: 1H-NMR (300 

MHz, CDCl3) δ = 1.11 (t, J = 7.1 Hz, 6H), 1.95-2.07 (m, 2H), 2.55-2.76 (m, 6H), 3.18 

(t, J = 6.9 Hz, 2H), 7.17 (d, J = 5.1 Hz, 1H), 7.51 (dd, J = 2.1 Hz, 9.0 Hz, 1H), 8.05-

8.09 (m, 2H), 8.72 (d, J = 5.1 Hz, 1H); 13C-NMR (75 MHz, CDCl3) δ= 11.6, 25.8, 29.2, 

47.2, 51.7,  116.3, 125.2, 127.4, 129.1, 135.8, 148.1, 148.2, 150.5. 

S-(7-Chloro-4-quinolyl)-4-(N,N-diethylamino)butanethiol, 18 [61]: Employing 0.78 

g (4.0 mmol) of 7-chloroquinolyl-4-thiol and 0.5 ml (4.0 mmol) of 1,4-dibromobutane 

in the procedure described above and purification by flash chromatography using 

EtOAc/hexane/Et3N (7:2.9:0.1 v/v) as the mobile phase gave a yellow oil (0.91 g, 2.8 

mmol, 69% yield). 1H-NMR (300 MHz, CDCl3) δ = 1.04 (t, J = 7.0 Hz, 6H), 1.62-1.76 

(m, 2H), 1.78-1.92 (m, 2H), 2.45-2.60 (m, 6H), 3.14 (t, J = 7.4 Hz, 2H), 7.20 (d, J = 5.1 

Hz, 1H), 7.50 (dd, J = 2.3 Hz, 8.9 Hz, 1H), 8.02-8.10 (m, 2H), 8.71 (d, J = 5.1 Hz, 1H); 

13C-NMR (75 MHz, CDCl3) δ= 11.9, 26.8, 26.9, 31.3, 47.0, 52.4, 116.2, 125.2, 127.3, 

129.1, 135.8, 148.2, 148.5, 150.4. 

S-(7-Chloro-4-quinolyl)-5-(N,N-diethylamino)pentanethiol, 19. Employing 0.78 g 

(4.0 mmol) of 7-chloroquinolyl-4-thiol and 0.55 ml (4.0 mmol) of 1,5-dibromopentane 

in the procedure described above and purification by flash chromatography using 

EtOAc/hexane/Et3N (7:2.9:0.1 v/v) as the mobile phase gave a yellow oil (0.81 g, 2.4 

mmol, 59% yield). 1H-NMR (300 MHz, CDCl3) δ = 1.13 (t, J = 7.2 Hz, 6H), 1.50-1.70 

(m, 4H), 1.80-2.0 (m, 2H), 2.50-2.80 (m, 6H), 3.14 (t, J = 7.2 Hz, 2H), 7.18 (d, J = 4.8 

Hz, 1H), 7.51 (dd, J = 1.5 Hz, 9.0 Hz, 1H), 8.00-8.10 (m, 2H), 8.72 (d, J = 4.8 Hz, 1H); 
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13C-NMR (75 MHz, CDCl3) δ= 11.7, 26.8, 27.3, 28,4, 31.4, 47.1, 52.9, 116.2, 125.3, 

127.4, 129.1, 135.8, 148.3, 148.5, 150.5; MS (ESI) m/z calcd for C18H25ClN2S 336.1. 

Found (M + H)+: 337.1. 

S-(7-Chloro-4-quinolyl)-6-(N,N-diethylamino)hexanethiol, 20. Employing 0.78 g 

(4.0 mmol) of 7-chloroquinolyl-4-thiol and 0.6 ml (4.0 mmol) of 1,6-dibromohexane in 

the procedure described above and purification by flash chromatography using 

EtOAc/hexane/Et3N (7:2.9:0.1 v/v) as the mobile phase gave a yellow oil (1.02 g, 2.9 

mmol, 71% yield). 1H-NMR (300 MHz, CDCl3) δ = 1.11 (t, J = 7.2 Hz, 6H), 1.30-1.50 

(m, 2H), 1.50-1.70 (m, 4H), 1.75-1.95 (m, 2H), 2.54 (t, J = 7.4 Hz, 2H), 2.66 (q, J = 7.2 

Hz, 4H), 3.12 (t, J = 7.4 Hz, 2H), 7.18 (d, J = 4.8 Hz, 1H), 7.51 (dd, J = 2.0 Hz, 8.9 Hz, 

1H), 8.04-8.12 (m, 2H), 8.72 (d, J = 4.8 Hz, 1H); 13C-NMR (75 MHz, CDCl3) δ= 13.3, 

28.4, 29.6, 30.7, 31.4, 33.7, 49.4, 55.0, 118.6, 127.7, 129.7, 131.4, 138.2, 150.6, 150.8, 

152.9; MS (ESI) m/z calcd for C19H27ClN2S 350.2. Found (M + H)+: 351.2. 
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2.2.1.3 Synthesis of Quinine Derivatives 

I synthesized compounds 58 & 59. Compound 60 was synthesized by Alexander P. 

Gorka (I also wish to thank Kekeli Ekoue-Kovi (Ph.D) for optimizing the reactions 

leading to the synthesis of the intermediates ae and af in scheme 2.3) to be 

submitted as Alumasa, J. N., Gorka, A. P., Casabianca, L. B., Comstock, E., de 

Dios, A. C., Roepe, P. D. The Hydroxyl Functionality & a Rigidly Positioned 

Nitrogen are Essential for Quinines’ Activity.  
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Scheme 2.2. Synthesis of dehydroxy-quinine (DHQN).  

 

(1R)-(6-methoxyquinolin-4-yl)((2S,4S)-8-vinylquinuclidin-2-yl)methyl4-

methylbenzenesulfonate (ad) [64]: To solution of quinine (0.5 g, 1.54 mmol) in 

methylene chloride at 0°C under Ar was added triethylamine (0.312 g, 3.08 mmol). This 

mixture was stirred for 2 minutes followed by the addition of p-toluenesulfonyl chloride 

(440 g, 2.31 mmol). The reaction was stirred at this temperature for 30 min after which 

the temperature was left to slowly rise to room temperature. The reaction was run for an 

additional 9 h while monitoring via TLC. The resultant mixture was quenched by the 

addition of 10 mL of H2O and extracted with CH2Cl2 (3 X 15 mL). The organic layer 
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was dried over anhydrous Na2SO4 and concentrated under reduced pressure to give a 

crude oil which was further purified via column chromatography over silica gel (5% 

MeOH/CH2Cl2) to give a light brown oil (1) in 34% yield. 1H-NMR (CDCl3, 400 MHz):  

δ 1.54 (m, 1H), 1.73 (m, 2H), 1.85 (s, 1H), 1.90 (s, 1H), 2.05 (m, 1H), 2.17 (s, 3H), 2.25 

(m, 1H), 2.51 (d, 1H), 2.62 (m, 1H), 2.95 (t, 1H), 3.12, m, 1H), 3.96 (s, 3H), 5.00 (dd, 

2H), 5.83 (m, 1H), 6.15 (s, 1H) 6.78 (d, J = 8 Hz, 1H), 7.16 (s, 2H), 7.30 (m, 3H), 7.88 

(d, J = 8 Hz, 1H), 8.52 (d, J = 8 Hz, 1H), 13C-NMR: (CDCl3 100 MHz) δ 21.3, 27.3, 

27.6 (m), 27.7 (m), 29.7, 39.5, 39.6, 55.7, 56.4, 56.5 (m), 77.2, 114.5, 121.5, 121.6, 

121.7, 127.4, 128.8, 128.9, 131.6,133.1, 141.5, 141.6,  144.6, 146.8.  

2-((6-methoxyquinolin-4-yl)methyl)-8-vinylquinuclidine (52) [65]: LiAlH4 (0.0143 g 

0.376 mmol) was added drop wise to a solution of (1) (0.06 g, 125 mmol) in 4 mL of 

THF at room temperature (under Ar) with constant stirring. The reaction proceeded for 

12 h at room temperature while monitoring by TLC. 7 mL of H2O was then added to 

quench the reaction. This was followed by extraction using CH2Cl2 (3 X 15 mL) and 

concentration under reduced pressure. The crude product was purified via column 

chromatography (2% MeOH/CH2Cl2) to yield (2) as a yellowish oil in 27 % yield. 1H-

NMR (CDCl3, 400 MHz): δ 8.67 (d, J = 4.4 Hz, 1H), 8.02 (d, J = 8.8 Hz, 1H), 7.37 (dd, 

, J = 2.4 Hz, J = 9.2 Hz, 1H), 7.31 (d, J = 2.4 Hz, 1H), 7.23 (d, J = 4.4 Hz, 1H), 5.79 (m, 

1H), 4.99 (m, 2H), 3.97 (s, 1H), 3.47 (m, 1H), 3.26 (m, 3H), 3.01 (m, 1H), 2.81 (m, 

1H), 2.34 (m, 1H), 1.81 (m, 1H), 1.71 (m, 1H), 1.63 (m, 1H), 1.23 (m, 1H). 13C-NMR 

(CDCl3 100 MHz) δ 0.11, 27.7, 27.8, 28.6, 83.3, 39.5, 41.3, 55.7, 55.9, 56.0, 101.7, 
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114.6, 121.6, 122.2, 129.1, 132.1, 141.4, 144.4, 147.8, 157.4. MS (ESI) m/z calculated 

for C20H24N2O 309.2.  Found (M + H)+: 310.1. 

 

CH
3
NO

2

 

Scheme 2.3. Synthesis of dequiniclidyl-quinine (DQQN) and deamino-dequiniclidyl-

quinine (DADQQN) 

 

6-methoxyquinoline-4-carbaldehyde, ae; To a solution of 6-methoxy-4-

methylquinoline 4 (600 mg, 3.60 mmol) in dioxane (2 mL) was added a solution of 

SeO2 (600 mg, 5.4 mmol) in 5 mL of a 4:1 mixture of dioxane and water over a 10 min 

period at 80ºC.  The resulting mixture was stirred at 90ºC for 15 h followed by cooling 

to room temperature. This mixture was then was washed with saturated NaHCO3 (10 

mL) and extracted with CH2Cl2 (3 x 25 mL). The organic layers were combined, dried 

over anhydrous MgSO4 and concentrated in vacuo to afford the product as a yellow 

solid (450 mg, 70% yield).  1H-NMR (400 MHz, CDCl3) δ = 4.00 (s, 3H), 7.46 (d, J = 
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9.2 Hz, 1H), 7.75 (d, J = 3.6 Hz, 1H), 8.10 (d, J = 9.2 Hz, 1H), 8.47 (s, 1H), 9.04 (d, J = 

4.0 Hz, 1H), 10.42 (s, 1H); 13C-NMR (100 MHz, CDCl3) δ = 55.7, 102.3, 123.1, 125.2, 

127.3, 131.3, 135.2, 145.7, 147.4, 160.5, 193.5.  

1-(6-methoxyquinolin-4-yl)propan-1-ol, 53 [66]: A solution of ethyl magnesium 

bromide (36.78 mg, 0.276 mmol) in THF was added drop wise over a 5 minute period 

to the carbaldehyde 4 (50 mg, 0.23 mmol) in THF at 0°C while stirring. This reaction 

was maintained at this temperature for 6 h while monitoring via TLC. The reaction was 

quenched by adding 2 mL of deionized H2O followed by extraction with CH2Cl2 (3 X 

15 mL). The combined organic layers were concentrated in vacuo followed by 

purification using flash chromatography with 80% EtOAc/CH2Cl2 as the mobile phase. 

The pure product was obtained as a yellowish oil in 57 % yield. 1H-NMR (400 MHz, 

CDCl3) δ = 1.02 (t, 3H), 1.88 (m, 1H), 1.99 (m, 1H), 3.92 (s, 3H), 5.29 (m, 1H), 7.26 (d, 

J = 2.4 Hz, 1H), 7.34 (dd, J = 2.4 Hz, J = 9.2 Hz, 1H), 7.47 (d, J = 4.4 Hz, 1H), 8.00 (d, 

J = 9.2 Hz, 1H), 8.71 (d, J = 4.4 Hz, 1H). 13C-NMR (100 MHz, CDCl3): δ = 10.2, 30.6, 

55.5, 71.7, 101.6, 117.8, 121.2, 126.5, 131.7, 144.4, 147.8, 148.2, 157.5; MS (ESI) m/z 

calculated for C13H15NO2 217.1.  Found (M + H)+: 218.2. 

1-(6-methoxyquinolin-4-yl)-2-nitroethanol, af [67]: To a solution of 6-

methoxyquinoline-4-carbaldehyde 5 (400 mg, 2.13 mmol) in MeOH (3 mL) under N2 

was added CH3NO2 (1.15 mL, 21.39 mmol) with constant stirring.  Et3N (1.50 mL, 

10.70 mmol) was added and the reaction stirred at -10ºC for 5 h.  MeOH was 

evaporated and the crude mixture purified by flash chromatography using a 3% 
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EtOH/CH2Cl2 mobile phase to afford the product as a yellow solid (350 mg, 66% yield).  

1H-NMR (400 MHz, CDCl3) δ = 3.18 (bs, 1H), 3.97 (s, 3H), 4.68 (m, 2H), 6.19 (dd, J = 

2.0 Hz, J = 9.2 Hz, 1H), 7.21 (d, J = 2.8 Hz, 1H), 7.43 (dd, J = 2.8 Hz, J = 9.2 Hz, 1H), 

7.65 (d, J = 4.8 Hz, 1H), 8.10 (d, J = 9.2 Hz, 1H), 8.82 (d, J = 4.4 Hz, 1H); 13C-NMR 

(100 MHz, CD3OD) δ = 54.7, 67.2, 80.3, 100.4, 118.5, 122.2, 126.1, 130.2, 143.3, 

145.0, 147.0, 158.5.  

2-amino-1-(6-methoxyquinolin-4-yl)ethanol, ag [68]: To a solution of 1-(6-

methoxyquinolin-4-yl)-2-nitroethanol 6 (55 mg, 0.22 mmol, 1 equiv) in anhydrous THF 

(1.35 mL) at 0 ºC under Ar was added LiAlH4 (2 M in THF, 0.66 mL, 0.66 mmol, 3 

equiv) drop wise over 5 min.  The reaction was slowly warmed to room temperature and 

allowed to stir for 1 h.  The reaction was quenched by the successive addition of water 

(0.2 mL), 15% NaOH (0.2 mL), and water (0.4 mL).  This was extracted with CH2Cl2 (3 

x 15 mL) and the combined organic layers dried over anhydrous Na2SO4 and 

concentrated in vacuo.  The crude mixture was purified by flash chromatography using 

an initial 5%:0.3% MeOH/Et3N/CH2Cl2 mobile phase with a gradual increase to 14% 

MeOH. Upon increasing to 50% MeOH, the pure product eluted as a brown viscous oil 

(17 mg, 35%).  1H-NMR (400 MHz, CDCl3) δ = 2.92 (dd, J = 7.6 Hz, 13.2 Hz, 1H), 

3.14 (dd, J = 2.8 Hz, J = 13.2 Hz, 1H), 3.95 (s, 3H), 5.37 (dd, J = 3.2 Hz, J = 7.6 Hz, 

1H), 7.25 (d, J = 2.8 Hz, 1H), 7.38 (dd, J = 2.8 Hz, J = 9.2 Hz, 1H), 7.59 (d, J = 4.8 Hz, 

1H), 8.01 (d, J = 9.2 Hz, 1H), 8.70 (d, J = 4.4 Hz, 1H); 13C-NMR (100 MHz, CD3OD) δ 

= 54.8, 70.0, 101.0, 118.1, 121.9, 126.7, 129.9, 143.2, 146.9, 148.4, 158.2. 
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2-(diethylamino)-1-(6-methoxyquinolin-4-yl)ethanol, 54: To a solution of 2-amino-1-

(6-methoxyquinolin-4-yl)ethanol 7 (17 mg, 0.08 mmol, 1 equiv) in anhydrous DMF (1 

mL) under Ar was added Et3N (0.05 mL, 0.36 mmol).  Iodoethane (0.016 mL, 0.20 

mmol, 2.5 equiv) was added drop wise and the reaction allowed to stir at room 

temperature overnight.  The reaction was washed with saturated NaHCO3 (2 mL) and 

extracted with CH2Cl2 (3 x 10 mL).  The combined organic layers were dried over 

anhydrous Na2SO4 and concentrated in vacuo. This was purified by flash 

chromatography using an initial 4% MeOH/CH2Cl2 mobile phase with a gradual 

increase to 10% MeOH.  The pure product was obtained as a yellow-brown viscous oil 

(3.1 mg, 18%).  1H-NMR (400 MHz, CD3OD): δ = 1.08 (t, J = 7.2 Hz, 6H), 2.80 (m, 

5H), 3.29 (m, 2H), 3.94 (s, 3H), 5.52 (dd, J = 3.2 Hz, J = 8.8 Hz, 1H), 7.41 (m, 2H), 

7.67 (d, J = 4.8 Hz, 1H), 7.93 (d, J = 8.8 Hz, 1H), 8.65 (d, J = 4.4 Hz, 1H); 13C-NMR 

(100 MHz, CD3OD): δ = 10.2, 54.7, 59.3, 67.5, 101.2, 118.1, 121.8, 126.7, 129.9, 

143.3, 147.0, 149.1, 158.0; MS (ESI) m/z calculated for C16H22N2O2 274.2.  Found (M 

+ H)+: 275.3. 

 

 
2.2.2 CELL CULTURE 

 
P. falciparum strains; Dd2, GCO3, FCB 7G8 and HB3 were obtained from the 

Malaria Research and Reference Reagent Resource Center (Manassas, VA). Off-the-

clot, heat-inactivated pooled O+ human serum and O+ human whole blood were 

purchased from Biochemed Services (Winchester, VA). Custom 5% O2/5% CO2/90% 
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N2 culturing gas blend was purchased from Robert’s Oxygen (Rockville, MD). RPMI 

1640, hypoxanthine, HEPES, and Giemsa stain were from Sigma-Aldrich (St. Louis, 

MO). Cultures were maintained using the method of Trager and Jensen [69] with minor 

modifications. Briefly, cultures were maintained under an atmosphere containing 5% 

CO2, 5% O2 & 90% N2 gaseous mix at 2 % hematocrit and 1-2 % parasitemia in RPMI 

1640 supplemented with 10% O+
 human serum, 25 mM HEPES, pH 7.4, 24 mM 

NaHCO3, 11 mM glucose, 0.75 mM hypoxanthine, and 20 µg/L gentamycin with 

regular media changes every 48 h. 

