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ABSTRACT 

 
 The emergence of drug resistance is a developing problem in treating the global health 

burden that is Plasmodium (malaria) infections.  Mutations in the Plasmodium falciparum 

chloroquine resistance transporter (PfCRT) have been shown to play a major role in quinolone 

antimalarial drug resistance.  In P. falciparum, CRT is hypothesized to facilitate the leak of 

chloroquine (CQ) out of the parasite digestive vacuole, its site of action.  Multiple isoforms of 

PfCRT have been identified around the globe, and each shows a variable degree of CQ transport.  

The current frontline treatment for infection is artemisinin combination therapy (ACT). 

Unfortunately, a delayed parasite clearance phenotype associated with reduced efficacy of 

artemisinin therapy has been identified in the field, which may lead to drug resistance. 

 I have continued the use of an optimized CRT expression system in S. cerevisiae to 

elucidate drug transport ability.  CQ resistance (CQR) is well understood in P. falciparum, but in 

Plasmodium vivax (another species of malaria), CQR remains a mystery.  Multiple mutations in 

PfCRT are characteristic of drug resistant isolates, and contrary to PfCRT, the P. vivax orthologue 

(named PvCRT) primarily shows only single mutations in CRT.  In this thesis, I measure the drug 

transport efficiencies of multiple Pf and PvCRT isoforms.  My results show that there is a range 

of quinolone drug transport across the isoforms analyzed.  Additionally, some CQR isolates 

expressing certain CRT isoforms likely have other genetic events that shape CQR.    
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 I also conducted the first extensive biochemical characterization of a novel drug target, P. 

falciparum PI3K (PfVps34).  I optimized the PfVps34 gene for heterologous expression in yeast, 

purified the protein to homogeneity, and used a recently validated enzyme-linked immunosorbent 

assay (ELISA) to quantify enzyme activity and drug inhibition by measuring product formed per 

unit time.  My results show that artemisinin drugs non-specifically target PfVps34, but require 

Fe2+ activation in order to cleave their endoperoxide bridge.  I also determined PfVps34 to be the 

molecular target of a potent class of antimalarial drugs (designed to target human PI3Ks).  These 

results lead to a better understanding of drug resistance as well as providing results to shape 

future drug development. 

  



v 
  

 ACKNOWLEDGEMENTS 
 

 
  I want to thank my mentor, Dr. Paul Roepe for continually pushing me to my fullest 

potential.  I am grateful for the opportunity to continually learn from him everyday.  I want to 

thank all members of the Roepe Lab, especially Bryce Riegel and Anna Sternberg.  Their daily 

encouragement and help will never be forgotten.  I want to thank Amila Siriwardana for all of the 

helpful discussions as well as being a constant source of friendship.  I also want to especially 

thank Dr. Sam Callaghan for mentoring me.  I will be forever grateful to him for his patience and 

work ethic that he enstilled in me. 

  Most importantly, I want to thank my family for their support.   I can’t begin to articulate 

the importance of the love and encouragement that my parents, Bill and Diane Hassett, have 

shown me every day of my life.  Without them, I certainly would not be here.  I also want to 

thank my brother, Will, for giving me the competitive drive that only an older brother could.  

Thank you for the daily levity that only you could deliver.  I’ll always be in your debt for the time 

and advice that you’ve never thought twice about giving me.  I also want to thank Chelsea for her 

patience, support, and understanding that she’s shown me through this process.  All in all, I've 

always wanted to make my family and friends proud for all their support. 

 

Many thanks, 

Matthew Ryan Hassett 



vi 
 

 TABLE OF CONTENTS 
 
 
 
CHAPTER 1. INTRODUCTION .............................................................................................. 1 
 
1.1 Background and Significance ..................................................................................... 2 
 
1.2 Plasmodium falciparum Drug Resistance .................................................................. 3 
 
    1.2.1 Chloroquine Resistance ....................................................................................... 4 
 
    1.2.2 Cytostatic vs. Cytocidal Resistance ................................................................... 16 
 
    1.2.3 Artemisinin Resistance ...................................................................................... 19 
 
1.3 Phosphatidylinositol Kinases .................................................................................... 23 
 
    1.3.1 PI3K Discovery and Identification .................................................................... 24 
 
    1.3.2 PI4K Discovery and Identification .................................................................... 26 
 
    1.3.3 PIPK Discovery and Identification .................................................................... 27 
 
1.4 Plasmodium falciparum Phosphatidylinositol Kinases ............................................ 28 
 
    1.4.1 PfPI3K Function and Localization .................................................................... 30 
 
    1.4.2 PfPI4K Function and Localization .................................................................... 33 
 
    1.4.3 PfPIPK Function and Localization .................................................................... 34 
 
1.5 Plasmodium vivax ..................................................................................................... 37 
 
    1.5.1 Plasmodium vivax Chloroquine Resistance ....................................................... 40 
 
1.6 Purpose of this study ................................................................................................ 44 
 
CHAPTER 2. MATERIALS AND METHODS ......................................................................... 46 
 
2.1 Materials ................................................................................................................... 47 
 