 

2.2.3 ANTIPLASMODIAL GROWTH INHIBITORY ASSAY 

I assessed the antiplasmodial growth inhibitory activities essentially as previously 

described [70,71] with minor modifications. Typically, I prepared initial DMSO stocks 

(10 mM) of the test compounds and diluted them to make 500 µM stocks using 

complete media (CM). I further dilute these stocks to prepare 2X (two fold the desired 

final concentration) working stocks similarly using CM under sterile conditions. I took 

100 µL of these stocks at a given concentration and transferred them into 96 well plates. 

I then incubated these plates at 37°C anticipating the addition of cultures. For my 

assays, I utilized Sorbitol (5% w/v) synchronized cultures [72] with > 95% of the 

parasites in the ring stage. Initially I determine the parasitemia by manual counts of 

giemsa stained slides on a light microscope. Normally, I diluted my cultures to give a 

working stock of 0.5% parasitemia and 2% hematocrit (final 1% hematocrit and 0.5% 
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parasitemia). I then transfered 100 µL of these cultures to control and drug pre-loaded 

wells followed by gentle mixing of the well contents. I sealed the plates in an airtight 

chamber which I then gassed and incubated at 37 °C. After 72 h, I added 50 µL of 10X 

SYBR green I dye (diluted using complete media from a 10,000X DMSO stock), 

containing 0.01 µL / mL glutaraldehyde (cell fixative), to each well (including 

calibration wells prepared prior to the addition of the dye). I similarly incubated the 

plates for an additional 1 h at 37 °C to allow DNA intercalation of the dye. Thereafter, I 

measured fluorescence at 530 nm (490 nm excitation) using a spectra geminiEM plate 

reader (Molecular Devices). I performed data analysis using Sigma Plot 10.0 software 

after downloading data in Excel format. For each assay, I analyzed each drug dilution in 

triplicate, and averaged (SD < 10% in each case) the results from three separate assays. 

For comparison, I normally test all drugs against at least one sensitive and one resistant 

strain. 

 

2.2.4 ββββ-HEMATIN GROWTH INHIBITORY ASSAY 

2.2.4.1 Conventional Tube Assay 

In one assay, I quantified the β-hematin inhibitory activities using eppendorf micro 

centrifuge tubes. Typically, I prepared a stock solution of 5 mM hemin (Fluka) in 0.1 M 

NaOH which were stored in small aliquots at -20°C. Fresh aliquots were thawed daily 

to room temperature before use. In the experiments, I utilized PC as the catalyst by 

preparing a suspension in distilled-deionized water to make a 10 mg/mL stock. I utilized 
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0.5 M propionate buffer (pKa 4.76) for these experiments in the pH range 5.2-5.6. The 

assay mixture (1 mL final sample volume) contained: 200 µL of PC solution (2 µg/mL 

final), 20 µL of hematin (100 µM final concentration), 20 µL of 0.1 M HCl, (Y) µL 

propionate buffer, and (X) µL of drug (dependent on the concentration required 0 - 1000 

µM). The addition sequence involves first adding the lecithin followed by heme, HCl, 

propionate buffer, and finally the drug to ensure the drug is introduced under the define 

pH conditions. Each concentration is always analyzed in triplicate. Following addition 

of the reagents, the samples are then incubated at 37 °C with constant shaking for 18 h. 

After 18 h, the assay was terminated by spinning the samples at 13,200 rpm for 10 min 

followed by carefully aspirating off the supernatant. The pellet was then re-suspended 

in 50 mM bicarbonate buffer pH 9.0 (1 mL) and gently shaken at room temperature for 

30 min to dissolve un-crystallized heme. The samples are then centrifuged as above and 

the supernatant aspirated off. Following two additional bicarbonate washes the final 

pellet (Hz) was dried at 65°C for ∼1 h. The samples were then dissolved in 0.1 M 

NaOH to solubilize β-hematin to free heme. The β-hematin formed was then quantified 

via free heme absorbance at 402 nm. Calibration curves are normally prepared by 

titrating increasing amounts of heme in the same solvent versus absorbance at 402 nm 

and used to convert the obtained absorbances to heme concentrations. 
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2.2.4.2 High Throughput ββββ-hematin Growth Assay  

Submitted as: Alumasa J. N., Nickley, K, B., Brower, J. B., de Dios, A. C., Roepe, 

P. D. The Activity of Quinoline Antimalarials in not Correlated to their Ability to 

Inhibit Hemozoin Growth. Antimicrob. Agents and Chemother. 2010.  

 

I perfected a more efficient high throughput β-hematin growth inhibition assay for 

96 well plate format. The assay principle is based on the differential solubility 

properties of crystalline and non-crystalline forms of FPIX in 2.5% sodium dodecyl 

sulfate (SDS) (86.7 mM) and alkaline bicarbonate buffer (0.1 M, pH 9.1). Hemin 

(Fluka) was dissolved in 0.1 M NaOH to make a 2 mM stock. 10 µL volumes from this 

stock were then transferred into designated wells in a 96 well plate(s) (100 µM final 

heme concentration). Addition of propionate buffer (180 µL at desired pH) and 10 µL 

of sonicated PC suspension (10 µL) then followed, with appropriate blanks and controls 

(e.g. no lipid catalyst) in each plate. 10 µL of the test compounds were added at 

different concentrations (in triplicate).  The plates were mixed, covered in plastic wrap 

(to prevent evaporation from wells) and incubated at 37°C for 16 h.  The assay was 

terminated after 16 h by adding 100 µL of a solution of SDS dissolved in 0.1 M 

bicarbonate buffer (pH 9.1) {final concentration/well of SDS 2.5% (w/v), 86.7 mM}. 

The well contents were gently mixed and the plate incubated at room temperature for 10 

minutes (to allow un-dissolved Hz crystals to settle).  A 50 µL aliquot from each well 

was then transferred to a second plate preloaded with 200 µL of SDS solution (2.5% 



 43

w/v, 86.7 mM) in 0.1M bicarbonate buffer. Absorbance was recorded at 405 nm with a 

96-well plate adapted ELx800 BioTek absorbance microplate reader. Acquired data was 

exported and analyzed using Microsoft Excel (2007 Edition) and Sigma Plot 10.0 

software. 

 

2.2.5 MAGNETIC SUSCEPTIBILITY MEASUREMENTS  

These experiments were performed by my collaborators Angel C. de Dios (Ph.D) 

and Leah B. Casabianca (Ph.D) as previously described in Casabianca LB, An D, 

Natarajan JK, Alumasa JN, Roepe PD, Wolf C, de Dios, A. C. Quinine and 

chloroquine differentially perturb heme monomer-dimer equilibrium. Inorg. 

Chem. 2008;47:6077-81. 

 

Magnetic susceptibility measurements were performed as previously described [22] 

in 40% (v/v) DMSO/100 mM phosphate buffer (pH 7.0). Both hemin (Fluka) and drug 

stock solutions (20 mM) were prepared in 100% DMSO-d6. Test samples (40% v/v 

DMSO/100 mM phosphate buffer at pH 7.0) were prepared by adding 200 µL of both 

hemin and the corresponding test compound into a 1.5 mL microcentrifuge tube 

followed by the addition of 600 µL of 100 mM phosphate buffered medium to give a 

1:1 solution of both components at 4 mM. The pH of the resulting samples was taken to 

be that of the buffered aqueous medium measured at 25°C using an Accumet Basic 

AB15 pH meter. The samples were transferred into 5 mm NMR tubes fitted with 
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coaxial inserts containing the test compound in a similar solvent system. Magnetic 

susceptibility measurements were determined using the Evans method [73] employing 

the equation (see equation 1) appropriate for a superconducting magnet at 298 K on a 

Varian Unity INOVA 500 MHz NMR spectrometer with a proton frequency of 499.789 

MHz and analyzed using the Varian VNMR version 5.1 software.  

 

xm = -3∆ν / 4πc + xD                                              Equation 1 

 

where xm is the molar susceptibility of the paramagnetic substance in cm3/mol, ∆ν is the 

chemical shift difference (in ppm) between a reference proton in the sample and that in 

a solution lacking the paramagnetic compound, c is the concentration of FPIX in 

mol/mL, and xD is the diamagnetic susceptibility of heme (6.9 × 10-4 cgs units). Solvent 

susceptibility corrections and the solution – solvent density differences are ignored. The 

molar susceptibility was converted to magnetic moment (µ) using equation 2 below 

where T is the temperature (K): 

 

µ = 2.8√(xmT)                                                       Equation 2 
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2.2.6 INVERSION RECOVERY & DISTANCE GEOMETRY CALCULATIONS 

These experiments were performed by my collaborators Angel C. de Dios (Ph.D) 

and Leah B. Casabianca (Ph.D) as previously described in Ref 72. 

 

Relaxation rates of individual protons were converted into distances [74] relative to 

the paramagnetic Fe center at one face of the µ-oxo dimer by applying the Solomon-

Bloembergen equation: 
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where S is the total electron spin, r is the distance between the proton and the 

paramagnetic Fe, and γN, ge, µ0, and µb are constants.  Measurements of magnetic 

susceptibility for the samples used in the relaxation experiments indicate that the µ-oxo 

dimer has an effective spin state of ½ per Fe.  Thus, S = 1/2 is used in equation 1.  The 

effective correlation time (τc) is defined via the relation 1/τ (effective) ) 1/τ (rotation) + 

1/τ (exchange) + 1/τ (electron relaxation).  Since the electron relaxation time (7×10-12 s) 

is the shortest among these time periods, it is essentially the effective correlation time.  

The factor 0.4 comes from simplifying the spectral density functions using (2π ×500 

MHz and 2π ×329 GHz for the proton and electron angular frequencies, respectively.  

Using the distances derived from equation 1 as restraints, distance geometry/simulated 

annealing protocol is employed to solve the drug − µ-oxo dimer structures.  The non-
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covalent complex is dynamic and the NMR spectrum is an average between free and 

complexed drug molecules.  The distances 1/r6 are also time-averaged and since shorter 

distances are weighed more in this type of averaging, the r values obtained from the 

relaxation rates are used as minima in the distance geometry calculations (Further 

details are available from reference 74).   

 

2.2.7 DRUG – HEME SOLUTION NMR STUDIES WITH ZINC 

PROTOPORPHYRIN IX 

I performed these experiments together with my collaborator Angel C. de Dios 

(Ph.D). To be submitted as: Alumasa, J. N., Gorka, A. P., Casabianca, L. B., 

Comstock, E., de Dios, A. C., Roepe, P. D. The Hydroxyl Functionality & a Rigidly 

Positioned Nitrogen are Essential for Quinines’ Activity. 2010. 

 

 In these experiments we substituted FPIX with ZnPIX to avoid the paramagnetic 

effects of Fe on the NMR spectra during our analyses. A stock solution of ZnPIX (10 

mM) was prepared in a solution of 0.05 M NaOH in D2O. Drug stocks (10 mM) were 

prepared by dissolving the corresponding HCl salts in D2O. A drug-heme equi-molar 

solution (1.667 mM) was then prepared and titrated to pH 7.0. 600 µL of this solution 

was transferred to a microcentrifuge tube (1.5 mL) followed by the addition of 400 µL 

of DMSO-d6. Essentially, test samples contained a 1:1 drug to ZnPIX ratio at 500 µM. 

These solutions were then transferred to a 5 mm NMR tube for analyses. 1D & 2D 
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proton NMR spectra were recorded and analyzed using tetramethylsilane as the external 

reference. 

 

2.2.8 DRUG - HEME AFFINITY MEASUREMENTS 

2.2.8.1 Affinity Measurements versus Monomeric Heme 

Although I wanted to perform all our experiments under ideally physiological 

conditions by employing aqueous media at low pH, drug-heme affinity studies versus 

monomeric heme were performed in the presence of 40% aqueous DMSO. This is due 

to the low solubility of heme under aqueous acidic conditions. These experiments were 

performed by monitoring the changes in the absorbance spectrum of heme while 

titrating in increasing concentrations of a test compound. In a typical experiment, hemin 

was dissolved in DMSO to give a 5 mM stock solution, which was serially diluted to 

give a 5 µM working stock in 40% DMSO/0.2 M acetate buffer pH 5.0. Drug stocks 

were prepared by dissolving the corresponding test compound in DMSO to make 10 

mM stock solutions. These stocks were diluted further to make 1.5 mM working stocks 

in 40% DMSO/0.02 M HEPES pH 7.4. During the assessment, a cuvette containing 1 

mL of a freshly prepared heme sample (5 µM) was titrated with increasing pre-

calculated concentrations of a test compound (0 – 300 µM) while observing Beers law. 

Following each addition, the sample was mixed and the absorbance of heme recorded at 

402 nm using an Agilent UV-VIS spectrophotometer (final volume dilution 6.54%). 

Solvent dilution controls were performed similarly by titrating a 5 µM heme sample (1 
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mL) with similar titration volumes of the solvent without the test compound. The values 

obtained were then used to correct for the dilution effect. Spectral and data analyses 

were performed using Microsoft Excel (2007 edition) and Sigma Plot 10.0 software. 

The affinity coefficients (Ka) were extracted from the slopes of the corresponding 

Scatchard plots.  

2.2.8.2 Affinity Measurements versus µµµµ-oxo Dimeric Heme 

To measure drug affinity for µ-oxo dimeric heme, a similar procedure as that 

described in section 2.10.1 is utilized; however, in this case hemin is first converted to 

the dimeric form using 0.1 M NaOH alkaline media, followed by titration to pH 7.5 

using HCl. The absorbance of heme is then monitored at 389 nm.  

 

2.2.9 VACUOLAR ACCUMULATION RATIO (VAR) DETERMINATION 

VAR calculations are normally done using the Henderson Hasselbalch equation 

[75,76] (see the equation 4 below) with external pH at 7.33 and DV pH either 5.2 or 5.6 

(42, see results). In performing my calculations I assume that: (i) charged (protonated) 

drugs are membrane impermeable; (ii) initial accumulation is not affected by binding to 

endogenous drug target(s). 
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Where, C – denotes cytosol, V denotes DV, E - denotes external, and pKa1 , pKa2  , and 

pKa3 correspond to titratable N on the described chloroquine analogues.  Corrected in 

vivo activities for drugs were obtained by multiplying the raw antiplasmodial IC50s by 

the corresponding calculated VAR values.  

 

2.2.10 pKa DETERMINATION 

Theoretical pKa approximations were performed using SPARC pKa calculator, an 

online tool developed at the University of Georgia by S. W. Karickhoff, L. A.Carreira, 

and S. H. Hilal. On the other hand experimental pKa values were determined by 

monitoring titration experiments using an Accumet AB15 pH meter and a calomel 

electrode. 10 mM solutions of the drugs (as dibasic salts) were made in distilled H2O 

and titrated at room temperature (23.0 ± 2.0 °C) using 0.1 M NaOH. Titration plots 

were generated and pKa’s extracted via inflection points from the second derivative 

plots; (∆2pH/∆2V) versus V, where V represents the volume of the titrant added, ∆pH is 

the change in pH and ∆V is the volume increment. 

 

2.2.11 MASS SPECTROSCOPY ANALYSES 

I performed mass spectroscopy analyses on the Varian 500 MS IT mass 

spectrometer. The optimal conditions used in our analyses are as follows: capillary - 60 

Volts; needle voltage - 5000 Volts; RF loading – 120; µ scan average – 3; Temperature 

300-350°C; flow rate 20-40 µl/min. In a typical experiment, the test samples were 
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dissolved in acetonitrile and diluted to make solutions with nanomolar-micromolar 

concentrations which were then injected in to the mass spectrometer under the stated 

conditions for analyses.  

 

2.2.12 INFRARED SPECTROSCOPY ANALYSES 

To obtain the IR spectra of specified samples I used the KBr pellet method on the 

Nicolet 380 FTIR spectrometer (Thermo-Electron Corporation). Dried solid samples of 

the test compounds were added to anhydrous powder KBr to realize a 1:3 ratio of 

sample to KBr. These mixtures were ground in a mortar and pestle to a fine 

homogenous powder. A sample from this powder was pressed to make a pellet which 

was then used to obtain the corresponding IR spectrum. 

 

 
2.2.13 FLUORESCENCE ANALYSES 

I performed fluorescence analyses of quinine and the proposed QN-heme adduct in 

40% aq. DMSO or purely aqueous media (apparent pH 3.0, 7.0 or 10) on a QM 2001-4 

Quantum Master Fluorometer with λex set at 334 nm. I prepared original stocks at 1 

mM.  
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2.2.14 SOLID STATE 13C-NMR ANALYSES 

These analyses were performed by Leah B. Casabianca (Ph.D) in the Department 

of Chemistry at the University of Illinois, Chicago. 

 

Solid-state 13C CP-MAS NMR spectra were acquired on a Bruker Avance DRX-500 

spectrometer operating at a 13C frequency of 125.76 MHz and using XWIN-NMR 

version 2.1 software.  Samples are normally packed into a 4-mm rotor and spun at 9 

kHz MAS at room temperature.  For QN base, QN monohydrochloride dihydrate and 

QN dihydrochloride samples, 2048 scans were collected; for the quinine-heme complex, 

15360 scans were collected.  The recycle delay was 3s and the CP contact time was 1 

ms. 45 kHz CP and 63 kHz TPPM decoupling were used.  The spectral width was 

83,333 Hz. Exponential line broadening of 100 Hz was applied to all spectra. Chemical 

shifts were externally referenced to TMS using the CO signal of glycine at 176.4 ppm 

(77). 
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CHAPTER 3 

NEW INSIGHTS ON THE STRUCTURE-FUNCTION PRINCIPLES 

OF 7-CHLOROQUINOLINE ANALOGS 

Previously published as:  

Natarajan, J. K., Alumasa, J. N., Yearick, K., Ekoue-Kovi, K. A., Casabianca, L. B., de 

Dios, A. C., Wolf, C., Roepe, P. D. 4-N-, 4-S-, and 4-O-chloroquine analogues: 

influence of side chain length and quinolyl nitrogen pKa on activity vs. chloroquine 

resistant malaria. J. Med. Chem. 2008, 51, 3466-79. Reproduced in part with permission 

from the American Chemical Society, Washington, DC, USA. Copyright © 2008 

American Chemical Society. 

 

 

3.1 BACKGROUND 

CQ, a 7-chloro-4-aminoquinoline derivative, was first synthesized in 1934 by Hans 

Andersag, a German scientist, in Eberfeld, Germany [1]. Upon discovery of its 

antiplasmodial activity, CQ was introduced as an antimalarial agent in the late 1940s 

replacing QN as the first line of defense against clinical cases within endemic regions. 

This is perhaps one of the greatest advances made towards the eradication of malaria 

worldwide. CQ is a diprotic weak base that accumulates within the DV of the malaria 

parasite [78]. Upon accumulation, and due to the acidic nature of this compartment, pH 
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5.2 and 5.6 for CQR and CQS strains respectively [42], CQ becomes diprotonated 

(Figure 3.1). In this state, the membrane permeability of CQ is reduced significantly 

relative to its free base form leading to its entrapment within this compartment. It is in 

this compartment that CQ is believed to exert its toxicity, at least in part, by targeting 

the heme detoxification pathway.  

  

Figure 3.1: pH dependent occurrence of CQ species in aqueous media. 

 

Following its introduction, continued use of CQ led to the first emergence of CQ 

resistance (CQR) in 1957 in SE Asia. Subsequently, over the ensuing 40 years, CQR 

became progressively more undersigned as new CQR isolates evolved in additional 

continents. One explanation is, arguably, the possible overuse of CQ in endemic regions 

which led to increased drug pressure and eventually, the occurrence of multiple resistant 

phenotypes. Not surprisingly, cross-resistance to other quinoline based antimalarials 

followed thereafter, but these patterns differ in various geographically distinct isolates. 

CQR has previously been linked to reduced CQ accumulation within the proposed site 

of action, the DV [41,79]. This phenomenon has further been associated with point 
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mutations in the unique, DV membrane localized, P. falciparum chloroquine resistance 

transporter (PfCRT). Specifically, it is now evident that the K76T mutation on this 

protein segregates with CQR phenotypes [80].  

To date, there have been many structure-function studies on the CQ pharmacophore 

in attempts to develop more efficacious antimalarials and elude possible cross 

resistance. De et al. performed perhaps the first systematic CQ side chain modifications 

by altering the chain length [81]. Through this study, these authors defined the chain 

length requirements for optimal activity of 7-chloro-4-amino CQ analogs. On another 

perspective, numerous groups have investigated the effect of quinoline ring 

substitutions on the activity of CQ analogs against CQS and CQR strains [81-8]. From 

these studies it became evident that modifications on the quinoline ring led to reduced 

activity especially against CQR strains. Furthermore, it is also clear that removal of the 

chloride functionality at position 7 of the CQ pharmacophore abolishes its 

antiplasmodial activity [82]. However, substitution of the of the 7-chloro with 7-iodo  or 

7-bromo functionalities on short (2-3 carbons) or long (10-12 carbons) has been shown 

to result in more active analogs against both CQS and CQR parasites [82]. Collectively, 

these results strongly support modification of the CQ side chain as a major option 

towards the design of inexpensive, more potent CQ analogs active against CQR malaria.  

In this chapter, I present evidence demonstrating the effects of altering the side 

chain length and the pKa of the quinolyl nitrogen on the activity of both CQS and CQR 

strains of P. falciparum using a rationally designed series of CQ analogs (see methods 
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section 2.2). These studies involve substitution of the 4-amino functionality, variation of 

the chain length and inclusion of an additional titratable amine to the aliphatic chain of 

7-chloro-quinoline analogs. Also, using a selected set of analogs that bear close 

resemblance to CQ (four carbon atoms on the side chain), I inspect the effect of altering 

the nitrogen at position 4 of the quinoline ring on the expected ability of CQ analogs to 

accumulate in the DV using the Henderson Hasselbalch equation. I also assess their 

abilities to interact with heme in solution and inhibit β-hematin crystal growth in vitro. 

All these experiments were performed to further optimize the activity of the CQ 

pharmacophore vs CQR parasites, as well as further elucidate the mechanism of action 

for quinoline antimalarials. 

 

3.2 RESULTS 

Compounds 1-10 were designed by my colleagues as reported in Natarajan et al 

[25]. These compounds were designed to compare the relative activities between mono- 

and diethyl substitutions on the terminal amine of the aliphatic side chain of the CQ 

pharmacophore. On the other hand, to explore the combined effects of the heteroatom 

substitution as well as modification of the chain length, compounds 11-20 were 

designed [25]. These latter compounds incorporate substitution of the 4-amino 

functionality with either an oxygen or sulfur atom with chain length variation for each 

series. Additionally, with the objective of improving activity against CQR strains, we 

designed branched analogs 21-23 [25] containing an oxygen atom at position 4 but with 
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an additional titratable amine. This inclusion could improve DV accumulation for these 

analogs compared to their monobasic relatives, 11-15.  

I performed antiplasmodial screens for these compounds against two CQS and two 

CQR strains of P. falciparum. HB3 (CQS, Honduras) and Dd2 (CQR, Indochina) are 

parents of a genetic cross that produced progeny (Including GCO3, CQS) for which 

large amounts of data are available on the biochemistry and genetics of CQ resistance 

[51,85-87]. Conversely, FCB (CQR) exhibits similar CRT mutation as Dd2 [51], but 

has been shown to portray higher levels of resistance relative to Dd2 [51]. The 

antiplasmodial growth inhibitory activities for the different series of compounds 1-23 is 

presented in Table 3.1. Compounds 1 & 2 exhibited similar but non-identical IC50s for 

the CQS (HB3 & GCO3) and CQR (Dd2, FCB) strains concurrent with previously 

reported results [81]. Differences are possibly due to genetic variations in the strains 

used. Compounds 3-5 were novel and have not been previously screened for 

antiplasmodial activity against P. falciparum strains prior to this study. Compounds 6-

10 have previously been synthesized [81,82] and analyzed for their antiplasmodial 

activity against strains that are less frequently used in laboratory settings [81]. The 

recorded activity trend for this series was similar to that observed previously [81]. Short 

chained analogs (compounds 6 and 7) were significantly more active that longer 

chained analogs especially against the CQR strains. The observed profiles were a close 

mimic to the bell shaped profile previously reported for these series [81]. Compounds 

11-20 all showed poor antiplasmodial activities (> 1 µM) vs. both CQS and CQR strains 
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relative to CQ. Noteworthy, their recorded IC50s were > 140 fold for CQS strains and > 

8 fold for CQR strains relative to CQ implying that these compounds were more active 

against the resistant strain. This observation was further confirmed when comparing the 

selectivity indices (SI) for these compounds to that of CQ. The Dd2/HB3 indices were < 

1.4 relative to 10 for CQ while the FCB/GCO3 indices were < 1.0 relative to 16 for CQ. 

To further explore the basis of these trends, I more intensively analyzed a selected 

set of these analogs that best mimic the CQ structure in terms of the chain length. In this 

case we selected compounds 8, 13 and 18 (see table 3.1). First I measured and 

calculated the pKas of the corresponding amine functionalities. The pKas of the 

terminal amines were comparable for all these compounds (table 3.2). However, I 

observed a drastic decrease in the pKa of the quinolyl nitrogen for compounds 8 and 13 

resulting in essentially monoprotic weak bases at physiologic pH. CQ being a weak 

diprotic base concentrates within the DV proportional to the square of the net pH 

gradient (interior to outside). On the other hand, DV concentration of monoprotic 

analogs is linearly related to the to the net pH gradient [88]. As such, the observed 

reduced activity for the 4-S and 4-O derivatives can possibly be explained by the 

lowered ability to concentrate within DV. This principle is summarized in table 3.3 

illustrating the projected DV accumulation ratios for these analogs as determined using 

the Henderson Hasselbalch equation [88,89]. 
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Table 3.1. The antiplasmodial growth inhibitory activities for the for the 4-Amino, 4-

Alkoxy and 4-Alkylthioquinoline derivatives (For synthesis of 1-15,21-23 see ref [25].) 
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CPD Experimental IC50 (µM) Previously reported IC50 (µM) 

 HB3 Dd2 SI* GCO3 FCB SI* NF5427 K127 SI* Haití 
1358 

Indochina 
I8 

SI* 

CQ 0.011 0.116      10 0.010 0.157 16 0.016 0.315 19 0.007 0.095 13.6 

1 0.012 0.081      6.8 0.012 0.089 7.4 0.021 0.133 1.3 - - - 
2 0.007 0.115      16 0.020 0.085 4.3 0.015 0.365 24 - - - 

3 0.018 0.649      36 0.026 0.854 33 - - - - - - 
4 0.021 0.786      37 0.062 1.270 21 - - - - - - 
5 0.019 0.982      31 0.052 0.987 10 - - - - - - 

6 0.013 0.026      2.0 0.013 0.030 2.3 0.021 0.049 2.3 0.007 0.005 0.71 
7 0.006 0.026      4.3 0.007 0.029 4.1 0.018 0.060 3.3 0.005 0.006 1.2 

8 0.012 0.199      17 0.049 0.181 3.7 - - - 0.005 0.051 10 
9 0.029 0.357      12 0.066 0.509 7.2 - - - 0.006 0.058 9.7 

10 0.097 0.085      0.87 0.016 0.102 6.4 - - - 0.005 0.056 11 

11 5.800 4.570        0.79 5.290 5.080 0.96 - - - - - - 
12 5.100 2.800        0.55 2.340 2.330 1.0 - - - - - - 

13 2.920 1.180        0.40 1.660 1.100 0.66 - - - - - - 

14 1.870 1.010        0.54 1.490 0.930 0.62 - - - - - - 

15 3.060 4.160        1.4 2.270 1.190 0.52 - - - - - - 

16 9.530 5.500 0.58 5.740 6.020 1.04 - - - - - - 

17 5.600 2.660 0.48 3.460 1.610 0.47 - - - - - - 

18 7.390 4.440 0.60 5.630 3.500 0.62 - - - - - - 

19 2.330 1.080 0.46 1.610 0.814 0.51 - - - - - - 

20 6.020 4.110 0.68 4.450 3.300 0.74 - - - - - - 

21 1.490 1.290 0.87 2.250 3.830 1.70 - - - - - - 

22 0.094 0.409 4.3 0.074 0.352 4.75 - - - - - - 

23 0.073 0.316 4.3 0.045 0.604 13.4 - - - - - - 

       *Selectivity Index; ratio of the IC50 of resistance strain to that of the sensitive strain.  
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Table 3.2. Calculated and measured pKas for representative compounds 
 

SPARC Approx.a  Experimentalc 
Compound pKa1

b pKa2
b pKa3

b  pKa1
b pKa2

b 
CQ 6.3 9.3  8.6 9.8 
8 6.6 9.3  8.5 9.8 
13 3.7 9.4  4.5 9.8 
18 5.0 9.3  4.1 9.5 
22 5.0 9.9 9.9  nd nd 

 

a).SPARC is an online pKa approximation program developed at the University of 
Georgia (S.W. Karickhoff, L.A.Carreira and S.H. Hilal); b). pKa1

 or pKa3 represent the 
pKa of side chain tertiary N and pKa2 represents the pKa of quinolyl  N; c). The pKa 
measurements represent an average of three determinations performed by acid/base 
titrations at room temperature; nd = not determined.   
 
 

Table 3.3: Calculated Vacuolar Accumulation Ratios (VAR) for CQ and Compounds 8, 

13, 18 & 22. 

 

 
Compound/Vacuolar Accumulation Ratio (VAR)a 

DV pH CQ 8 13 18 22 

CQR (pH 5.2) 2.3 x 104 2.3 x 104 1.9 x 102 1.7 x 102 7.9 x 104 

CQS (pH 5.6) 3.7 x 103 3.7 x 103 6.7 x 101 6.4 x 101 5.0 x 103 
 

aVAR is calculated using the Henderson – Hasselbalch equation[88,89] and knowing 
cytosolic pH = 7.4, DV pH for CQR parasites = 5.2, DV pH for CQS = 5.6[42] and 
assuming: 1) that charged (protonated) drugs are essentially membrane 
impermeable; 2) net accumulation is not affected by binding to drug target.  
Although these are both simplifications, the calculated differences for (effectively) 
mono- vs. diprotic drugs are orders of magnitude apart, whereas binding effects are 
expected to be (at most) several fold.   
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I further analyzed their affinity towards monomeric and dimeric heme to test 

whether heme binding for the 4-O and 4-S derivatives was similarly altered. Due to the 

low solubility of heme at low pH, I measured affinity for monomeric heme in 40% 

aqueous DMSO (pH 5.0).  Affinity for µ-oxo dimeric heme was measured in buffered 

aqueous media at pH 7.5. As can be seen in table 3.4, the affinities for monomeric 

heme for CQ, 8, 13 and 18 were significantly low and could not be detected. However, 

similar affinities were recorded for binding towards µ-oxo dimeric heme for these 

compounds. This suggests that the pKa of the quinolyl nitrogen is not directly linked to 

the ability of 7-chloroquinoline analogs to bind heme. 

 
 Table 3.4: Measured binding constants for monomeric heme (pH 3.9) and µ-oxo 

dimeric heme (pH 7.5) for CQ and Compounds 8, 13, 18 & 22. 

 
Experimental Binding Constants 

pH 3.9 pH 7.5 

Compound Ka  (M
-1) Log Ka Ka  (M

-1) Log Ka 

CQ ND - 1.75 x 105 5.2 
8 ND - 1.65 x 105 5.2 
13 ND - 8.82 x 104 5.0 
18 ND - 8.22 x 104 4.9 
22 ND - 3.47 x 104 4.5 

  ND = not detected  

   

To further examine whether CQ interacts with monomeric or dimeric heme, T1 

measurement were performed by my collaborators (see chapter 2) with samples 

containing 1:5 ratio of CQ to heme in the same media at pH 5.0 for the monomer and 
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pH 7.0 for the dimer. Measured T1 for CQ proton ‘1’ (IUPAC numbering), for example, 

was observed to be 0.70 s for the former and 0.039 s for the latter case. The longer T1s 

in these experiments imply that CQ does not interact strongly with monomeric heme 

(acidic pH) but does so with the µ-oxo dimer.  

     

 

Figure 3.2A. Structures of drug − µ-oxo dimer complexes derived from distance 

geometry calculations using Fe(III)-drug (1H) distance restraints from relaxation 

measurements. The drug molecules, on average, are calculated to be approximately 3-4 

Å above the plane of the porphyrin ring.  Since the distance restraints are drawn from a 

single point (Fe(III)), the porphyrin plane’s rotational orientation is not unequivocally 

defined (see Figure 3.2B). Within the limitations imposed by assumptions made in 

13 

8 

18 

CQ 
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these calculations [21,74] and the accuracy of the data, no significant differences in how 

these drug molecules interact with the µ-oxo dimer are found. 

 

              

Figure 3.2B.  As described in figure 3.2A, but top view.  The relaxation rates of the 

aliphatic protons are likewise enhanced by the addition of heme and as shown in these 

structures, the side chains do not extend away from Fe(III), but trace the perimeter of 

the porphyrin ring (see also references 21,72). 

 

CQ 8 

13 18 
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Additionally, a close inspection of the side and top views of the solution structures 

solved from the T1 measurements (Figure 3.2A & 3.2B) show that the geometries are 

fairly similar for CQ, 8, 13 and 18. Thus, overall, binding µ-oxo dimeric heme appears 

to be similar for these for compounds. Surprisingly, although these compounds have 

similar affinities for heme, we found their abilities to inhibit β-hematin formation to be 

quite different. The measured IC50s for 13 and 18 were significantly lower that of CQ 

and 8 (Table 3.5). Combined with data from figure 1 and table 3, these results imply 

that binding to µ-oxo dimer is probably not the prime mode of inhibition of β-hematin 

crystallization since the two do not appear to be correlated. This also suggests an 

alternative form of interaction possibly with the growing face of the crystal or other 

heme aggregates such as the tethered head-tail dimer. 

 

Table 3.5: Measured Hemozoin (Hz) Inhibition IC50 (µM) for CQ and Compounds 8, 

13, 18 & 22. 

IC50 (µµµµM) 

Compound pH 5.2 pH 5.6 

CQ 35 ± 3 16 ± 4 

8 24 ± 1 12 ± 2 

13 >1000 >1000 

18 216 ± 19 155 ± 8 

22 199 ± 50 687 ± 213 
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Upon closer examination of the antiplasmodial activities for the 4-O analogs we 

noted that some exhibited improved SI. Since the predicted accumulation ratios for this 

series was much lower than of CQ, branched 4-O derivatives incorporating an 

additional titratable amine, 21-23 were designed (see chapter 2). Compound 22 and 23 

showed improved growth inhibitory activities against both CQS and CQR strains 

relative to 13. Structurally, 22 harbors two extended symmetrical side chains 4 carbon 

atoms in length. In essence, one chain mimics that of compound 13 (fig 3.2) and is 

predicted to wrap around the periphery of the protoporphyrin ring when forming a non-

covalent complex. The additional chain possibly ion pairs with free FPIX propionate 

groups (fig 3.3). Compound 21, however, contains shorter chains and cannot ion pair 

with the propionate groups and as such remained significantly less active. Although we 

had predicted that improved activity would be attained by merely increasing the ability 

of the 4-O analogs to accumulate within the DV, 21 did not show any significantly 

improved activity.  
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Fig 3.3.  Proposed structure for a drug − µ-oxo dimer complex, in which the drug has a 

branched side chain.  One of the branches is placed along the perimeter of the porphyrin 

ring, as seen in Fig 3.2B and for previously solved CQ, QN, QD, and AQ structures 

[21,74], while the other branch extends away from the ring.  In this arrangement, it is 

possible that this terminal amino group then forms a hydrogen bonding pair with the 

propionate side chain of heme.  A minimal distance (> 4 methylenes between terminal 

amino and the branch point) for both maximal π – π interaction and hydrogen bonding 

is defined in this structure.   

 

Compound 22 proved to be more active at inhibiting β-hematin formation relative to 

13 (table 5). This observation combined with the similar binding affinities measured for 

13 and 22 further accentuate the lack of a simple correlation between binding to 
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monomer or dimer and the ability of these analogs to inhibit Hz formation. However, 

while making these extrapolations, it is important to note that in vitro measurement of 

β-hematin formation may not be a complete mimic to in vivo occurrences. 