2.2 Methods .................................................................................................................... 48 
 



vii 
 

    2.2.1 Strains and Growth Conditions ......................................................................... 48 
 
    2.2.2 Plasmids ............................................................................................................. 49 
 
    2.2.3 Amido Black Protein Assay .............................................................................. 57 
 
    2.2.4 Large Scale Isolation of Yeast Crude Membrane and Purification of Vps34 ... 58 
 
    2.2.5 Small Scale Crude Membrane Preparation for CRT  ........................................ 59 
 
    2.2.6 Western Blotting ................................................................................................ 60 
 
    2.2.7 Colony Formation Assay ................................................................................... 61 
 
    2.2.8 Quantitative Growth Rate Analysis ................................................................... 61 
 
    2.2.9 Enzyme-Linked Immunosorbent Assay (ELISA) ............................................. 62 
 
    2.2.10 Yeast Vacuolar pH Measurements .................................................................. 64 
 
    2.2.11 Yeast Vacuole Isolation ................................................................................... 64 
 
CHAPTER 3. FUNCTIONAL COMPARISON OF 45 NATURALLY OCCURRING ISOFORMS OF THE  
 
PLASMODIUM FALCIPARUM CHLOROQUINE RESISTANCE TRANSPORTER (PFCRT)  .......... 66 
 
3.1 Introduction .............................................................................................................. 67 
 
3.2 Results ...................................................................................................................... 69 
 
3.3 Discussion ................................................................................................................. 88 
 
CHAPTER 4. PLASMODIUM FALCIPARUM CHLOROQUINE RESISTANCE TRANSPORTER (PFCRT)  
 
ISOFORMS PH1 AND PH2 PERTURB VACUOLAR PHYSIOLOGY ......................................... 96 
 
4.1 Introduction .............................................................................................................. 97 
 
4.2 Results .................................................................................................................... 100 
 
4.3 Discussion ............................................................................................................... 115 
 
CHAPTER 5. ANALYSIS OF PLASMODIUM VIVAX CHLOROQUINE RESISTANCE TRANSPORTER  
 



viii 
 

(PVCRT) MUTATIONS FOUND IN THE WILD .................................................................. 121 
 
5.1 Introduction ............................................................................................................ 122 
 
5.2 Results .................................................................................................................... 124 
 
5.3 Discussion ............................................................................................................... 133 
 
CHAPTER 6. QUANTITATIVE COMPARISON OF HUMAN CLASS I VS. CLASS III  
 
PHOSPHATIDYLINOSITOL 3’-KINASE ............................................................................. 137 
 
6.1 Introduction ............................................................................................................ 138 
 
6.2 Results .................................................................................................................... 141 
 
6.3 Discussion ............................................................................................................... 153 
 
CHAPTER 7.  HETEROLOGOUS EXPRESSION, PURIFICATION, AND FUNCTIONAL ANALYSIS OF 
 
PLASMODIUM FALCIPARUM PHOSPHATIDYLINOSITOL 3’-KINASE ................................... 156 
 
7.1 Introduction ............................................................................................................ 157 
 
7.2 Results .................................................................................................................... 161 
 
7.3 Discussion ............................................................................................................... 178 
 
CHAPTER 8. CONCLUSIONS ............................................................................................ 183 
 
APPENDIX I: PERMISSION CORRESPONDENCE ................................................................ 194 
 
BIBLIOGRAPHY .............................................................................................................  200 

 
 
 
 
 
 
 
 
 
 
 



ix 
 

LIST OF FIGURES 
 

Figure 1. Plasmodium falciparum life cycle.....................................................................3 
 
Figure 2. Spread of chloroquine resistance.......................................................................6 
 
Figure 3. Predicted topology of PfCRT............................................................................7 
 
Figure 4. CQ putative binding site..................................................................................14 
 
Figure 5. Structure of phosphatidylinositol.....................................................................23 
 
Figure 6. Phosphatidylinositol phosphate synthesis pathways........................................24 
 
Figure 7.  PI3K classes....................................................................................................25 
 
Figure 8.  Hypothesized phosphatidylinositol phosphate synthesis pathway in P.  
 
falciparum.......................................................................................................................30 
 
Figure 9. Key amino acids in regulatory elements of PI3Ks..........................................32 
 
Figure 10. Proposed cellular localization of P. falciparum PIKs and PIPs....................36 
 
Figure 11. Global distribution of P. falciparum vs. P. vivax..........................................39 
 
Figure 12. Proposed topology of PvCRT........................................................................42 
 
Figure 13. Amino acid alignment of PfCRT and PvCRT...............................................44 
 
Figure 14.  Cartoon schematic of PfCRT localization and topology..............................70 
 
Figure 15. Western blot analysis of 33 PfCRT isoforms................................................72 
 
Figure 16.  CQ growth delays for 45 PfCRT isoforms...................................................74 
 
Figure 17. Growth delay of 144F mutants......................................................................77 
 
Figure 18. ΔΨ dependence of PfCRT isoform growth delays........................................78 
 
Figure 19. Growth delays under standard conditions vs. elevated ΔΨ...........................79 
 
Figure 20. Colony formation assay identifying ΔΨ dependence of isoform 734...........80 
 



x 
  

Figure 21.  PfCRT-mediated CQ and PQ transport impairs yeast growth.....................82 
 