 

3.3 DISCUSSION 
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Fig 3.4. Structures of the 4-Amino, 4-Alkoxy and 4-Alkylthioquinoline derivatives used 

in this study. 

 

This study analyzed CQ analogs with systematic modifications of the side chain that 

induce a wide range of antiplasmodial activities. This study was designed based on 

previous NMR analyses [21,74,90] of CQ-heme interactions and provides possibly the 

most systematic design, development and analyses of CQ analogs. Furthermore, this 

study defines new concepts important for the development of inexpensive antimalarials 

needed to combat CQR malaria. Based on our data, we can draw the following 

conclusions; 
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a) Substitution of the terminal tertiary amino functionality with a secondary amino 

group significantly reduces the overall activity vs CQR strains but has no 

significant change in activity for the CQS strains (Fig 3.2 A & B). Previous 

analyses have illustrated that shorter (2-3) and longer (10-12) chained CQ 

analogs possess improved activity vs CQR strains [81]. In fact, one of the 

previously synthesized short chained CQ analogs, AQ13, is currently 

undergoing clinical studies prior to its approval as an antimalarial drug [91]. In 

this study, longer chained monoethyl- derivatives show relatively low activities 

vs CQR strains relative to their diethyl counterparts (compound 5 vs 10). On the 

other hand, mono and diethyl short chained analogs have improved activities 

against both CQS and CQR strains (compound 1 vs 6). Trends observed for the 

4-N series, (1-10) imply that substituents attached to the terminal nitrogen may 

indeed have a role in the resistance mechanism. Current CQR mechanisms 

suggest a direct interaction with the mutant form of PfCRT [51,92]. If plausible, 

this then suggests that a secondary terminal amino group allows for better 

binding to PfCRT possibly due to reduced steric hindrance. Secondly, these data 

also suggest that metabolism to desethyl derivatives lowers the activities of 

longer chained analogs for CQR parasites much more than for the short chained 

analogs.  

b) Replacement of the nitrogen functionality at position 4 of the 7-chloroquinoline 

pharmacophore with a sulfur or oxygen atom significantly lowers the basicity of 
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the quinoline nitrogen as well as the antiplasmodial growth inhibitory activities 

of the resulting analogs. This observation suggests that the basicity of the 

quinoline nitrogen is vital for the antiplasmodial activity of CQ analogs. A 

recent study by Cheruku et al. [93] shows that substitution of the 4-amino 

functionality with a carbon atom lowers not only the pKa of quinoline nitrogen 

(measured at 4.8 vs. 4.5 and 4.1 for 13 & 18 respectively) but also, significantly, 

the antiplasmodial activity. These results although not identical are similar to 

those observed in this study. The improved SI for some of the 4-O derivatives 

and the observed increased in activity upon addition of an additional titratable 

amine (compounds 22 & 23) relative to CQ, introduce the 4-O as a possible 

pharmacophore for drug design schemes targeted at circumventing CQR 

resistance.  

c) Introduction of an additional titratable amine as in compounds 22 and 23, 

improves the antiplasmodial activity while maintaining the improved SI. This 

inclusion also results in enhanced β-hematin inhibitory capability while 

maintaining similar binding profiles towards the monomeric and dimeric heme 

species. 

d) In contrast to literature reports [94], we find no direct correlation between the in 

vitro β-hematin inhibitory activity (BHIA) and the heme binding abilities of 

these drugs. Similarly, no simple correlation was observed between either of 

these characteristics and the antiplasmodial activity. 
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Figure 3.5. Antiplasmodial growth inhibitory IC50 trends for the 4-Amino, 4-Alkoxy 

and 4-Alkylthioquinoline CQ derivatives: HB3 = red; GCO3 = green; Dd2 = blue; FCB 

= magenta. 

 

Conclusions ‘c’ and ‘d’ above have significant implications with regards to 

antimalarial drug design. Noteworthy is the lack or a correlation between heme binding 

and β-hematin growth inhibition as well as similar association constants observed for 
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the representative set of analogs (8, 13 and 18). Surprisingly, these analogs show 

significantly different BHIA. This observation is rather intriguing since these 

compounds differ only at position 4. Furthermore, lowest energy geometries for µ-oxo 

dimer complexes these analogs are quite similar (Fig 3.2). Although the tethered head-

to-tail dimer is physiologically more relevant towards Hz formation, the operating π-π 

and Van der Waals interaction with this dimer are probably similar with those observed 

with the µ-oxo dimer [21,74]. Possible explanations include binding to one or more 

faces of the growing Hz crystal, variable association with the monomer or different 

toxicities of the resulting drug-heme adducts. However, additional investigations into 

the lipophilic nature of this non-covalent complex that is dependent on the protonation 

state of the quinolyl nitrogen is also likely needed, as described later in this dissertation. 

This proposal is appealing due to recent work suggesting the possible involvement of 

lipids in catalyzing Hz crystallization in vivo [20,95,96].  

Overall, the trends (Fig 3.5) observed in this study demonstrate that slight changes 

in the CQ structure can lead to significant changes in the in vivo and in vitro activities 

as well as the ability to bind to heme. Additionally, the relationship between the 

antiplasmodial and the Hz inhibitory activities could be more complex than initially 

thought even for structurally related analogs. Importantly, the improved activity of 22 

relative to 13 appears to be due to both its improved ability to inhibit β-hematin 

crystallization as well as increased accumulation owing to the addition of the extra 

amino functionality. I also note that the relative β-hematin inhibitory activities for these 
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drugs at pH 5.6 (corresponding to the measured DVpH of the sensitive strain [42,97]) 

and pH 5.2 (corresponding to the measured DVpH of the sensitive strain [42,97]) do not 

correlate with their in vivo activities in contrast to previous reports [94]. For instance, 

although compounds 18 and 22 have almost identical BHIA IC50s at pH 5.2, the latter 

has a 10 fold lower activity vs Dd2 and FCB. Also, 13 exhibits a 5 fold higher BHIA 

relative to 18 but reverts to a 4 fold lower antiplasmodial activity against Dd2. These 

significant differences are possibly indicative of a differed chemistry of Hz inhibition 

for CQS and CQR parasites, or that DV accumulation is significantly altered by the 

substitutions at position 4, and varies for CQS vs CQR parasites. On the other hand, 

perhaps the observed effects are due to a combination of these effects since we observe 

a difference in the BHIA at pH 5.2 vs 5.6 for CQ and some of these analogs. While 

considering these implications, we cannot help but point out that although still 

controversial, several reports link mutant PfCRT to lowered DVpH of resistant parasites 

[42,97-99]. Additionally, DV volume and Cl- dependent volume regulatory processes 

are similarly different for CQS and CQR parasite. Thus, assuming similar rates of Hb 

catabolism within the DV as suggested [97], then, alterations in the chemical 

environment for heme within the DV (e.g. heme concentration or DVpH) possibly 

affect drug-heme interactions which in turn affect their in vivo activities. 

In summary this study introduces CQ analogs prepared by rational drug design 

based on predictions from drug heme complexes [21,74,90]. The results suggest that 

specific structural modifications on CQ can lead to improved selectivity vs. resistant 
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strains. Additionally, correlations between heme binding, in vitro and in vivo activities 

appear to be more complicated than originally thought and require further investigation. 

Finally, this work opens up numerous possibilities for future drug design towards 

development of cheap and efficacious antimalarials, especially, against the resistance 

strains. 
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CHAPTER 4 

ADDITION OF BASIC FUNCTIONALITIES TO QUINOLINES 

REVERSES THE CQR TRAIT 

Previously published as: 

Yearick, K., Ekoue-Kovi, K., Iwaniuk, D. P., Natarajan, J. K., Alumasa, J., de Dios, A. 

C., Roepe, P. D., Wolf, C. Overcoming drug resistance to heme-targeted antimalarials 

by systematic side chain variation of 7-chloro-4-aminoquinolines. J. Med. Chem. 2008, 

51, 1995-8. Reproduced in part with permission from the American Chemical Society, 

Washington, DC, USA. Copyright © 2008 American Chemical Society. 

 

Iwaniuk, D. P., Whetmore, E. D., Rosa, N., Ekoue-Kovi, K., Alumasa, J., de Dios, A. 

C., Roepe, P. D., Wolf, C. Synthesis and antimalarial activity of new chloroquine 

analogues carrying a multifunctional linear side chain. Bioorg. Med. Chem. 2009 ,17, 

6560-6. Reproduced in part with permission from Elsevier. Copyright © 2009 Elsevier 

Ltd. 

 

4.1 BACKGROUND 

In the preceding chapter, I demonstrated that systematic structure-function 

modification studies can lead to a number of significant conclusions with regard to the 

design of novel 7-chloroquinoline analogs. Among these conclusions is the observation 
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that inclusion of an additional titratable amine to the rather inactive 4-O CQ analogs 

(compounds 11-15), results in significantly improved activities versus the resistant 

strains while maintaining an improved SI relative to CQ (table 3.1; 22, 23). In this 

chapter, I describe the analyses of the antiplasmodial activities of both linear and 

branched 4-amino-7-chloroquinoline tribasic derivatives designed following the above 

principle. Two sets of linear tribasic analogs were designed the first series (table 4.1; 

24-33 (see Yearick et al. above)) involved varying the length of the α-chain while 

holding the β-chain constant (fig 4.1). The second series (table 4.2; 38-47(see Iwaniuk 

et al. above)) was similarly designed but in this case the α-chain was held constant 

while varying the length of the β-chain. Branched 4-amino-7-chloroquinoline tribasic 

analogs were also prepared (see chapter 2) by varying the chain lengths on either side of 

the amine at position 4. 

NCl

X
N N

R

Central Amine

Terminal Amine

Quinolyl Amine

X = NH or O
R = H or Et

 

Fig 4.1. General structure of the linear dibasic 4-O- and the linear tribasic 4-N-CQ 

derivatives. 

 

Additionally, using the same principle, 4-O-7-chloroquinoline linear dibasic 

derivatives with variable α-chain and fixed β-chain lengths were designed (see chapter 
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2) (table 4.2; 48-51). This series was designed in attempts to further optimize and 

define the structural requirements for the activity of the 4-O series of compounds. The 

hope of these studies was to provide insight for improving the accumulation of these 

compounds within the DV by increasing the overall basicity of the test compounds. I 

screened and compared the antiplasmodial growth inhibitory activities for these 

compounds against at least one CQS and one CQR strain to observe for any structure 

activity relationships.  

 

4.2 RESULTS 

As I demonstrated earlier, side chain modifications on the CQ pharmacophore 

appear to be more ideal with regards to improving activity especially against CQR 

strains. Thus, we hypothesized that incorporating an additional titratable group to the 4-

N dibasic analogs to increase drug accumulation, might in turn lead to improved 

activities as observed for compounds 22 and 23. The synthetic approach described in 

chapter 2 realized a series of linear (compounds 24-33 & 38-47) as well as symmetrical 

branched tribasic CQ analogs (compounds 34-37) (table 4.1). These tribasic analogs 

contain a quinoline nitrogen and two aliphatic amines with estimated average pKa 

values of 7.61, 9.01 and 9.32 respectively (estimated using SPARC calculator, see 

section 2.2.10) a characteristic that makes then significantly more basic relative to CQ. 

On the other hand, 4-O linear dibasic analogs (48-51) possessing two titratable basic 

amines similar to CQ were designed. These analogs were designed not only to 
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investigate the effect of increasing basicity, but also to compare the effects of a linear 

versus a branched side chain motif on the antiplasmodial growth inhibitory activity. 

 

Table 4.1: Antiplasmodial growth inhibitory activities for compounds 24-37 against 

HB3, GCO3, Dd2 & FCB (For synthesis of 24-37 see Yearick et al.). 

 

Strain/Experimentala IC50 (nM) 

Compound HB3 Dd2  SIb  GCO3  FCB SIb 

CQ 13.5 140 10.4 16.0 170 10.6 
24 29.2 129 4.43 118 146 1.24 
25 27.3 56.3 2.06 64.8 73.7 1.14 
26 72.5 170 2.34 139 189 1.36 
27 46.0 103 2.25 68.7 97.3 1.42 
28 82.8 269 3.25 129 216 1.67 
29 27.3 31.2 1.14 37.7 52.7 1.40 
30 21.2 28.1 1.33 27.6 49.1 1.78 
31 24.1 84.6 3.52 87.4 156 1.78 
32 15.7 43.4 2.76 55.2 66.8 1.21 
33 62.9 274 4.36 175 263 1.50 
34 187 128 0.68 96.6 186 1.92 
35 44.1 99.8 2.26 42.4 104 2.45 
36 716 882 1.23 517 1060 2.05 
37 1314 2550 1.94 1512 2225 1.47 

 

 

 

aThe experimental IC50 values are averages of two separate determinations each 
conducted in triplicate. bThe selectivity index (SI) is the ratio of the IC50 for the 
resistant versus the sensitive strain (Dd2/HB3, 4th column; FCB/GCO3, 7th column). 
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 The recorded antiplasmodial activities for compounds 24-32 reveal a similar profile 

to our previous series of compounds (1-10). Short α-chain modified analogs, 24, 25, 29 

and 30 exhibit activities comparable or more active than CQ against HB3, FCB and 

Dd2. However, these compounds showed reduced activity against GCO3, a 

phenomenon that remains puzzling.  Strikingly, compounds 29 and 30 had drastically 

improved activities against the resistant strains Dd2 and FCB relative to CQ with low SI 

values of < 1.4 and < 1.8 respectively relative to ~10 for CQ. On the other hand, long 

chained analogs from these two series, 26-28 and 31-33, exhibited reduced activities 

when compared to CQ with few exceptions. For example, compound 32 proved to be 

significantly more potent than CQ with an approximately a 3 fold improved IC50 against 

both Dd2 and FCB.  

Branched analogs, 34-37, had inferior activities relative to the linear tribasic 

derivatives. However, similar to our previous observation with the 4-O branched series 

(21-23), these compounds similarly exhibited improved selectivity indices relative to 

CQ. Overall, the short chained symmetrical analogs 34, 35, were more active that the 

longer chained analogs 36, 37. We could not observe any clear trends when comparing 

the effects of substituting the terminal diethyl groups with diisopropyl groups since 

compound 35 was more active than 34 while 36 was more active than 37. Overall, 

results from these sets of 7-chloroquinoline analogs clearly demonstrate that the 

inclusion an additional basic amine to the CQ pharmacophore results in analogs with 

significantly improved activities especially versus CQR parasites. 
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The above results led to the design and synthesis of additional 4-N-linear tribasic 

CQ derivatives (table 7, 38-47). In this case, however, we investigated the effect of 

varying the length of the β-chain on the antiplasmodial activities of these analogs (fig 

4.1). The antiplasmodial growth inhibitory activities of compounds 38-47 show several 

promising analogs with improved activities relative to CQ. Collectively, analogs with a 

central tertiary amine, 43-47, depict significantly improved activities relative to the ones 

with a secondary amine, 38-42. Noteworthy, these analogs (43-47) retain their activities 

against the sensitive strain but, importantly, exhibit between 2 - 4 fold enhanced 

activities relative to CQ against the resistant strain.  

The combined observations that i) linear derivatives (24-33) show improved overall 

activities relative to symmetrically branched derivatives (34-37), and ii) addition of a 

basic amine improves the activities of 4-O-7-chloroquinoline derivatives (see 

compounds 22, 23) led to the design of 4-O-7-chloroquinoline linear dibasic analogs 

with variable α-chain lengths (table 7, 48-51). In contrast to compounds 24-47, these 

analogs are expected to have free non-protonated quinoline amines under physiological 

conditions. Although the overall activity of these 4-O analogs (48-51) was lower than 

that of the 4-N analogs (38-47), the former portray much improved selectivity indices 

with one exception, 49. Importantly, these linear dibasic 4-O analogs were significantly 

more active, if not comparable, to the 4-O branched dibasic analogs, 22, 23. This 

observation suggests that the linear side motif is more superior to the branched motif. 
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This phenomenon can also be observed when comparing the 4-N linear tribasic analogs 

(24-33, 43-47) relative to the 4-N branched tribasic analogs (34-37).  

 

Table 4.2: Antiplasmodial growth inhibitory activities for compounds 38-51 against 

HB3 and Dd2 (for synthesis of 38-51 see Iwaniuk et al.). 

 

 
Strain/Experimentala IC50 (nM) 

Compound HB3 Dd2 SIb 

CQ 8.40 122 15 
38 10.8 1569 145 
39 29.2 129 4.4 
40 30.7 1274 42 
41 28.9 459 16 
42 68.9 231 3.4 
43 5.00 53.0 11 
44 27.3 31.2 1.1 
45 5.10 36.2 7.1 
46 8.90 38.7 4.3 
47 5.00 19.9 4.0 
48 94.6 214 2.3 
49 19.7 240 12 
50 321 409 1.3 
51 77.5 108 1.4 

 

 

aThe experimental IC50 values are averages of two separate determinations each 
conducted in triplicate. bThe selectivity index (SI) is the ratio of the IC50 for the 
resistant versus the sensitive strain (Dd2/HB3). 
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4.3 DISCUSSION 
 

 

 

 

Fig. 4.2. Structures of the 4-N- linear and branched tribasic analogs (24-47) & the 4-O-

linear dibasic analogs (48-51).  

 

The series of HTA compounds presented in this chapter encompass linear and 

branched tribasic 4-N derivatives as well as linear dibasic 4-O derivatives with 

improved activity versus CQR strains with few exceptions. A comparison of the 

structure-function implications reveals, for example, that the presence of a tertiary 

‘central’ amine (see fig 4.1) for the linear tribasic series is crucial for increased activity. 

This phenomenon can be observed when comparing similar compounds from the 

different series of analogs 24-28 & 38-42 versus 29-33 & 42-47 respectively. With 
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regards to observable IC50 trend within a series, the secondary amine analogs (24-28 & 

38-42) showed decreased activities with increasing chain length against HB3. However, 

I did not observe any obvious trends vs GCO3, FCB and Dd2. The α-chain modified 

tertiary amine analogs (29-33) showed decreased activities with increase in chain length 

for all the strains tested. On the other hand, the tertiary amine series, 43-47, portrayed 

no clear trend in their activities with regards to chain length modification. 

The significantly different activities observed for the branched analogs, 34 & 35 

versus 36 & 37 acts as an indication of the importance of selecting an ideal chain length 

when designing 7-chloroquinoline analogs. There was no definitive trend to account for 

the effect of substituting a diethyl group with a diisopropyl group for compounds 34-37. 

Although it is justifiable to assume that the diisopropyl groups introduce additional 

sterics that may impede drug transport or drug-substrate interaction, this remains to be 

elucidated. The 4-O linear dibasic analogs (48-51) appear to be more active than both 

the monobasic (11-15) and the branched dibasic analogs (21-23). These results imply 

that i) the activity of this subclass of 7-chloroquinolines is favored by the linear motif, 

ii) dibasic analogs are significantly more active than the tribasic ones. 

Collectively, these studies presents a structured design of a series of CQ analogs 

with promising structure-function implications for future drug design geared towards 

reverting CQ resistance. Overall, the greatly improved SI for these analogs argues that 

an additional titratable group tends to reverse the CQR trait. Implying that, DV 

accumulation could be playing an important role towards the activities of this class of 
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antimalarial drugs. On the other hand, it is evident that analogs with a linear motif are 

more potent than those with a symmetrically branched motif. This observation can 

possible be attributed to altered drug-substrate interaction or drug accumulation and 

should further aid in future design of 7-chloroquinoline analogs. 
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 CHAPTER 5 

CORRELATION BETWEEN THE ANTIPLASMODIAL & IN 

VITRO ββββ-HEMATIN GROWTH INHIBITORY ACTIVITIES FOR 7-

CHLOROQUINOLINE ANALOGS  

 

To be submitted as:  

Alumasa J. N., Nickley, K, B., Brower, J. B., de Dios, A. C., Roepe, P. D. In vivo 

Activity of Quinoline Antimalarial Drugs vs. Inhibition of Hemozoin Crystal Growth. 

2010. 

 

5.1 BACKGROUND 

As I mentioned earlier, P. falciparum actively feeds on and degrades host red blood 

cell (RBC) hemoglobin (Hb) during the trophozoite stage of its intraerythrocytic cycle. 

In turn, it produces millimolar quantities of toxic FPIX within the digestive vacuole 

(DV) of the parasite [100,101]. To circumvent the lack of heme oxygenase [12] the 

malaria parasite maintains a low concentration of toxic FPIX by sequestration into the 

inert, non toxic crystal; hemozoin (Hz) [15,16,20,23,102].  This crystallization process 

is widely viewed as the primary target for quinoline antimalarial chemotherapy because, 

traditionally, highly effective quinolines such as chloroquine (CQ) have been shown to 

bind to variable pre-crystalline forms of FPIX thereby inhibiting crystal growth 

[23,74,90]. As such, quantifying quinoline inhibition of this process in vitro has 



 84

previously been viewed as a faster, less expensive way to predict and quantify drug 

activities in vivo [20,24,25,103].   

Although not entirely understood, preformed Hz, proteins and lipids, all found 

within the parasites’ DV, are among the agents proposed to facilitate FPIX 

crystallization in vivo [15,16,19,20].  Current evidence strongly supports lipid catalysis 

of this crystallization process, since lipids have been shown to be closely associated 

with Hz crystals within the DV of the parasite [95,96].  Moreover, DV isolated lipid 

extracts as well as pure commercially available lipids have been shown to efficiently 

catalyze β-hematin growth in vitro [95,96,104-106].  Currently, the concentration and 

exact identity of the lipids extracted from the DV is still controversial [95,96]. 

However, phosphatidylcholine (PC), monoacylglycerols (MAGs), diacylglycerols 

(DAGs) and triacylglycerols (TAGs) are among those identified to be present within 

this acidic compartment [95,96]. This observation further strengthens the possible link 

between lipids and Hz catalysis.   

There are currently numerous, plate – based and non plate – based assays designed 

to quantify in vitro β-hematin crystal growth inhibition. Most of these assays are either 

quite tedious [107-114], and/or are performed under non-physiologic conditions 

[107,112-114].  In addition, most of these assays employ multiple steps in the 

processing of the crystal leading to numerous sources of error.  Some use reagents that 

are expensive and hazardous [114-116] or require expensive equipment such as micro-

filter plates [116].  In actuality, in vitro-based prediction of antimalarial activity for 
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candidate drugs would greatly benefit from a screening process that is faster, more 

economical, less hazardous and that closely mimics ‘physiological conditions’ for Hz 

formation. Furthermore, maintaining such conditions could possibly lead to a more 

precise interpretation and prediction of the acquired data in vivo. 

In this chapter, I describe the development and use of an efficient novel 96 well 

plate high throughput assay for quantifying the inhibition of β-hematin crystallization in 

vitro by heme targeted antimalarial drugs.  This assay utilizes the differential solubility 

of crystalline and non-crystalline forms of heme in SDS and alkaline bicarbonate buffer. 

I have optimized this assay for use under close - to - physiologic conditions by 

employing a relevant lipid catalyst, physiologically relevant ionic strength and 

incubation temperatures. Unlike currently used conventional assays, this assay requires 

no laborious purification steps and utilizes inexpensive, easily acquired non-hazardous 

reagents. Using this assay I quantify the effect of pH on the crystal growth inhibitory 

activities for common antimalarials (CQ, AQ, QN & QD) and evaluate the catalytic 

efficiencies of different lipids.  Additionally, I test for possible correlations between in 

vitro anti Hz activities versus in vivo antiplasmodial activities for an extended set of 

homologous 7-chloroquinolines incorporating minor systematic modifications on the 

aliphatic side chain of CQ. Further, I provide rationalized predictions for optimizing 

drug design for CQ analogs by comparing the relative activities for the mono-, di- and 

tribasic CQ derivatives among this series.   
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5.2 RESULTS 

The assay I describe in this chapter utilizes a principle based on the pronounced 

effect of SDS on the absorbance of heme. Simple cuvette titration of µ-oxo dimeric 

heme with a solution of SDS results in a red shift of the FPIX Soret band (Fig 5.1A) 

from 389 nm (arrow 2) to 405 nm (arrow 3) as well as a concentration dependent 

increase in absorbance to a maximum at 2.5 w/v SDS.  The broad peak observed in the 

absence of SDS, characteristic of the µ-oxo dimer [22], exhibits λmax at 389 nm (arrow 

2), with a shoulder at 359 nm (arrow 1).  Upon addition of SDS at concentrations above 

the critical micelle concentration (CMC), free µ-oxo dimeric heme is converted to its 

monomeric form [117]. The resultant effect is a shift in λmax (to 405 nm, arrow 3) and 

an increase in the extinction coefficient of heme to 99690 (M-1cm-1).  I was able to 

reproduce these results in 96 well plate format (Fig 5.1B) which then allowed me to 

effectively miniaturize the assay. The linear increase in absorbance that I observe then 

allows for calibration of free FPIX at known SDS concentrations.  Meaning, I can easily 

quantify the conversion of heme to Hz without multiple washing steps by simple 

addition of SDS to the well contents following the incubation period.  

As part of my optimization strategies and to develop an assay that would kinetically 

mimic the formation of Hz in vivo at physiologic temperature, pH, and ionic strength, I 

screened the catalytic abilities of various lipids suggested in recent reports to reside 

within DV extracts [95,96]. I then compared the catalytic efficiency of PC to that of 

other lipids and mono or diacylglycerols (Fig 5.2). I found catalysis by PC to be 
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comparable if not better than that of other lipids tested including a blend of PC, pMAG 

and sMAG (Fig 5.2, “BD”) under physiologic conditions.   

 

 

Fig 5.1. Effect of SDS on the absorbance of heme. A) Cuvette experiment illustrating 

the changes caused by SDS on the absorbance spectrum of heme. Increasing amounts of 

SDS were titrated to a cuvette containing 10 µM of heme while recording the 
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absorbance spectrum after each addition. No SDS (red), 0.1% (3.47 mM) SDS (brown), 

0.5% (17.3 mM) SDS (green), 1% (34.7 mM) SDS (black), 2.5% (86.7 mM) SDS 

(blue), 5% (173 mM) SDS (pink). Inset; peak height at 405 nm versus SDS 

concentration; B) Effect of SDS on the absorbance of heme demonstrated using a 96  

mM) SDS (▼, R2 – 0.992), 1% (34.7 mM) SDS (■, R2 – 0.996), 2.5% (86.7 mM) SDS 

(□, R2 – 0.998), 5% (173 mM) SDS (∆, R2 – 0.999).  Increasing the concentration of 

SDS increases the absorbance of heme to a maximum at ~ 2.5 % SDS.  (Note: % SDS = 

% w/v SDS). 

 

I also observed that lipid catalyzed Hz formation is highly pH dependent, with the 

strongest pH dependence observed for PS and the smallest for PC and the PC / pMAG / 

sMAG blend (Fig 5.2).  Although there is no direct evidence for the formation of the 

head-to-tail dimer  dimer, more acidic aqueous conditions have been reported to favor 

formation of heme aggregates, presumably including this dimer (the Hz precursor) but 

excluding the µ-oxo dimer [18], thus acceleration of Hz formation at lower pH is 

expected.   
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Fig 5.2. Catalyst Optimization.  Comparison of the β-hematin catalytic efficiency of 

variable lipids PS - L-α-phosphatidyl-L-serine; PC - L-α-phosphatidylcholine; PG - 1-

monopalmitin (pMAG); SG - 1-monostearin (sMAG); DO - 1,2-Diolyl-rac-glycerol 

(18:1, cis 9); DG - 1,2-dipalmitoyl-sn-glycerol-3-PC;  DT - 1,2-Dioctanoyl-sn-glycerol-

3-PC; BD - ‘blend’ represents an equimolar mixture of PC, pMAG and sMAG. Heme 

(100 µM) was incubated in 1M propionate buffer (at the different pH) at 37°C in the 

presence of the corresponding lipid. The amount of β-hematin formed in corresponding 

lipid wells (average of triplicate wells) was quantified relative to a lipid free control 

after a 16 h incubation period.  
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I therefore selected PC as my catalyst of choice since it its catalytic efficiency was 

similar to that of a mock DV blend and it is considerably less expensive, and easily 

handled relative to this blend.  I determined the optimal heme concentration to be used 

in this assay to be 100 µM since it provides a wide dynamic range (> 0.6 a.u) as it is 

converted to Hz over approximately 16 hrs (fig 5.2). This then reduces signal to noise 

observed during data analyses. Under control conditions, conversion of 100 µM heme 

to Hz was near 100 % (fig 5.2).  

I compared the kinetics of Hz production at 37°C with either PC, pMAG, sMAG as 

the catalysts at two different pH that correspond to extremes in DV pH we have 

measured for various live P. falciparum strains [42] to optimize the incubation times, 

and to further probe any differences in catalysis by different lipids (fig 5.3, Table 5.1). 

As observed in figure 5.3, I similarly found PC to be the more efficient catalyst at either 

pH, and Hz formation appeared to plateau near 16 hr. Upon calculation of the initial 

rates of Hz formation, I noted that at pH 5.2 PC catalysis is 1.5, 2 and 5 fold faster 

relative to pMAG, sMAG and control (no lipid) respectively (fig 5.3A), and that the rate 

for PC catalyzed Hz formation in this assay corresponds to that defined as the rate of Hz 

growth in live parasites [97].  At slightly higher pH corresponding to that measured for 

the DV of CQS parasites [42] kinetic differences between the lipid catalysts normalize 

(fig 5.3B, table 5.1).  
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Fig 5.3. pH dependent kinetics for the production of β-hematin. Assays performed in 

the presence of PC (●, filled circles), pMAG (○, open circles), sMAG (▼, filled 

triangle) and absence of a catalyst (∆, open triangle). Sonicated lipids were incubated at 

37°C with 100 µM heme in 200 µL of propionate buffer for 16 h at A) pH 5.2 B) pH 
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5.6. Curve fitting performed in sigma plot 10.0 using the equation ( )xbay −= 1 . Inserts 

show the corresponding initial rate plots t0 – t4 (see table 5.1). Insert data are fit to linear 

plots and the initial rates extracted as the slopes of these plots.  

 

Table 5.1. Initial rates of β-hematin production. Screens performed in the presence of 

the PC, pMAG and sMAG and in the absence of lipid catalysts. Initial rates were 

calculated within the first 4 h of the reaction see insets in Figure 3.  

 

 

 

 

 

 

Table 5.2. BHIA IC50 at pH 5.2 for the common antimalarials in the presence of PC, 

pMAG and sMAG. IC50s were determined using a 16 h end-point assay at 37°C.  

 

 

 

 

  

  

 Initial Rates (x 10-8, Ms-1) 

Catalyst pH 5.2 pH 5.6 

Control 0.67 0.57 

PC 3.61 1.77 

pMAG 2.39 1.51 

sMAG 1.78 1.66 

CPD ID 
BHIA IC50 (µµµµM) 

PC pMAG sMAG 

CQ 67.7 22.4 34.9 

AQ 25.4 11.7 16.5 

QN 237 59.8 131 

QD 111 12.6 36.2 
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Utilizing this standardized assay I quantified inhibition of Hz formation by 

common quinoline antimalarials (CQ, QN, QD, and AQ, fig 5.4A) at several pH.  

Overall, I found (similar to other studies [114,116,119,120]) that in terms of potency 

AQ > CQ ~ QD > QN across the range of pH (fig 5.4B).  I also note that different 

absolute IC50s are obtained at the same pH when the identity of the lipid catalyst is 

changed (table 5.2), but that the IC50 trends for the drugs remain similar.  CQ and AQ 

exhibit relatively small (2 – 3 fold) differences in Hz inhibition IC50 when PC vs 

monoacylglycerol catalysts are used, however, interestingly, QN and QD IC50 appear to 

be more perturbed.  This phenomenon is consistent with differences in CQ vs QN lipid 

partitioning behavior that I discuss in chapter 6.   

 

 

Fig 5.4A Structures of common quinoline antimalarial drugs. 
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Fig 5.4B Effect of pH on the β-hematin growth inhibitory activity of common 

antimalarial drugs; CQ - filled circle (●), AQ – open circle (○), QN – filled triangles 

(▼) and QD – open triangles (∆). Experiments were performed at 37°C in a 16 h 

endpoint assay. Each data point is an average of three separate IC50 determinations each 

performed in triplicate at the corresponding pH. For each assay all the drugs were tested 

at the same time and at all the different pH. 

 

Using common antimalarial drugs it has previously been shown that Hz inhibition 

vs antiplasmodial potency is linearly related [24]. However, a different study observed 

that upon correction for different levels of DV accumulation the linear correlation 

existed only for CQS strains [120].  In both of these studies, the considerable structural 

diversity across the set of compounds used complicate interpretation of the acquired 

data.  I thus endeavored to test this hypothesis to observe for any possible correlation 
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between Hz inhibition and antiplasmodial activity using a more extended “rationally” 

selected set of 20 7-chloroquinoline analogs described in the preceding chapters (fig 

5.5).   

 

 

 

Fig 5.5. Structures of the compounds used to investigate the correlation between the 

antiplasmodial activities and the in vitro BHIA. The compounds incorporate effectively 

monobasic (QN, ab, ac, 15-20), dibasic (CQ, 6–10, 54-57, x) and tribasic (24, 29) CQ 

derivatives. Synthesis of compounds 6-10 & 16-20 are described in ref 25;  

 

These analogs incorporate single atom substitutions or additions, as well as chain 

length variations and span monobasic, dibasic and tribasic CQ derivatives (figure 5.5).  

When I plot the Hz inhibition IC50s for these compounds vs. their antiplasmodial IC50s 
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that I determined using live merozoite cultures, I observe a weak correlation for both 

CQS (R2 = 0.501) and CQR (R2 = 0.677) strains (figure 5.6A & B respectively). 

However, as I demonstrated earlier replacement of the anilinal N by S or O for these 

compounds significantly lowers the quinolyl N pKa (to values near those seen for QN or 

QD (see chapter 3).  The antiplasmodial IC50s are presumably determined in part by the 

fold accumulation of the drug at the site of Hz formation (e.g. the acidic DV interior).  I 

therefore adjusted the antiplasmodial IC50 by multiplying the raw experimental IC50s by 

the corresponding calculated VARs for each molecule such that the antiplasmodial 

IC50s were normalized to account for vacuolar accumulation (see section 2.2.9).  

Meaning, the “external dose” was converted to “internal dose” at the presumed site of 

action.  

When I plot the data in this manner, I do not observe any correlation between Hz 

inhibition and antiplasmodial potencies for either CQS or CQR strains (fig 5.6C & D 

respectively). This implies that normalizing external doses to internal doses using 

predicted VARs does not improve the initially apparent correlation between these two 

parameters.  Importantly, this extended set of data suggests that the basicity of a 

molecule is relevant to its ability to both accumulate and inhibit Hz crystallization, at 

least for these series of compounds.  This is also suggested by fig 5.7, which groups 

mono, di and tri-basic CQ derivatives and demonstrates that di- and tribasic derivatives 

tend to be more potent with regards to both their antiplasmodial activity and Hz growth 

inhibition. 
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Fig 5.6. Correlation between the in vitro β-hematin inhibitory activities (BHIA) and the 

antiplasmodial activities for selected heme targeted antimalarial drugs. A) BHIA IC50s 

at pH 5.6 vs UCHB3 (uncorrected) in vivo activity; R2 – 0.501, B) BHIA IC50s at pH 5.2 

vs UCDd2 in vivo R2 – 0.677, C) IC50s at pH 5.6 vs CVAHB3 (corrected for vacuolar 



 98

accumulation) in vivo activity; R2 – 0.000, D) BHIA IC50s at pH 5.2 vs CVADd2 

(corrected for vacuolar accumulation) in vivo activity; R2 – 0.056. 

 

 

Fig 5.7. Comparison of the activities for the mono-, di- and tribasic CQ derivatives. The 

figure incorporates both HB3 and Dd2 raw data from Fig 5.8A,B  and classifies CQ 

derivatives as either  monobasic (▲) (QN,ab,ac,15-20), dibasic (○) (CQ, 6–10, 54-57, 

X) or tribasic (■) (24,29). The figure shows BHIA data obtained at either pH 5.2 or pH 

5.6 and corresponding in vivo antiplasmodial activities vs Dd2 and HB3, respectively.  