Figure 22.  PQ growth delays conferred by 45 PfCRT isoforms...................................84 
 
Figure 23.  CQ vs. PQ correlation plots for PfCRT.......................................................86 
 
Figure 24. PfCRT isoform growth delay vs. “resistance factor”...................................88 
 
Figure 25. PH1 and PH2 expression is toxic to yeast..................................................102 
 
Figure 26. Expression of PH1 and PH2 in the presence of CQ produces a lethal  
 
phenotype.....................................................................................................................103 
 
Figure 27. Cartoon schematic of PfCRT-vh and PMA-PfCRT-vh ORFs....................104 
 
Figure 28. V5 western blot quantifying PfCRT expression.........................................105 
 
Figure 29.  Colony formation assays for BY4141 and Δvma yeast.............................106 
 
Figure 30.  Yeast vacuolar pH.....................................................................................108 
 
Figure 31.  CaCl2 inhibits growth of Δvma1 and PH1 expressing yeast.....................109 
 
Figure 32. Intrinsic growth delays conferred by PfCRT isoforms with partial PH1  
 
mutations......................................................................................................................110 
 
Figure 33. Effects of muttion A144T on growth..........................................................111 
 
Figure 34. Intrinsic growth delay of yeast expressing indicated isoforms...................112 
 
Figure 35.  PMA-PH1 and PMA-PH2 mediated CQ transport.....................................113 
 
Figure 36. V5 western blot showing equal expression of PvCRT isoforms.................125 
 
Figure 37.  Colony formation assay for PvCRT isoforms............................................126 
 
Figure 38. Intrinsic growth delays of PvCRT isoforms expressed in yeast..................128 
 
Figure 39. Quantitative growth analysis of CRT isoforms...........................................129 
 
Figure 40.  CQ dependent growth delay of yeast expressing PvCRT isoforms............130 
 



xi 
 

Figure 41.  AQ dependent growth delay of yeast expressing PvCRT isoforms............131 
 
Figure 42.  PQ dependent growth delay of yeast expressing PvCRT isoforms.............132 
 
Figure 43. Optimization of ELISA................................................................................142 
 
Figure 44.  Titration of PI substrate and specificity of PI(3)P antibody.......................144 
 
Figure 45. Characterization of human PI3K isoforms..................................................146 
 
Figure 46.  Chemical Structures of PI3K inhibitors.....................................................148 
 
Figure 47. Enzyme inhibition using PI3K inhibitors....................................................151 
 
Figure 48. Cartoon schematic of Vps34 alignments, PfVps34 construct description, and  
 
PfVps34 152N-cat ORF................................................................................................163 
 
Figure 49. V5 western blot of PfVps34 protein expression..........................................165 
 
Figure 50.  Complementation of Δvps34 phenotype in yeast by 152N-cat PfVps34....166 
 
Figure 51.  Purification of PfVps34...............................................................................167 
 
Figure 52. Biochemical characterization of PfVps34....................................................168 
 
Figure 53. Chemical structures of endoperoxide drugs.................................................170 
 
Figure 54.  PfVps34 152N-cat inhibition by endoperoxide drugs +/- Fe2+....................171 
 
Figure 55.  Correlation plot of endoperoxide drugs.......................................................172 
 
Figure 56.  Heme vs. Fe2+ enzymatic inhibition.............................................................173 
 
Figure 57.  DHA inhibits PfVps34 upon formation of a covalent drug-enzyme  
 
interaction.......................................................................................................................174 
 
Figure 58. Trypsin digestion and peptide labeling of PfVps34 152N-cat by DHA.......175 
 
Figure 59. PI3K drug correlation between in vivo and in vitro potency........................176 
 
Figure 60. PI3K drug correlation between cytocidal and EC50 activity.........................177 
 



xii 
 

LIST OF TABLES 
 

Table 1. PfCRT isoforms.................................................................................................9 
 
Table 2.  Plasmodium falciparum phosphatidylinositol kinases....................................29 
 
Table 3. PvCRT isoforms...............................................................................................43 
 
Table 4. Plasmids used in this study...............................................................................51 
 
Table 5. Oligos used in this study...................................................................................51 
 
Table 6. Natural and laboratory generated CRT isoforms..............................................54 
 
Table 7. PH1 and PH2 like PfCRT isoforms.................................................................101 
 
Table 8. Vma subunit knockout strains used in this study.............................................107 
 
Table 9. Digestive vacuole volume and pH of transfected parasite lines.......................115 
 
Table 10. ELISA validation using human PI3Ks...........................................................147 
 
Table 11. PI3K drug specificity.....................................................................................149 
 
Table 12. Evaluation of PI3K inhibitor class specificity................................................152 
 
Table 13. PfVps34 inhibition by endoperoxide drugs...................................................170 
 