 

5.3 DISCUSSION 

The assay I have described in this chapter represents a more efficient and close-to-

physiological tool for rapid and inexpensive high throughput screening of candidate 

HTA drugs. This represents a significant improvement in assay design because, unlike 

most conventional assays, it avoids the use of multiple purification steps which may 
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lead to sources of error and, eventually, misleading results. Additionally, the use of 

simple, easily attainable and less expensive reagents makes this assay ideal for global 

use.  

With regards to the applications of this assay I have demonstrated that the crystal 

growth inhibitory activities observed for the common antimalarials follow similar trends 

to those observed in previous reports [114,116,118,119]. My results also show 

decreased activities for all the drugs with decreased pH, in agreement with previous 

data [103]. This observation implies that more acidic conditions require higher inhibitor 

concentrations to inhibit crystal growth. This may partially explain in vivo physiologic 

activity trends where since it requires at least 10 fold higher concentrations of CQ to 

inhibit parasite growth for CQR Dd2 relative to CQS HB3 strain, then this might partly 

be due to the observed lower DVpH of the resistant strain [42]. Further, the results 

demonstrate that PC is far more efficient at catalyzing crystal growth in vitro when 

compared to mono – and diacylglycerols as well as other lipids identified to be present 

within the DV regardless of medium conditions. However, it is important to note that 

although these lipids are reported to be present within the DV it is not known 

specifically which among them catalyze Hz formation within the parasite.  

I have also used this assay to examine correlation between Hz inhibition and 

antiplasmodial activity for quinolines. Previously, the assays employed for analyses of 

this principle were non-physiologic and the set of quinoline drugs tested were more 

limited and, less homologous as I demonstrate later. My results suggest an apparent 
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correlation between these two parameters for both CQS and CQR strains (Fig 5.6A,B). 

It has been presumed that inhibition of Hz crystallization is possibly due to drug-heme 

binding resulting in covalent [90] or non-covalent [21,74] complexes with pre-

crystalline forms of heme. However in chapter 3, I noted a lack of correlation between 

Hz inhibitory activities and free heme affinity for CQ analogs. These conflicting results 

imply that there are multiple interpretations. 

First, these results imply that inhibition of Hz formation is probably not the only 

mechanism of antiplasmodial growth inhibitory activities for this class of compounds. 

This then suggests the possibility of additional (non DV) targets as has been recently 

suggested [121]. Another possibility is that a more detailed chemical information of the 

solution and/or solid state drug-heme complexes is required for a more precise 

understanding of the inhibition of Hz crystallization by these class of compounds. In 

this regard my colleagues and I have demonstrated that solubility of different heme 

species is dramatically affected by the presence of quinolines and that CQ and other 

quinolines bind to monomeric vs dimeric heme with different affinities [22]. It thus is in 

order to indicate that drug-heme interactions are more complex than simple aqueous 

equilibrium predictions would suggest. Thus, to attain a complete understanding of the 

molecular interactions involved, additional tools for studying lipid partitioning of these 

drugs is necessary. 

With regard to in vivo vs in vitro activity correlations, since quinolines are believed 

to exert their antiplasmodial activity primarily by inhibiting Hz formation, it is 
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justifiable to assume that these two activities are correlated. Dorn et al. [24] were 

perhaps the first to test this hypothesis by examining a less homologous set of common 

antimalarials (including quinoline methanols, 4-aminoquinolines, acridines and non-

quinolines) against one CQS strain. These authors observed a strong correlation 

between these two activities (Fig 5.5). In the same year, Hawley et al. [120] performed 

similar analyses on both CQS and CQR strains and observed no correlation between 

these two parameters at first glance.  

 

Fig 5.8. Correlation between the in 

vitro BHIA and the antiplasmodial 

activities for common antimalarials 

as observed by Dorn et al. [24] 

(Reproduced with permission from 

Elsevier. Copyright © Elsevier 

2002). 

 

 

However, while drugs come to direct contact with heme in a typical in vitro assay, this 

is not the case in vivo. In the latter case, the drugs have to first permeate numerous 

membranes and accumulate in the DV in order to have access to their substrate. 

Therefore, a more ideal comparison of the in vitro and in vivo activities should possibly 
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account for the degree of accumulation for these drugs. Thus, upon normalization of 

their data to account for accumulation, Hawley et al. observed a correlation only for the 

CQS but not the CQR strain [120]. Later in 2002, Kashula et al. [83] repeated these 

analyses using a CQS strain, D10, and observed no correlation prior to normalization of 

the in vivo data but observe one after (Fig 5.6). 

 

 Fig 5.9. Correlation between the 

in vitro BHIA and the 

antiplasmodial activities for 4-

aminoquinoline analogs as 

observed by Kaschula et al. [83] 

Results show no correlation prior 

to normalization for vacuolar 

accumulation (top) but a strong 

correlation following this 

normalization (bottom). 

(Reproduced with permission from 

the American Chemical Society. 

Copyright © acs 2002). 

The contradicting results from 

these studies make it impossible to make a compelling conclusion as to the presence or 
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absence of such a correlation between these two parameters. These contradictions are 

possibly due to; i) incorporation of non quinoline compounds which might have a 

different drug-substrate mode of interaction given that there are multiple Hz precursors 

(FPIX monomer, µ oxo dimer, and head-to-tail dimer), ii) use of a limited series which 

might bias the observed trends, iii) differences in experimental procedures or sample 

handling as well as employment of non-physiologic conditions.  

To address these issues I utilized a close – to - physiologic assay incorporating 

physiologic temperature and ionic strength, and natural lipid catalyst with analyses of a 

more extended and more homologous series of twenty 7-chloroquinolines incorporating 

mono-, di and tribasic analogs (fig 5.4A). I screened these compounds side by side 

against one sensitive and one resistant strain while performing the in vitro studies at pH 

5.2 & 5.6 (correspond to the DVpH of the resistant and sensitive strains respectively 

[42]). I, however, noted that the observed correlation was not necessarily affected 

significantly by varying pH across this range in the Hz inhibition assay.   

While a mild correlation exists for both CQS and CQR strains prior to any 

correction for variable levels of vacuolar accumulation (Fig 5.6A,B),  the correlation is 

not improved but is in fact reduced significantly when estimated VAR are used to 

normalize the data set (Fig 5.6C,D).  However, it is important to note that VAR 

calculated from the Henderson Hasselbalch relation are only estimates of the true 

accumulation that may occur in some examples [76].  In any case, for related quinoline 

antimalarials with widely different DV accumulation (mono, di, tri-basic) a reasonable 
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correlation between antiplasmodial activity and in vitro Hz inhibition activity does 

appear to exist. Thus, this relationship appears to be a good predictor of antiplasmodial 

activity for homologous series of compounds.  Based in part on additional recent studies 

[121] it is evident that the mechanism of quinoline action is more complex than simple 

drug - heme binding vs. growth inhibitory IC50 would suggest.  Relationships between 

cytotoxicity of various antimalarial drugs (e.g. LD50, see [121]) and Hz inhibition 

should perhaps also be examined more closely.  Faster, less expensive assays performed 

under more close – to – physiologic conditions such as the one I present in this chapter, 

may be extremely useful in this regard.   

 

 

  



 105 

CHAPTER 6 

QUININE – FPIX INTERACTION AT MOLECULAR LEVEL 

 

Previously published as  

Casabianca, L. B., An, D., Natarajan, J. K., Alumasa, J. N., Roepe, P. D., Wolf, C., de 

Dios, A. C. Quinine and chloroquine differentially perturb heme monomer-dimer 

equilibrium. Inorg. Chem. 2008, 47, 6077-81. 

 

To be submitted as: 

Alumasa, J. N., Gorka, A. P., Casabianca, L. B., Comstock, E., de Dios, A. C., Roepe, 

P. D. The hydroxyl functionality and a rigid proximal N are required for forming a 

novel, non-covalent quinine - heme complex. 2010. 

 

 

6.1 BACKGROUND 

Most of the current research on quinoline antimalarial drugs has been focused on the 

4-amino and 8-aminoquinolines despite the advantages of the QN pharmacophore. For 

instance, it is well known that QN remains sensitive against CQR laboratory strains of 

P. falciparum although there is currently no clear molecular explanation for this 

observation. This is possibly due to the fact that, despite extensive use of this drug, no 
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clear molecular mechanism of action currently exists. For a long period of time it had 

been presumed that all quinoline antimalarial drugs behave similarly and interact in a 

similar manner with their initially proposed substrate, heme. A classic example between 

CQ and QN demonstrates the significant structural diversity between these compounds. 

Literature reports have shown that both these drugs accumulate in their site of action, 

the DV [122,123] and inhibit Hz crystallization in vitro [24,94,103]. In addition, with 

regard to drug - substrate interaction, some studies have demonstrated that these drugs 

interact in a similarly manner with µ-oxo dimeric heme in solution [74]. This latter 

study utilizes distances derived from relaxation rates of protons from non-covalently 

bound drugs relative to the FPIX iron center [74]. It is important to appreciate that 

several forms of FPIX exist in biological environments including reduced and oxidized 

monomer, µ-oxo dimer and tethered head – to – tail dimer [23]). As I mentioned earlier, 

the mechanism of Hz crystal growth inhibition for these drugs is not fully understood. 

While the structures of the Hz crystal and its in vitro mimic β-hematin have been 

elucidated [23], the form(s) of FPIX species with which these drugs interact to inhibit 

the crystallization process are not currently known. In order to fully understand this 

process, a detailed molecular understanding of FPIX speciation and drug - FPIX 

interactions is urgently required.  

Although there have been previous structure - activity studies on the quinoline 

methanols [124-126], unlike the 4-aminoquinolines, there are only a limited number of 

studies on either structural - modification or drug - substrate interaction for quinoline 
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methanols. These two subjects are, in my opinion, of greater importance since they will 

not only assist in the elucidation of mechanism of action of these drugs but will also aid 

in identifying specific structural requirements towards optimizing the activities of these 

antimalarial drugs. Regarding drug - substrate interaction for QN, early evidence 

appears to eliminate possible Fe - quinolyl N covalent coordination for a QN -

monomeric FPIX complex based on spectroscopic comparisons of QN adducts to those 

of N - coordinated ligand complexes of tetraphenyl-porphyrinato) iron(III) and 

chloroiron(III) protoporphyrin IX dimethyl ester [127].  Based on 13C - NMR results 

these authors hypothesize an alkoxide-type coordination between the hydroxyl group of 

QN and iron center of FPIX, however, their data did not allow for determination of the 

QN - FPIX stoichiometry in the complex.  Constantinidis et al. later studied drug - heme 

interaction studies between QN and urohemin I / uroporphyrin I [128], and their results 

were also consistent with the QN hydroxyl acting as a covalent axial ligand to heme 

iron. Their data also suggests a 2:1 (urohemin:QN) binding stoichiometry, consistent 

with QN as an axial ligand to the µ-oxo dimer form of FPIX. Other studies have shown 

that stereo-chemical configuration is crucial to the activity of QN - related alkaloids.  

For example, threo-epi alkaloids are known to be significantly less active than the 

erythro-alkaloids [124-126].  

Egan and colleagues have recently obtained a very informative crystal structure of a 

FPIX - halofantrine (HF) complex but were unsuccessful in obtaining diffraction quality 

QN - FPIX crystals [129]. Nonetheless, based on the HF - FPIX structure and energy 
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profile similarities between QN, QD and HF, these workers propose that QN - FPIX 

interaction likely involves covalent coordination between the hydroxyl moiety of QN 

and the Fe3+ center of FPIX.  This model is also consistent with previous studies 

mentioned above [127].  Thus, a majority of these molecular studies implicate the 

hydroxyl group of QN  as the point of interaction with FPIX Fe3+ [124-129] but the 

covalent vs. non covalent nature of that interaction, as well other QN structural features 

that influence binding to FPIX, remain controversial.  

In the first section of this chapter, my colleagues and I re-examine the nature of 

FPIX speciation in solution, what role pH plays in this process and the interaction of 

either CQ or QN with different FPIX species in solution. We utilize the unique 

magnetic susceptibility properties of the µ-oxo dimer for our NMR experiments. The 

oxo-bridge of this species affords a strong antiferromagnetic coupling between two high 

spin (S = 2½, theoretical value 5.9 µB) ferric ions such that the observed effective 

magnetic moment per ion is close to the theoretical value for S = ½, 1.7µB. Due to the 

low solubility of heme at low pH we utilize a solution of 40% aqueous DMSO in our 

experiments.  

In the second section of this chapter, to further elucidate possible differences in the 

drug – FPIX interactions between CQ and QN, I design a study to systematically 

explore the specific structural requirements for the activity and the type of drug – FPIX 

interaction for QN. I assay the effects of these structural modifications towards the 

antiplasmodial activity, in vitro β-hematin inhibitory activity and heme affinity.  
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6.2 RESULTS 

Our results from the studies on the nature of FPIX in solution and the interaction of 

QN or CQ with different species of FPIX in solution show that the measured magnetic 

moments per iron of heme vary significantly within about 1 pH unit shift (pH 6.2-7.8) 

(Fig. 6.1). These data indicates that at low pH only the high spin species (monomeric 

heme) is present while at higher pH the low spin species (µ-oxo dimer) dominates. 

However, in the latter case, evidence from additional proton NMR spectra show the 

presence of reduced intensity resonances in the 45 – 70 ppm region indicating the 

presence of monomeric species even under these basic conditions as previously 

observed [130]. We made perhaps the most interesting observed upon addition of either 

CQ or QN to a solution of heme and measuring the magnetic moments. For instance, 

addition of CQ at different concentrations to solutions of heme at variable pH resulted 

in perturbation of the monomer – dimer equilibrium based on the observed fraction of 

monomer (Fig. 6.2). 

Fig 6.1. Magnetic moment per iron 

vs pH for 4 mM hemin chloride 

dissolved in 40% DMSO-d6/D2O 

(Reproduced with permission from 

the American Chemical society. 

Copyright © acs. 2008). 
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Fig 6.2. Fraction of monomer (based 

on measured magnetic moments per 

iron) vs pH: (■) no CQ, (□) 100µM 

CQ, (∆) 500µM CQ, (x) 1mM CQ, 

(◊) 2mM CQ, (♦) 10mM CQ, 

(Reproduced with permission from 

the American Chemical society. 

Copyright © acs. 2008). 

 
Thus, addition of CQ at a given pH (Fig. 6.2) shifts the equilibrium towards dimer 

formation and this shift appears to be concentration dependent with greater perturbation 

at higher drug concentration. Additional T1 measurement experiments revealed that CQ 

does not associate appreciably with the high spin species (monomer) at low pH. On the 

other hand, CQ – µ-oxo dimer interaction is evident and appears to be quite strong since 

we measured significantly reduced T1s (milliseconds) for the CQ protons in this case. 

We believe that this preference of the dimeric form of heme for CQ explains the 

observed equilibrium shift observed in Fig 6.2.  

Our experiments with QN revealed an entirely different phenomenon altogether. For 

example, upon addition of equimolar concentrations of QN to a solution of 4 mM heme 

at pH 7 or pH 10, we measured high magnetic moments (5.3µB) at both pH. This value 

is closer to the upper limiting value of 5.6µB and suggests the formation of a 

stochiometric complex between QN and FPIX that is in fast exchange with free QN or 
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FPIX species. Thus unlike CQ, QN appears to promote the high spin species (monomer) 

even at high pH. These results are rather remarkable and clearly demonstrate that, 

although QN and CQ are members of the same class of antimalarial drugs, they are, 

indeed, very different drugs with regard to substrate interaction. 

To further elaborate on the differences between these two drugs, and in my attempts 

to further define the mechanism of action for the quinoline methanols, I proceeded to 

perform an extensive structure – function study on QN, given that there are currently 

numerous similar reports on CQ. I hypothesized on defining the role of the different 

functional groups on QN towards its antiplasmodial activity, Hz inhibitory activity and 

FPIX binding activity. Initially, I designed and synthesized (with the help of my 

colleague Alexander Gorka) a series of QN analogs containing the QN pharmacophore 

but lacking specific functional groups (DHQN, DADQQN and DQQN; Schemes 2.9 & 

2.10, Figure 6.3), and also obtained two additional commercially available QN 

analogues (CN, HQN) lacking additional groups.  I calculated simple physicochemical 

parameters for these compounds (Table 6.1) which indicate that, in general, the 

structural alterations I made do not significantly perturb these parameters relative to 

QN, with one exception being DADQQN, which is predicted (according to the 

Henderson Hasselbalch equation [75,76]) to have lower DV accumulation (lower VAR, 

cf. Table 6.1) due to the loss of the basic terminal N.  For the remaining analogs, both 

quinolyl N and aliphatic N pKas were comparable to those for QN, making them 
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effectively monobasic under biological conditions. Consequently, calculated vacuolar 

accumulation ratios (VAR) [75,76] for these compounds were comparable.  

 

Fig. 6.3. Structures of QN, QD and QN analogs used in our analyses. QD - quinidine; 

QN – quinine; DHQN – dehydroxyquinine; CN – cinchonine; HQN – hydroquinine; 

DQQN – dequiniclidylquinine; DADQQN – deamino-dequiniclidylquinine. 

 

I measured the antiplasmodial activities for these compounds against two QNS 

(HB3, GCO3) and two QNR (Dd2, 7G8) strains of P. falciparum using the SYBR green 

I assay ([70], Table 6.2).   My results show that QD and CN are approximately 4 – 5 

fold more active than QN, but that QN and HQN have quite similar activities in all four 

strains.  DQQN, DADQQN and DHQN respectively, were the least active, exhibiting 

IC50s that were ~ 7 – 100 fold higher than QN, depending on the strain (Table 6.2).  

These results demonstrate that elimination of the methoxy group improves the activity 
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of QN such that it is then similar to QD.  Also, loss of the vinyl group appears to have 

no effect on QN antiplasmodial activity. In contrast, I find that elimination of either the 

hydroxyl or the rigid quinuclidyl ring has significant negative effects on antiplasmodial 

activity of QN. IC50s for DHQN and DADQQN were in general > 10 µM for both QNS 

& QNR strains, indicating loss of the hydroxyl moiety or the rigid quiniclidine ring 

destroys activity.  Interestingly, I observe that replacement of a tertiary aliphatic N at 

the same position as that found in the QN quiniclidine ring (DQQN) partially restored 

activity.   

 

Table 6.1. Calculated physicochemical properties for QN, QD and QN analogs under 

investigation. 

CPD ID MW
a
 LogP

b
 pKa

c
 

Cyt pH7.2VARd 

 (g/mol) (Oct/H
2
O) pKa1 pKa2 

DV
pH

 

5.2 
DV

pH
 

5.6 
QN 324.42 2.66 5.69 9.16 393 85.2 

QD 324.81 3.06 5.49 9.09 392 85.1 

DHQN 308.42 3.65 5.69 9.17 393 85.3 

CN 294.39 2.63 5.10 8.75 374 81.9 

DQQN 274.36 2.45 5.75 9.55 437 92.4 

DADQQN 217.26 2.34 5.78 - 4.63 2.43 
HQN 326.43 2.90 5.72 9.39 415 88.8 

MW – Molecular weight; VAR – Vacuolar accumulation ratio; aDetermined using 

ChemOffice Ultra 10.0, bLogP online calculator (http://www.molinspiration.com/cgi-
bin/properties), cSPARC online calculator (http://ibmlc2.chem.uga.edu/sparc) pKa1 and 
pKa2 represent the pKas of the quinolyl and aliphatic nitrogen respectively; dCalculated 
using the Henderson Hasselbalch equation (DV & Cytosolic pH as defined above). 
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Table 6.2: Antiplasmodial activities against two QNS strains (GCO3, HB3) and two 

QNR strains (Dd2, 7G8) 

 Experimental IC50
a (nM) 

CPD ID HB3b Dd2c SId GCO3b 7G8c SIe 

QN 81.1  ± 8.4 323 ± 50 4.0 99.2 ± 13 354 ± 39 3.6 

QD 18.0 ± 2.2 89.6 ± 8.4 5.0 28.3 ± 7.59 106 ± 2.3 3.7 

HF 1.6 ± 0.7  3.2 ± 0.4  2.0  1.4 ± 0.3  1.8 ±  0.3  1.3  

DHQN >10,000 >10,000 - >10,000 >10,000 - 

CN 21.9 ± 6.84 82.4 ± 8.1 3.76 18.5 ± 3.4 94.5 ± 17.7 5.1 

DQQN 2569 ± 58 2139 ± 409 0.83 2711 ± 280 1574 ± 151 0.6 

DADQQN 9560 ± 290  >10,000  -  >10,000  >10,000  -  

HQN 103 ± 19 413 ± 57 4.0 111 ± 14 491 ± 53 4.4 
aThe experimental IC50s are an average of three separate determinations (± 
SD); Strain phenotype: bQNS, cQNR; SId – (IC50 Dd2/IC50 HB3), SIe – (IC50 
7G8/IC50 GCO3). 

 
 

 As I mentioned earlier, inhibition of Hz formation within the parasite is 

hypothesized to be the principle basis of antiplasmodial activity for the cinchona 

alkaloids [24,103,131,132]. Consequently,  I investigated the ability of these 

compounds to inhibit β-hematin (Hz) crystal growth in vitro (BHIA activity) to order 

define the significance of QN functional groups in this process.  I observed similar 

trends observed at both pH 5.2 and pH 5.6 (Table 6.3). Additionally, I observed a ≥ 5 

fold difference between BHIA at pH 5.6 vs pH 5.2 for all compounds with the 

exception of CN, which was only 2 fold different at the two pH, and DADQQN which 

had quite poor activity at both pH.  At pH 5.6, the BHIA IC50s of QD, QN, CN and 

HQN appear to be noticeably lower than DHQN, DADQQN and DQQN IC50, and these 
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three analogs had even poorer IC50s (> 2 mM) at pH 5.2. These results demonstrate the 

importance of the hydroxyl and a rigidly constrained nitrogen for β-hematin crystal 

growth inhibition by QN and further substantiate the correlation between BHIA and 

antiplasmodial IC50 I observed in chapter 5.  However, unlike the case with the CQ 

analogues (chapter 5), I find no good correlation between antiplasmodial activity and 

BHIA when all these QN analogues are considered.   

 

Table 6.3: In vitro β-hematin growth inhibitory activities (BHIA) 

BHIA IC50
a (µµµµM) 

CPD pH 5.2 pH 5.6 

CQ 59.4 ± 3.1 21.3 ± 2.7 
AQ 43.7 ± 3.8 14.3 ± 2.0 
QN 264 ± 15 48.6 ± 0.4 
QD 126 ± 2.5 22.5 ± 2.3 
HF 104 ± 3.1 23.8 ± 4.7 

DHQN > 2000 231 ± 24 
CN 373 ± 11 168 ± 36 

DQQN > 2000 212 ± 12 
DADQQN > 2000 1911 ± 53 

HQN 282 ± 9.0 43.7 ± 1.6 
aThe experimental IC50s are averages of two separate 
determinations each performed in triplicate (± SE). 

 
 

Next, I examined to see if BHIA is related to affinity for monomeric heme since as 

seen earlier in this chapter, QN, unlike CQ, promotes formation of monomeric heme 

[22].  Although it would be ideal to perform these experiments under physiologically 

relevant aqueous conditions, I performed the drug - heme titrations in 40% aq. DMSO 
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since monomeric heme is unstable in low pH aqueous solution [133]. My results 

indicate significant differences in heme binding for the test compounds (Fig 6.4, Table 

6.4), with HF, QD and CN showing similar binding that is more pronounced than QN 

and HQN. DHQN, DADQQN and DQQN showed little to no heme binding under these 

conditions, consistent with the above data showing reduced efficiency of these three 

molecules to inhibit β-hematin crystal growth.  
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Fig. 6.4. Drug - heme affinity studies. Affinity studies were performed by titrating 

increasing concentrations of QN (black), QD (red), HF (green), CN (yellow), HQN 

(blue), DHQN (pink), DQQN (cyan) or DADQQN (white) dissolved in 40 % 

DMSO/acetate buffer (0.2 M, apparent pH 5.0) into a solution of heme (10 µM) under 

the same conditions followed by scatchard plot analyses.  
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Table 6.4. Drug-Heme Affinity Coefficients. Experiments performed in 40% 

DMSO/Acetate buffer at pH 5.0. 

CPD Ka (x104 M-1) Log Ka 

HF 4.21 3.4 
QN 1.53 3.8 
QD 2.40 3.6 
CN 2.38 3.6 

HQN 1.62 3.8 
DHQN nd - 
DQQN nd - 

DADQQN nd - 
 

I then measured the magnetic susceptibility (µB) (with the help of my collaborator 

Dr. Angel de Dios) of FPIX (4 mM) in the presence of test compounds (4 mM) in 40% 

DMSO/phosphate buffer (100 mM), pH 7.0.  These measurements easily distinguish 

presence of the µ � - oxo bridged vs. monomeric FPIX species and have been used 

previously to determine preference of a particular species for different quinoline drugs 

[22].  My results (Table 6.5, far right column) show significantly different perturbations 

in monomer – dimer equilibria upon addition of QN vs. DHQN, DQQN or DADQQN, 

as determined by comparing heme µB measured in the presence of these compounds. 

For QN, QD and HF I observe a magnetic moment of 5.45 µB which is close to the 

upper limiting value of 5.6 µB corresponding to the high spin monomeric species [22], 

indicating, as expected, that these drugs stabilize FPIX monomer in solution. In 

contrast, DHQN, DQQN and DADQQN exhibited moments of 2.52, 2.89 and 2.83µB 
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respectively. These are similar, but not identical, to µB previously measured in the 

presence of CQ [19] and are consistent with the presence of the low spin µ-oxo dimer 

FPIX species.  

 

Table 6.5.  Changes in the chemical shifts for the quinoline protons in the presence and 

absence of heme (ZnPIX) and the measured magnetic moments (µ) for FPIX in the 

presence of the corresponding drug. 

 

 
a. Quinoline protons are numbered according to the IUPAC numbering system 

of the corresponding carbon atoms. 
b. Chemical shift difference between the corresponding proton in the presence 

and absence of heme (ZnPIX in 40% DMSO-d6/D2O pH 7.0). The negative 
sign indicates an up-field shift relative to the pure drug. 

c. Measured magnetic moments for FPIX in 40% DMSO-d6/Phosphate buffer 
(0.1 M) pH 7.0 in the presence of the corresponding drug. 

 
 

 

Proton #a/Change in Chemical Shiftb (ppm) 

CPD ID 2 3 5 6 7 8 µµµµc 

CQ -0.20 -0.09 -0.20 -0.18 - -0.14 2.14 
AQ -0.11 -0.06 -0.19 -0.06 - -0.15 4.48 

DHQN -0.23 -0.44 -0.40 - -0.13 -0.17 2.52 
DQQN -0.03 -0.04 -0.07 - -0.04 -0.03 2.89 

DADQQN  0.00  0.00  0.00 - -0.01   0.00 2.83 
QN -0.03 -0.04 -0.03 - -0.03 -0.03 5.45 
QD -0.03 -0.04 -0.04 - -0.03 -0.03 6.01 
HF - - - - - - 5.87 
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I performed additional NMR studies using non paramagnetic ZnPIX to further 

investigate the drug – heme interactions for these analogs.  I measured the perturbations 

in chemical shift for the quinoline protons for the compounds in figure 6.5 in the 

presence vs absence of ZnPIX (with the help of my collaborator Dr. Angel de Dios), 

knowing that different values for these shifts signify altered distance between the 

quinoline ring and the porphyrin system.  As expected, [74] I observed relatively large 

changes in chemical shift for CQ aromatic ring protons 2, 3, 5 and 6 which indicates a 

short (approximately 3 – 4 angstrom, see [74]) CQ – FPIX inter-planar distance, 

whereas for QN the very small change for equivalent proton shifts indicates a much 

wider (estimated 6 angstrom) distance between the rings.  

 

Fig. 6.5: Structures of the test compounds used for NMR analyses. CQ-chloroquine; 

AQ – amodiaquine; HF – halofantrine; QD - quinidine; QN – quinine; DHQN – 

dehydroxyquinine; CN – cinchonine; HQN – hydroquinine; DQQN – 

dequiniclidylquinine; DADQQN – deamino-dequiniclidylquinine. 
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QD, DQQN, DADQQN and HF behave similar to QN implicating a possible 

hydroxyl mediated ligand which would then place the quinoline ring further away from 

the porphyrin system. Importantly, DHQN, which lacks the hydroxyl functionality, 

appears to mimic the behavior of CQ demonstrating that deficiency of the hydroxyl 

group significantly alters FPIX binding for this analog. Which then suggests, that this 

functionality is a crucial to QN – FPIX binding.  

 

 

Fig. 6.6: Fluorescence spectra. Fluorescence excitation and emission spectra for 1 µM 

QN (long dashes), QN-FPIX adduct (dotted line), QN-ZnPIX adduct (continuous line), 

and FPIX and ZnPIX (dash-dot lines) performed in 40% aq. DMSO (apparent pH 7.0, 

room temperature) at λex 287 & 332nm and λem 376 nm. Inset: fluorescence excitation 

and emission spectra for QN in 40% aq. DMSO apparent pH 3.0 (dotted), pH 7.0 

(dashed), and pH 10.0 (solid). 
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To further define the interaction between QN and FPIX, I attempted to isolate a QN 

- FPIX complex formed under aqueous conditions.  One of the method I came across, 

based on simple titration as described in methods, leads to precipitation of a greenish, 

highly fluorescent (relative to QN free base, Fig. 6.6) precipitate from aqueous solution.  

I initially isolated this precipitate at pH ~8.5 but could obtain it in lower yield at pH 6.0 

– 7.0. I proceeded to analyze the presumed QN – FPIX adduct by ESI mass 

spectroscopy (MS) in the positive mode and obtained minor peaks at 325.2 and 616.2 

corresponding to free QNH+ and FPIX monomer, respectively, and clear major m/z 

peaks at 938.5, 940.4 and 941.3 (Fig. 6.7). The major peaks coincide with the calculated 

m/z values (M - 2H)+ = 938.58, (M)+ = 940.35 and (M)+ = 941.36 for C54H55FeN6O6 ,  

corresponding to 1:1 QN– FPIX complexes. The simplest interpretation of the data is 

that the three peaks correspond to complexes between QN free base – FPIX with 

deprotonated propionate side chains, QN free base – FPIX protonated, and QN – free 

base FPIX protonated but including 13C natural abundance for 54 C, respectively.  

IR spectral analyses of this adduct (Fig. 6.8A,B; top spectrum “W”) revealed a sum 

of QN (free base) (“X”) and heme (“Y”) vibrational peaks, and the conspicuous absence 

of peaks indicative of QNH+ (Fig. 6.8A “Z”) including the strong N-H stretch centered 

near 2575 cm-1 Fig. 6.8A).   Also, the clear 1702 cm-1 heme peak (Fig. 6.8B) 

corresponding to the propionate carbonyl stretch is absent in the adduct spectrum 

indicating the presence of free carboxylates.  
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Fig. 6.7. Mass spectrum of the ‘QN - heme adduct’ performed in ACN. The spectrum 

shows m/z peaks at 325.2 corresponding to (M:H)+ for QN free base, m/z 616.2 

corresponding to (M)+ for FPIX & 938,5, 940.4, 941.3 which match the calculated m/z 

values (M:-2H)+ = 938.58, (M)+ = 940.35 and (M)+ = 941.36 (isotope effect) for 

C54H55FeN6O6 that correspond to a 1:1 QN – heme complex. The peaks at m/z 498.2, 

771.6 & 859.8 are possible fragments from FPIX. 
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Fig 6.8. IR Spectral Overlay. 

IR spectra for the QN-heme 

adduct (W, dotted line); QN 

free base (X, dashed line), 

hematin (Y, continuous line) 

and QN hydrochloride salt (Z, 

dash-dot line), performed in 

KBr pellets. The figure 

highlights specific regions in 

the spectra where significant 

differences were observed. A) 

Shows a broad peak at 2687 – 

2400 cm-1 in the QN 

hydrochloride spectrum which 

corresponds to the N-H stretch of the protonated quiniclidyl nitrogen and is absent in 

the QN free base, heme and the QN-FPIX adduct spectra; B) shows a strong peak at 

1702 cm-1 in the heme spectrum which corresponds to the carbonyl stretch of the 

carboxylic acid derivatives. This peak is absent in the QN free base, QN hydrochloride 

and QN-FPIX adduct spectra. 
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Finally, with assistance from my collaborator; Dr. Leah Casabianca (Department of 

Chemistry, University of Illinois) I performed solid state 13C-NMR analyses of the 

precipitated adduct (Figure 6.9). The results show clear aromatic and aliphatic QN 

peaks, and the lack of noticeable contact shifts previously observed for similar CQ – 

FPIX precipitates [90].  In particular, there is only a 3 ppm shift in the peak at ~ 70 

ppm, which corresponds to the carbon bearing the QN hydroxyl group. These data 

clearly indicate a non-covalent interaction between QN and heme.  The pattern of 

adduct peaks is most similar to the spectrum for QN free base (Fig. 6.9, brown), but 

differs relative to the spectra for the mono and diprotonated salts (Fig. 6.9, green and 

orange respectively).  Thus, consistent with IR and MS analysis, QN preferentially 

complexes with monomeric FPIX in the free base form.   

 

Fig 6.9. Solid state 13C CP-

MAS NMR Spectra for QN 

precipitated with heme (A; 

Yellow), QN free base (B; 

Brown), QN dihydrochloride 

salt (C; orange) and QN 

hydrochloride salt (D; green).  
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Collectively, as I demonstrate in Fig. 6.10, my data suggests that this complex must be 

non - covalent, with ring systems approximately 6 Å apart. The complex involves the 

coordination between the –OH group of QN and Fe of heme aided by the formation of a 

H-bond between the –OH proton and the quiniclidyl nitrogen resulting in the formation 

of a five membered ring. Note also that in this model the quinoline ring is tilted away 

from porphyrin ring system resulting in minimal π-π interactions. Further, the methoxy 

group of QN is oriented in such a way as to be spatially close to its vinyl group as 

observed in NOESY experiments with ZnPIX. 

To further stabilize such a complex, and consistent with the critical nature of 

cinchona alkaloid stereochemistry as well as the results with QN analogues that I 

present in this chapter, I propose that a H - bond between the QN hydroxyl H and the 

quinuclidyl N is essential.  Due to interaction of the hydroxyl O with heme Fe, the more 

polarized O-H bond of QN results in an increased bond order for C-O, which in turn 

enhances the chances of this hydrogen bonding.  

 

Fig. 6.10. The proposed ‘QN - FPIX’ binding model.  
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6.3 DISCUSSION 

Growing evidence, including the data I present in this chapter, clearly show that QN 

molecular pharmacology is very different than that for CQ. Both are potent 

antiplasmodial drugs, bind to FPIX and inhibit Hz formation, but the nature of their 

FPIX binding preferences differs. As discussed in this chapter, CQ clearly prefers 

binding to dimeric FPIX in solution, whereas QN prefers binding to monomeric FPIX.  

This species forms under aqueous conditions, but is clearly more stable in either 

aggregate form (for example data in this chapter) or as a complex partitioned into the 

hydrophobic phase [20]. With regard to these issues, two points from the recent 

literature are particularly relevant.  First, lower pH that promotes aggregation of µ - oxo 

dimeric FPIX clearly accelerates Hz formation [95,96,133, chapter 5] as does the 

presence of lipid [95,96, chapter 5]. Lipid nanospheres are found in the P. falciparum 

DV and nascent Hz crystals are found to be associated with these [95,96].   Thus, it is 

reasonable to propose that, biologically, QN is most potent in preventing Hz formation 

as a free base QN-monomeric FPIX complex imbedded in lipid.    

In this chapter, in addition to demonstrating that CQ and QN differentially perturb 

the monomer dimer equilibrium, we have shown that bulk pH can be an important 

determinant of the FPIX species present in solution which might eventually define FPIX 

binding modes and affinities for different sub-classes of quinolines. Stabilization of 

monomeric FPIX by QN possibly explains its mechanism of inhibition of Hz formation. 

In contrast, crystal growth inhibition by CQ possibly results from its interaction with the 
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µ-oxo dimeric FPIX species. However, it is important to remember that the head-to-tail 

dimer is the immediate precursor to Hz crystals. Given this observation the implications 

from my studies for Hz crystallization and drug inhibition of this process are discussed 

below.  