Table 14. PfVps34 inhibition by PI3K drugs.................................................................176 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
 



xiii 
 

LIST OF ABBREVIATIONS 

ACT, Artemisinin combination therapy 

AOX1, Alcohol oxidase 1 promoter 

AQ, Amodiaquine 

ARTR, Artemisinin resistance  

AzBCQ, azido biotintylated chloroquine 

BSA, Bovine serum albumin 

CM, Crude membranes 

CQ, Chloroquine 

CQR, Chloroquine resistant 

CQS, Chloroquine sensitive 

DCP, Delayed clearance phenotype 

DHA, Dihydroartemisinin 

DTT, Dithiothreitol 

DV, Digestive vacuole 

ELISA, Enzyme-linked immunosorbent assay 

ENTH, Epsin N-terminal Homology 

Hb, Hemoglobin 

Hz, Hemozoin 

IC50, Half-maximal inhibitory concentration 

iRBC, red blood cell infected with P. falciparum 

ISOV, inside out vesicle 



xiv 
 

KA1, Kinase associated 1 domain 

KAEP1, Kelch-like ECH-associated protein 1 

LD50, Half-maximal lethal concentration 

MOA, Mechanism of action 

Δψ, Electrical membrane potential difference 

NADPH, Nicotinamide adenine dinucleotide phosphate 

ΔpH, pH gradient 

PfCRT, Plasmodium falciparum chloroquine resistance transporter (gene/PROTEIN) 

PfK13, Plasmodium falciparum Kelch 13 

PfMDR1, Plasmodium falciparum multidrug resistane transporter 

PfPI3K, Plasmodium falciparum phosphatidylinositol 3’-kinase 

PfPI4K, Plasmodium falciparum phosphatidylinositol 4’-kinase 

PfPIK, Plasmodium falciparum phosphatidylinositol kinase 

PfPIPK, Plasmodium falciparum phosphatidylinositol phosphate kinase 

PfVps34, Plasmodium falciparum vacuolar protein sorting 34(gene/PROTEIN) 

PH domain, Pleckstrin homology domain 

PI, Phosphatidylinositol 

PI(3)P, phosphatidylinositol 3’-phosphate 

PI(3,4)P2, phosphatidylinositol 3’,4’-bisphosphate 

PI(3,4,5)P3, phosphatidylinositol 3’,4’,5’-triphosphate 

PI(3,5)P2, phosphatidylinositol 3’,5’-bisphosphate 

PI(4)P, phosphatidylinositol 4’-phosphate 



xv 
 

PI(4,5)P2, phosphatidylinositol 4’,5’-bisphosphate 

PI(5)P, phosphatidylinositol 5’-phosphate  

PIP, Phosphatidylinositol phosphate 

PL, Proteoliposome 

PM, Plasma membrane 

PMA, Plasma membrane ATPase 

PNG, Papua New Guinea 

PvCRT, Plasmodium vivax chloroquine resistance transporter (gene/PROTEIN) 

PVDF, Poly(vinylidene difluoride) 

PX Domain, Phox Domain 

QTL, Qualitative trait loci 

RBC, Red blood cell 

RSA, Ring stage suceptibility assay 

SA, South America 

SEA, Southeast Asia 

SDS-PAGE, Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

TCA, Trichloroacetic acid 

TOR, Target of rapamycin 

Vps34, vacuolar protein sorting 34 

WT, Wild type 

 

 



1 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 1. INTRODUCTION 
 
 
 
 
 
 
 
 
 

Section 1.2.3 previously published in part as:  
 
Heterologous Expression, Purification, and Functional Analysis of Plasmodium falciparum 
Phosphatidylinositol 3’-Kinase 

 

Submitted April 2017, Biochemistry 
Matthew R. Hassett, Anna R. Sternberg, Bryce E. Riegel, Craig J. Thomas, and Paul D. Roepe* 
 

 

 

 

 



2 
 

1.1 Background and Significance 

 Malaria is one of the world’s deadliest diseases and it claimed the lives of 1.2 million 

people in 2010.  It is caused by the infection of the Plasmodium protozoa and until recently only 

five species of Plasmodium have been found to infect humans [Murray et al., 2012].  These are: 

P. ovale, P. knowlesi, P. malariae, P. vivax, and the most deadly and common P. falciparum.  

Recently, the first natural human infection with P. cynomolgi was detected [Ta et al., 2014].  

Multiple species can simultaneously infect humans.  Malaria caused by the different species has 

different pathophysiology that can be further impacted by the host.  For example, young children 

without fully developed immune systems and pregnant women are particularly susceptible to the 

complications associated with infection 

 The life cycle of the malaria parasite consists of two hosts: humans and Anopheles 

mosquitos, which act as the vector (Fig. 1).  Malaria is transmitted to humans through the bite of 

an infected female Anopheles mosquito whereby sporozoites are injected into the human host 

during an Anopheles blood meal.  Upon infection, P. falciparum invades hepatocytes in the liver 

where they develop for two weeks before invading and infecting erythrocytes (red blood cells; 

RBCs). After development, they are released as merosomes (large clusters of merozoites).  

Individual merozoites invade RBCs where they reproduce asexually and destroy the erythrocyte 

[Ursos et al., 2002; Roepe, 2009].  The RBC asexual life cycle is about 48 hours long and 

proceeds through different stages of development including the ring, trophozoite, and schizont 

stages.  The asexual stage produces at least 8 new merozoites that lyse the RBC and then invade 

a fresh RBC.  Due to the short time period of P. falciparum being in the liver, most drugs are 
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developed and targeted to the asexual RBC stages of parasite infection [Roepe, 2009; Roepe, 

2011].   

 

 

Figure 1. Plasmodium falciparum life cycle. Credit CDC, Alexander J. da Silva, PhD, and 
Melanie Moser, 2002 (CDC, 2010). Public domain content available from the Public Health 
Image Library (PHIL), ID# 3405.  

 

1.2 Plasmodium falciparum Drug Resistance 

 All drug resistance comes down to the same principles.  For drugs to be effective, they 

must interact with one (or multiple) targets in order to exert a toxic or growth inhibitory effect on 

the overall system.  Drug resistance can arise from a few factors including increased cellular 
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degradation of the drug, altered expression of the drug target or mutations in the drug target that 

alter drug:target interaction,  disrupted cellular transport of the drug, and/or dysregulation of a 

cell death pathway.  There are several different antimalarial drug classes that have been effective 

at treating malaria.  These include the quinolones (such as chloroquine, amodiaquine, and 

primaquine), reactive endoperoxides (such as dihyrdoartemisinin, artemether, artemisone), and 

antifolates (pyrimethamine is the most common antifolate antimalarial drug and is typically used 

in combination with sulfadoxine).  Quinolines have historically been the drug of choice 

beginning with the extraction of quinine from the leaves of the cinchona tree.  Because of 

effectiveness and cost, chloroquine (CQ) quickly became the drug of choice during the Second 

World War.  Pockets of CQ resistance (CQR) appeared in the 1960’s and by the 1990’s were 

widespread.  Resistance to antifolate drugs spread rapidly and was identified as early as 1957, 

and most recently, within the last decade there have been observations of a delayed clearance of 

parasites in some patients who are being treated with artemisinin based drugs, which may be a 

precursor to the development of artemisinin resistance (ARTR) [Clyde et al., 1957]. 

1.2.1 Chloroquine Resistance 

 The parasites’ asexual life cycle in RBC lasts about 48 hours, during which time they 

must grow and rapidly reproduce.  The parasite does not possess the machinery required to 

accomplish the de novo synthesis of all of the amino acids required for growth.  To compensate, 

hemoglobin (Hb) hydrolysis in the parasite digestive vacuole (DV), a lysosome-like organelle, 

provides the materials necessary for parasite protein synthesis and energy metabolism [Francis et 

al., 1997].  60-80% of Hb, which is found in millimolar concentrations in the RBC cytoplasm, 

can be consumed by the parasite [Roepe, 2009].  The parasite can convert free heme, which is a 
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toxic byproduct of Hb synthesis, into hemozoin (Hz), an innocuous bio-crystal, within the DV 

[Fitch et al., 1969; Hawley et al., 1998; Foley et al., 1998].  

 CQ is a 4-aminoquinoline that has been used since the 1940s to combat malaria [Roepe, 

2009].  It is a diprotic weak base with pKa values of 8.4 and 10.2, and becomes trapped inside 

the DV because of the significant pH gradient between the parasite cytoplasm and the parasite 

DV (about 2 pH units) [Roepe, 2011].  CQ is theorized to exert its antimalarial effect by 

interfering with the crystallization of free heme into Hz inside the DV [Fitch et al., 1969; Gorka 

et al., 2013]. 

 Traces of CQ remain in the blood for up to 1440 hours (about 60 days) [Stepniewska et 

al., 2008].  Therefore P. falciparum is exposed to the drug for extended periods of time, which 

opens up the possibility for development of drug resistance.  Unfortunately, CQR in P. 

falciparum began to develop in the late 1960s.  By the 1980s pockets of resistance had emerged 

throughout the endemic areas of South America, Asia, and Africa (Fig. 2) [Roepe, 2009; Roepe, 

2011; Wellems, 2004].  Currently, over 50% of P. falciparum infections in Africa and the vast 

majority of infections in Southeast Asia are CQR.  Discontinued drug use has shown the return 

of CQS parasites in Africa [Kublin et al., 2003; Mwai et al., 2009; Kiarie et al., 2015; Mwanza 

et al., 2016], which shows that with proper dosage and partner drugs CQ may be a viable drug 

again in the future. 
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Figure 2. Spread of chloroquine resistance. CQR spread throughout South America, Africa, 
and Asia.  Reproduced from [Hartl et al., 2004] with permission. 
 

 Analyses of the progeny from the cross of a chloroquine sensitive (CQS) strain from 

Honduras, “HB3,” and a CQR strain from Southeast Asia, “Dd2,” showed that the phenotype for 

resistance segregated with mutations on a 36kb segment of chromosome 7 containing a 13 exon 

gene encoding a 424 amino acid protein (48.5 kDa) [Fidock et al., 2000].  Subsequentlty, this 

gene was found to encode the novel polytopic integral membrane protein Plasmodium 

falciparum chloroquine resistance transporter (PfCRT) (Fig. 3).  It is believed that CQR arose 

independently in at least five different founder events (Southeast Asia (which spread to Africa), 

Papua New Guinea, Peru, Colombia, and the Philippines) [Wooten et al., 2002; Chen et al., 

2003]. 