Based on the complex model I presented in Fig. 1.8 and with additional evidence 

presented in this chapter, I present two simplified scenarios (Fig. 6.11A/B) in my 

attempts to further illuminate the Hz crystallization process. The first (Fig. 6.11A) 

involves a ‘linear pathway’ with the µ-oxo dimer as the only precursor to the head-to-

tail (HT) dimer while the second involves a ‘circular pathway’ (Fig 6.11B) in which 

both the monomer and the µ - oxo dimer act as precursors to the HT dimer. 

Additionally, based on available literature and the data presented in this chapter, I 

propose different mechanisms of crystal growth inhibition for CQ and QN in both these 

pathways.  

 

 

Figure 6.11A. Schematic representation of a ‘linear pathway’ for Hz crystallization.  
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Fig. 6.11B. Schematic representation of a ‘circular pathway’ for Hz crystallization.  

 

The ‘linear pathway’ illustrated in Fig. 6.11A shows the monomer as a precursor to 

the µ-oxo dimer which is the only precursor to the HT dimer. As shown, the equilibria 
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between these species can be significantly affected by different factors; for example 

decreasing the pH of a medium containing the µ-oxo dimer biases the equilibrium to 

form more monomeric heme (purple dashed arrow in Fig. 6.11A) or leads to 

aggregation [22] which then promotes conversion to the HT dimer. However, under 

physiologic conditions and with no inhibitors present, this process shifts to the right 

favoring the formation of Hz. Alternatively, increasing the pH of a solution containing 

either monomeric FPIX or aggregated FPIX species such as the HT dimer leads to 

the µ-oxo dimeric species [22]. However, due to the acidic nature of the DV this latter 

phenomenon is limited. The presence of lipids has been shown to accelerate Hz 

crystallization [95,96, Chapter 5], therefore, it is in order to assume that lipids could 

also be involved in the intermediate step linking the µ - oxo and HT dimers (Fig. 

6.11A/B). Furthermore, it has been shown that FPIX at pH 7 is entrapped within 

micelles of neutral detergents [117]. In addition, Hz crystals have been shown to be 

embedded in lipid nanospheres [95].  

An alternative ‘circular pathway’ (Fig. 6.11B) for the Hz crystallization process 

involves simultaneous equilibria between the HT dimer, the monomer and the µ - oxo 

dimer. The latter two species are in equilibrium with each other and act as precursors to 

the HT dimer which in turn crystallizes into Hz. This scheme is affected similarly by 

changes in medium pH or presence of lipids similar to the ‘linear pathway discussed 

above. Collectively, deductions from the process I present in Fig. 6.11A strongly 
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suggest that the medium and environmental conditions significantly affect the 

crystallization rate for Hz.  

 

 

Figure 6.12. Proposed effect of CQ on the ‘linear’ Hz crystallization process. 

 

Addition of either CQ or QN to the process presented in Fig. 6.11A, results in the 

inhibition of Hz crystallization. It is currently not known how these drugs achieve this 

molecularly or which stage of this process they target. However, combining current 

literature evidence together with that presented in this dissertation I propose two 

different modes of inhibition of this process by CQ and QN. As demonstrated in Fig. 

6.12, introduction of CQ shifts the equilibria towards the µ – oxo dimer. This is due to 

the observed binding preference for CQ to this dimeric species. This interaction then 

possibly leads to the depletion of the HT dimer eventually preventing Hz crystal 

growth. However, binding between CQ and µ - oxo dimer involves a non-covalent π – π 

interaction [74] with an affinity of about 105 M-1 [25,94] indicating that these two 

species can easily dissociate. This observation suggests an additional mechanism of Hz 
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inhibition for this drug.  A recent study has shown that through this interaction, CQ is 

able to divert the µ - oxo dimer away from micelles [117]. Assuming lipid 

micelles/nanospheres are involved in the transformation of the µ - oxo to HT dimer, this 

action of CQ then prevents this transformation and subsequently, formation of Hz 

crystals. Finally, isolation of a CQ – FPIX aggregate from solution (pH 5.0) involving 

covalent interaction between the quinoline nitrogen and the iron center of FPIX has 

been previously reported [90]. The possibility of this adduct forming within the 

parasites’ DV would them suggest the depletion of the µ - oxo and HT dimers and 

subsequently lead to inhibition of Hz crystallization based on this linear process. These 

three mechanistic approaches provide possible ways in which CQ could be inhibiting 

the Hz crystallization process. 

 

  Figure 6.13. Proposed effect of QN on the ‘linear’ Hz crystallization process. 

 

QN, on the other hand, behaves quite different from CQ. First, it is important to 

recall that QN, unlike CQ, prefers binding to monomeric FPIX as demonstrated in this 

chapter. The data presented defines this bonding interaction and suggests that it 
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involves a non-covalent electrostatic interaction between the hydroxyl group of QN and 

the iron center of FPIX. Thus, in the case of QN (Fig. 6.13), binding and stabilizing 

monomeric FPIX shifts the equilibrium towards formation of more of this species 

leading to the depletion of both the µ - oxo and HT dimers as seen in Fig. 6.13. 

However, similar to CQ the binding affinity for QN - FPIX is about 104 M-1 [94 

,chapter 6] which suggests other possible mechanisms of inhibition yet to be defined 

but possibly including either lipid partitioning of this QN - FPIX adduct or (similar to 

CQ) aggregation of the adduct which is unstable in solution. 

Introduction of either CQ (blue arrows) or QN (brown arrows) to the ‘circular 

pathway’ presented in Fig. 6.11B similarly leads to binding of either the µ-oxo dimeric 

or monomeric FPIX species respectively as illustrated in Fig. 6.14. These interactions 

then independently inhibit transformation of these two FPIX species into the HT dimer 

thereby inhibiting the Hz crystallization process (Fig. 6.14). 

Based on the data presented in this dissertation, either of the above proposed 

schemes in ‘Fig. 6.12 – 6.14’ provide clear indications that CQ and QN inhibit Hz 

crystallization via different mechanisms that involve interaction with different heme 

species. Despite the species they bind to, it is also evident that they have a similar 

ultimate goal which involves depletion of the immediate precursor to Hz; the HT dimer. 

These implications are considerably crucial to the future design of potent quinoline 

antimalarial drugs, especially those based on these two pharmacophores. This 

discussion also links these two drugs as a good match for possible antimalarial 
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combination therapy given that they target different FPIX species. However, additional 

studies are necessary on this possibility especially with newly synthesized efficacious 

homologs of these drugs. 

 

  

Figure 6.14. Effect of CQ and QN on the ‘circular’ Hz crystallization process. 
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As demonstrated earlier in this dissertation (chapter 3 & 4) and in previous reports 

[81-84,134], structural modification studies have proved to be of key value in the design 

of potent quinoline antiplasmodial drugs that evade the CQR trait. The study I present 

in this chapter affords a unique perspective on the structure - function principles of the 

quinoline methanol, QN. From the series of analogs used in this study, it is evident that 

elimination of the hydroxyl group, the quinuclidyl nitrogen or the rigidity of the 

quinuclidine ring abolishes the in vivo and in vitro activities as well as FPIX binding for 

the resultant QN analogs. Isolation and analyses of a QN - FPIX adduct provided 

further evidence for the binding preference of monomeric FPIX by QN. All the 

analytical data that I present in this chapter strongly support a model for QN - FPIX 

binding depicted in Fig. 6.10.  This model is consistent with the bulk of previously 

published data, but includes important new information.  With regard to the former, the 

complex involves FPIX monomer, not dimer, has a 1:1 stoichiometry similar to the 

conclusions of [127,128], and involves interaction between the QN hydroxyl O and the 

Fe center of FPIX, which is consistent with [124-129].  However, in addition, my data 

also shows that, at least in aqueous environments, the interaction is clearly non-

covalent.  I therefore eliminated binding models wherein QN-FPIX interaction is 

stabilized by Fe–O or Fe–N covalent bonds. Also, my data show (surprisingly) that QN 

prefers to associate with FPIX in the free base form.  This is likely a consequence of the 

H-bond geometry that I propose must exist to stabilize the complex formed (Fig. 6.10).   
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Experimental evidence presented in this chapter suggests that QN – FPIX complex 

involves QN in it free base. Consequently, one important observation I made in these 

studies is the strong fluorescence I recorded for the QN - FPIX adduct, relative to the 

free base (Fig 6.6). This is a new property not previously observed or investigated for 

QN - heme complexes. The observed fluorescence is at least 7-fold higher than that of 

QN (heme is not fluorescent at this wavelength) and is likely due to transition dipole 

ordering in the complex.  I therefore suggest that this fluorescence represents a 

convenient marker for further optimization of quinoline drug antiplasmodial activity.  
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CHAPTER 7 

CONCLUSIONS 

The most current records from the WHO list an estimated 243 million clinical cases 

and an estimated 0.8 million deaths occurring annually due to malaria [5]. These 

statistics demonstrate that malaria is still an eminent danger to the society despite 

current control strategies and especially with the lack of an effective vaccine. With 

these realizations, development of highly efficacious antimalarial drugs that circumvent 

the observed resistance conferred by the malaria parasite is warranted. In this regard, 

antimalarial drug research over the past few decades has been focused on developing 

new drugs as well as trying to understand the mechanism of action of currently used 

drugs. In my opinion, the key aspect in developing effective antimalarial drugs, 

especially those based on active pharmacophores such as the quinolines CQ & QN, is to 

understand the mechanism of action of the ‘parent’ drug(s). This approach will ensure a 

fast, more focused and rational design process.  

It is currently accepted that most quinolines, with the exception of 8-

aminoquinolines [35], primarily target the heme detoxification pathway. Although the 

mechanism for this process is currently not clearly understood, it has been well 

documented that these compounds bind covalently [90] or non-covalently [21,74] to 

different pre-crystalline forms of heme which, possibly, provides one explanation for 

how they inhibit this process. Elucidating how quinolines interfere with the 

crystallization of heme requires a thorough understanding of the physiology of the DV, 
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the heme crystallization process and how changes in physiologic conditions of this 

compartment alter this process. Most importantly, it is essential to understand how, and 

to what species, the drugs in question bind to their substrate and the effects of 

physiological changes such as pH to these interactions. 

Research in the Roepe laboratory has revealed that, apart from harboring a mutated 

form of the PfCRT, CQR parasites have a significantly different DV physiology relative 

to the CQS parasites. I believe this is crucial to this discussion and my dissertation in 

general.  For instance, using different CQS and CQR strains Bennett et al. [42] have 

shown that the DVpH is approximately 0.4 pH units lower for CQR strains relative to 

CQS strains. On the other hand, using spinning disc confocal microscopy Z stack 

techniques, Gligorijevic et al. [97] have quantified the DV volume and demonstrated 

that, relative to CQS parasites, CQR parasites have significantly increased DV volumes. 

The central question remains; how do these changes directly affect drug activity and/or 

drug substrate binding within this compartment. In their report, the above authors [97] 

suggest that the increased volume affects drug availability through dilution. If this were 

the case it would result in a reduced chance of drug-heme binding interactions and 

eventually its ability to inhibit Hz growth.  When it comes to the implications of 

changes in pH, however, the interpretation is much more complex and requires a deeper 

understanding of the behavior of heme under such acidic conditions.  

In this dissertation, I have endeavored to tackle and shed light on some of the 

existing questions presented above. With regard to the mechanism of action of 
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quinolines, I have extensively screened for structural requirements for improving the 

activities of 7-chloroquinoline analogs vs CQR malaria. Paying close attention to 

literature reports, I have found that modifications on the aliphatic side chain can lead to 

drastic consequences with regards to the cellular activity of the resulting analogs. I have 

also found that replacing the 4-amino functionality of CQ with either an ‘O’ or ‘S’ atom 

leads to about a 2 fold decrease in the pKa of the quinoline nitrogen which is 

accompanied by significantly decreased activities against both CQR and CQS parasites. 

Similarly, by studying the activities of a series of CQ analogs with varying length of the 

side chain, I have helped to uncover specific trends which reveal that this is a vital 

consideration when designing these analogs. Side chain length appears to affect drug 

interaction with heme, and possibly membrane - aqueous partitioning. An even more 

significant (new) observation, and in my opinion highly enlightening, is that inclusion 

of an additional titratable amine on the side chain of either the 4-N- and 4-O-7-

chloroquinoline analogs leads to significantly improved antiplasmodial and β-hematin 

growth inhibitory activities.  With regard to the former, this is perhaps due to the fact 

that this insertion increases the overall basicity of the molecule which in turn leads 

higher DV accumulation levels in the order monobasic < dibasic < tribasic analogs. This 

amplified drug accumulation is then postulated to increase the chances of interaction 

with heme eventually increasing the Hz growth inhibition efficiency. With regard to the 

latter, it is less clear why addition of the titratable amine improves inhibition of Hz 

growth, but perhaps ionic interaction between a positively charged N and negatively 
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charged FPIX propionates is part of the explanation. Regardless, this rational approach 

introduces an ideal direction for quinoline antimalarial drug design. 

In order to predict more accurately the activities of these analogs based on their 

abilities to inhibit Hz formation, I have developed a novel in vitro β-hematin growth 

assay that, unlike currently used assays, utilizes physiologically relevant conditions 

[107-116]. This assay can easily be adapted for high throughput screens of HTA 

compounds and presents an improved tool for predicting in vivo activities. Since 

quinolines are believed to primarily inhibit Hz formation in vivo, using this assay I have 

tested for correlation between Hz growth inhibitory activities and antiplasmodial 

activities. I utilized an extended series of 7-chloroquinoline analogs with similar mass 

but variable predicted vacuolar accumulation ratios. I observed a mild correlation 

between these two parameters for both CQS and CQR strains in agreement with some 

previous results [24], but not all [83,120].  My attempts to normalize the antiplasmodial 

activities using VAR estimates resulting from the Henderson Hasselbalch equation 

calculations resulted in a collapse of this apparent correlation for both strains. Based on 

the current hypothesis on the quinoline mode of action, the former observation is not 

surprising, and provides further evidence that Hz growth inhibition is the primary mode 

of action for this class of compounds in vivo. On the other hand, the collapse of the 

correlation for both strains is suggestive of two possibilities. The first is that perhaps 

there is more than one mode of action for these drugs. The second is that, as I 

mentioned earlier in this dissertation, predicted VAR estimates may not accurately 
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mimic actual DV accumulation for these drugs. These results suggest the need to re-

examine calculated vs actual VAR. This then warrants additional studies utilizing 

extended sets of analogs and measurement of the actual accumulation levels of the test 

compounds as has been previously demonstrated [76] while reducing the experimental 

cost. 

At this juncture, I would like to point out that the Hz formation process appears to 

be quite complex and requires further investigation. For example, a closer look at my 

proposed representation of the Hz crystallization process (see Fig 1.8) shows a number 

of key pathways whose conditions have, only recently, been brought to light. It is 

believed that the head-to-tail dimer (iii) is the direct precursor to Hz crystals in which 

case, crystallization could possibly follow path ‘I’ or ‘J – L’. However, a recent study 

[117] has provided evidence, based on the measured low magnetic moments of the 

heme species inside neutral and cationic detergent micelles that are characteristic of the 

µ-oxo dimer (ii) that this dimer could also be a precursor to Hz crystals. It is important 

to note that this prediction follows recent reports showing that Hz crystals are 

embedded or associated with neutral lipid nanospheres [95]. This latter process could be 

occurring either directly (path H) or indirectly possibly via the formation of 

intermediate non – crystalline aggregates (path F - K) (see Fig 1.8) and requires further 

elucidation.  

Another central question that might perhaps aid in elucidating their mode of action 

is; how exactly do quinolines inhibit this crystallization process? Numerous studies 
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have tried to examine this by investigating drug-heme interactions in solution or solid 

state [21,74,90]. This dissertation provides critical results that can, maybe, guide future 

research looking to answer this question. Keeping in mind that it had previously been 

assumed that all quinolines behave similarly, using solution NMR my collaborators and 

I have demonstrated for example that CQ and QN are, in reality, very different drugs 

with regards to binding to the preferred heme species. CQ appears to prefer binding to 

the µ-oxo dimer (ii) while QN prefers the monomer (i) implying that these drugs 

differentially perturb the monomer - dimer equilibrium (Fig 1.8, path A, B). This 

observation is important especially when determining and comparing heme affinity 

coefficients for candidate quinoline drugs. Based on this observation I have proposed 

possible modes of inhibition of Hz crystallization which appear to be significantly 

different for CQ and QN. While the results in this dissertation seem to have defined the 

conditions (such as the relevant pH) governing the occurrence of the monomer (i) vs. µ-

oxo dimer (ii) (path A and B) additional studies are warranted to define the precise 

conditions governing the other crucial steps (path D – L) in this rather complex 

process. Once examined, these studies should eventually lead to a much clearer 

understanding of this whole crystallization process and be an important guide to the 

future design of HTAs. 

Finally, although there have been previous structure-activity studies on the 

quinoline methanols [124-126], this dissertation presents possibly the first 

comprehensive structural modification study of quinoline methanols, specifically QN. I 
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have investigated the importance of the different functional groups of quinine towards 

its overall activity by designing a series of analogs each lacking one of these groups. 

The goal of this study was to define which groups are involved in substrate binding and 

eventually the antiplasmodial and Hz inhibitory activities. My results have 

demonstrated that removal of the hydroxyl functionality or the rigidly positioned 

quinuclidine nitrogen of QN results in a drastic decrease in its overall activity. More 

importantly, based on NMR evidence, I have shown that deficiency of these groups lead 

to different heme binding modes for the resulting analogs suggesting that these groups 

are essential to the activity of QN. I proceeded to extensively analyze an isolated QN – 

heme complex and used the combined results to propose a binding model between these 

two species. I found this binding to involve a non – covalent electrostatic interaction 

between the hydroxyl functionality of QN and the iron center of heme that is stabilized 

by formation of five membered through hydrogen bonding between the hydroxyl proton 

and the quinuclidyl nitrogen. These results are rather remarkable in that, having 

identified the groups required for QN activity, they should open new avenues for future 

rational design of quinoline methanols. 

The work I present in this dissertation demonstrates rational approach to quinoline 

drug design. It provides essential tools and opens up pathways for future antimalarial 

drug development more specifically, quinoline-based and in general, heme targeted 

antimalarials. In addition, it provides critical insight towards understanding the Hz 

crystallization process and similarly provides direction for future studies. 
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