 PfCRT localizes to the membrane of the DV, which is the site of Hb degradation [Cooper 

et al., 2002; Fidock et al., 2000].  PfCRT has been characterized as an essential protein, but its 

endogenous function has yet to be determined.  Therefore, there are several plausible theories to 
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explain how mutations in PfCRT confer resistance (see following section 1.2.1.1)  [Martin et al., 

2003; Martin et al., 2004]. 

 
Figure 3. Predicted topology of PfCRT. PfCRT is localized to the DV membrane.  
Known amino acid mutations are marked above each polymorphic residue (circled in 
blue).  Residue 76, which is the site of the K76T mutation that has historically been used 
as a marker for CQR has been circled in red.  Reproduced from [Callaghan et al., 2015] 
with permission. 

 

PfCRT is not the only transmembrane transporter that has been identified to modulate changes in 

CQ sensitivity.  Plasmodium falciparum multidrug resistance transporter (PfMDR1) is an ATP-

binding cassette protein, many alleles of which have been seen to contribute to drug resistance in 

other settings [Cole et al., 1998].  Using a QTL analysis to map the progeny of HB3xDd2, it was 

found that strains harboring a mutant or overexpressed PfMDR1 in addition to a mutant PfCRT 

were slightly more CQR than strains with mutant PfCRT but lacking PfMDR1 overexpression 

[Patel et al., 2010].  PfMDR1 was also definitively shown to bind to an azido biotintylated CQ 

analogue [Pleeter et al., 2010].  Clearly PfMDR1 has an impact on CQ sensitivity, but the effect 

requires the presence of mutant PfCRT.  
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 A single polymorphism in PfCRT does not confer resistance or change a CQS parasite to 

CQR.  Instead, multiple PfCRT mutations must be acquired to confer the resistance phenotype.  

This observation explains the two-decade delay of development of resistance in the field and 

failures in reproducing the same phenomenon in a laboratory setting in which cultured parasites 

were exposed to drug selected pressure [Roepe, 2009].  Twenty-nine residue mutations in PfCRT 

have been implicated in the drug resistance phenotype found in isolates from around the globe.  

Depending on the geographic region of origin and the accompanying history of drug selected 

pressure, different isoforms of PfCRT show different numbers of mutations at different positions.  

The number of mutations ranges from as few as one to as many as ten [Roepe, 2009; Wellems et 

al., 2001; Cooper et al., 2005; Baro et al., 2013].  Multiple mutations in PfCRT can cause a 7-10 

fold increase in CQ IC50 (a decrease in cytostatic antiplasmodial potency) [Roepe, 2011]. 

Different point mutations have varying significance for drug resistance, but the hallmark 

mutations seem to be those at positions 72-76, with position 76 being of utmost importance.   All 

confirmed CQR parasites have a mutation at position 76, with the vast majority being of 

endogenous lysine to mutant threonine (K76T) [Cooper et al., 2002].  Importantly though, as 

work summarized in this thesis shows, some CQS parasites can also show K76T mutations.  Via 

one simple theory, the removal of endogenous lysine decreases the electrostatic repulsion 

between the doubly protonated CQ trapped in the DV and the positively charged amino acid 

residue, which might facilitate increased diffusion out of the DV by way of PfCRT.  The shift of 

CQ IC50 seen in CQR strains Dd2 and 7G8 can be recapitulated by allelic substitution 

experiments of Dd2 or 7G8 mutant PfCRT into a CQS strain [Sidhu et al., 2002]. 
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 It has become ever-increasingly clear that there are a multitude of different pfcrt alleles 

that encode a large number of PfCRT isoforms (Table 1).  

Table 1. PfCRT isoforms.  PfCRT residues mutated relative to endogenous WT sequence are 
highlighted in green.  Empty cells indicate residues that were not available from published 
sequencing data.  Deletions are represented by (-).  Drug IC50 for strains expressing these mutant 
PfCRT proteins is also shown.  If multiple IC50 values have been reported, then the highest and 
lowest values are reported (low, high).  If a single publication gives multiple values for a single 
isoform then a range is given (low-high).  Reproduced with permission from [Callaghan, 2015]. 

 

Origin
Clone/ 
Isolate 10 24 39 72 74 75 76 97 123 144 148 160 163 166 194 198 205 220 251 271 273 277 326 327 333 334 350 356 371 IC50  (nM)

Honduras HB3 Q D S C M N K H H A L L S I I E T A F Q H N N I T S C I R 12.3, 33.9

Netherlands 3D7 Q D S C M N K H H A L L S I I E T A F Q H N N I T S C I R 5.8, 30.4

PNG D10 Q D S C M N K H H A L L S I I E T A F Q H N N I T S C I R 6.0, 40.7

Kenya K39 Q D S C M N K H H A L L S I I E T A F Q H N N I T S C I R 3.9, 43.2

Thailand T2/C6 Q D S C M N K H H A L L S I I E T A F Q H N N I T S C I R 9.7, 29.5

Sierra Leone SL/D6 Q D S C M N K H H A L L S I I E T A F Q H N N I T S C I R 7.8, 25.9

Sudan REN Q D S C M N K H H A L L S I I E T A F Q H N N I T S C I R 5.8, 16.2

Liberia LF4/1 Q D S C M N K H H A L L S I I E T A F Q H N N I T S C I R 7.8, 15.0

Malaysia CampA1 Q D S C M N K H H A L L S I I E T A F Q H N N I T S C I R 7.8, 12.5

Mali BC5 Q D S C M N K H H A L L S I I E T A F Q H N N I T S C I R 11.6

Mali M5 Q D S C M N K H H A L L S I I E T A F Q H N N I T S C I R 21.0

Haiti Haiti Q D S C M N K H H A L L S I I E T A F Q H N N I T S C I R 5.8, 16.2

Thailand Dd2 Q D S C I E T H H A L L S I I E T S F E H N S I T S C T I 48, 404

Thailand Thai16 Q D S C I E T H H A L L S I I E T S F E H N S I T S C T I 436.0

Thailand Thai19 Q D S C I E T H H A L L S I I E T S F E H N S I T S C T I 874.1

Thailand TM284 Q D S C I E T H H A L L S I I E T S F E H N S I T S C T I 155.1, 363.3

Thailand C2A Q D S C I E T H H A L L S I I E T S F E H N S I T S C T I 301.5

Vietnam V1/S Q D S C I E T H H A L L S I I E T S F E H N S I T S C T I 186.1, 659.1

Cambodia JCK Q D S C I E T H H A L L S I I E T S F E H N S I T S C T I 521.3

Sudan 102/1 Q D S C I E T H H A L L S I I E T S F E H N S I T S C T I 164.8, 431.6

SEA D5 Q D S C I E T H H A L L S I I E T S F E H N S I T S C T I 353.6

Sudan 106/I Q D S C I E K H H A L L S I I E T S F E H N S I T S C I I 15, 37.8

Ecuador Ecu1110 Q D S C M N T H H A L L S I I E T S F Q H N D I T S C L R 90.0, 156

Peru PC17 Q D S C M N T H H A L L S I I E T S F Q H N D I T S C L R 373.8

Solomon PNG4 Q D S S M N T H H A L L S I I E T A F Q H N D I T S C L R 251

Brazil 7G8 Q D S S M N T H H A L L S I I E T S F Q H N D I T S C L R 34, 220

Peru PC26 Q D S S M N T H H A L L S I I E T S F Q H N D I T S C L R 689.4

Brazil DIV17 Q D S S M N T H H A L L S I I E T S F Q H N D I T S C L R 441.3

Brazil DIV14 Q D S S M N T H H A L L S I I E T S F Q H N D I T S C L R 430.0

Brazil ECP Q D S S M N T H H A L L S I I E T S F Q H N D I T S C L R 287.7

Brazil ICS Q D S S M N T H H A L L S I I E T S F Q H N D I T S C L R 347.1

PNG PNG3 Q D S S M N T H H A L L S I I E T S F Q H N D I T S C L R 242.9

PNG PNG2 Q D S S M N T H H A L L S I I E T S F Q H N D I T S C L R 225.9

Brazil DIV30 Q D S S M N T H H A L L S I I E T S F Q H N D I T S C L R 217.4

PNG PNG13 Q D S S M N T H H A L L S I I E T S F Q H N D I T S C L R 198.4

Colombia Jav Q D S C M E T Q H A L L S I I E T S F Q H N N I T S C I T 137, 305

Ghana GB4 Q D S C I E T H H A L L S I I E T S F E H N N I T S C I I 89.8, 144

Mali S35CQ Q D S C I E T H H A L L S I I E T S F E H N N I T S C I I 229.5

Cambodia 742 Q D S C I E T H H A L L S I I E T S F E H N N I T S C I I 466.7

Cambodia 766 Q D S C I E T H H A L L S I I E T S F E H N N I T S C I I 53.9

Thailand FCB Q D S C I E T H H A L L S I I E T S F E H N S I T S C I I 135, 492

Thailand K1 Q D S C I E T H H A L L S I I E T S F E H N S I T S C I I 75.22, 320.0

Uganda PAR Q D S C I E T H H A L L S I I E T S F E H N S I T S C I I 124.1

Kenya KMWII Q D S C I E T H H A L L S I I E T S F E H N S I T S C I I 77.5

South Africa RB8 Q D S C I E T H H A L L S I I E T S F E H N S I T S C I I 116.3, 152.5

South Africa RB20 Q D S C I E T H H A L L S I I E T S F E H N S I T S C I I 232.6

Ghana 9020 Q D S C I E T H H A L L S I I E T S F E H N S I T S C I I 468.4

Ghana 9013 Q D S C I E T H H A L L S I I E T S F E H N S I T S C I I 305.5

SEA P31 Q D S C I E T H H A L L S I I E T S F E H N S I T S C I I 454.6

Sudan 124/8 Q D S C I E T H H A L L S I I E T S F E H N S I T S C I I 439.3

Mali M2 Q D S C I E T H H A L L S I I E T S F E H N S I T S C I I 116.3, 320.0

SEA ItG2F6 Q D S C I E T H H A L L S I I E T S F E H N S I T S C I I 124.1, 128.0

Gambia M97 Q D S C I E T H H A L L S I I E T S F E H N S I T S C I I 517.7

Sao Tome Cai Q D S C I E T H H A L L S I I E T S F E H N S I T S C I I 96.9

Thailand TM6 Q D S C I E T H R A L L S I I E A S F E H N S I T S C I I 111, 167

Thailand TM93 Q D S C I E T L A L L S I I E T S F E H N S I T S C T I 1200
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Origin
Clone/ 
Isolate 10 24 39 72 74 75 76 97 123 144 148 160 163 166 194 198 205 220 251 271 273 277 326 327 333 334 350 356 371 IC50 (nM)

Honduras HB3 Q D S C M N K H H A L L S I I E T A F Q H N N I T S C I R 12.3, 33.9

Phillipines PH1 Q D S C M N T H H T L Y S I I E T A F Q H N D I T S C I R 30.4

Phillipines PH2 Q D S S M N T H H T L Y S I I E T A F Q H N D I T S C I R N.D.

Malaysia KT099 Q D S C M N K H H A L L S I I E T A F Q H N D I T S C I R N.D.

Malaysia KK038 Q D S S M N T H H A L L S I I E T A F Q H N N I T S C I R N.D.

Malaysia KK004 Q D S C M N K H H A L L S I I E T S F Q H N D I A S C L R N.D.

Malaysia KK005 Q D S S M N T H H A L L S I I E T S F Q H N D I A S C L R N.D.

Malaysia KT088 Q D S S M N T H H A L L S I I E T A F Q N N N I T S C I R N.D.

Malaysia KT096 Q D S S M N T H H A L L S I I E T A F Q N N D I T S C I R N.D.

Malaysia KT070 Q D S C M N K H H A L L S I I E T A F Q N N N I T S C I R N.D.

Malaysia KT052 Q D S C M N K H H T L Y S V I E T A F Q H N N I T S C I R N.D.

Malaysia KT097 Q D S C M N K H H T L Y S V I E T A F Q N N N I T S C I R N.D.

Malaysia KT094 Q D S S M N T H H H L P S I I E T A F Q N N N I T S C I R N.D.

Malaysia KT072 Q D S S M N T H H T L Y S V I E T A F Q H N N I T S C I R N.D.

Malaysia KT055 Q D S S M N T H H T L Y S V I E T A F Q N N N I T S C I R N.D.

Malaysia KT066 Q D S S M N T H H T L Y S V I E T A F Q H N D I T S C I R N.D.

Cambodia 734 Q D S C I D T H H F I L S I T E T S F E H N N I S S C I R 33.2-169.4

Cambodia 738 Q D S C I D T H H A I L S I T E T S F E H N N I S S C I R 157

Cambodia 783 Q D S C I E T H H A L L S I I E T S F E H N N I T S C T I 134

China B C I D T H Y L L S I I E T A F E H N N I T S C I R N.D.

China C C I D T H Y L L S I I E T A F E H N N I T S C I I N.D.

China D C I E T H Y L L S I I E T A F E H N N I T S C I R N.D.

China E C I E T H A L L S I I E T S F E H N N I T S C I R N.D.

Thailand BC7 Q D S C I E T H H A L L S I I E T S F E H N S - T S C T I 31-78

Thailand KS28 Q D S C I E T H H A L L S I I E T S - E H N S I T S C T I 74.0

Thailand BC22 Q D S C I E T H H A L L S I I K T S F E H N S I T S C T I 31-78

Thailand J9 Q D P C I E A H H A L L S I I E T S F E H D S I T S C T I 123

Colombia TA6182 Q D S C M E T Q H A L L S I I E T S F Q H N S I T S C I I N.D.

Colombia TU741 Q D S C M N T H H A L L S I I E T S F Q H N D I T N C L R N.D.

Vietnam IsoI Q D S C I E T H H A L L S I I E T S F E H N N I S S C I I N.D.

Vietnam IsoII Q D S C I E T H H A L L S I I E T S F E H N N I S S C T I N.D.

Vietnam IsoIII Q D S C I D T H H A L L S I T E T S F E H N N I S S C I R N.D.

Vietnam IsoIV Q D S C I D T H H A L L S I T E T S F E H N N I T S C I R N.D.

Vietnam IsoV Q D S C I D T H H F I L S I S E T S F E H N N I S S C I R N.D.

I. Papau 2300 Q D S C I K T H H A L L S I I E T S F E H N S I T S C I I N.D.

F. Guiana H209 Q D S S M N T H H A L L S I I E T S F Q H N D I T S R L R 34.8

SEA Pf164 Q D S C I E T H H A L L R I I E T S F E H N S I T S C I I 21

Tanzania GadI Q Y S C M N K H H A L L S I I E T A F Q H N N I T S C I R N.D.

Tanzania GadII K Y S C M N K H H A L L S I I E T A F Q H N N I T S C I R N.D.

Tanzania GadIII Q D S C M N K H H A L L S I I E T A F Q H N N I T S C I I N.D.

Tanzania GadIV Q D S C I E T H H A L L S I I E T S F N H N N I T S C I R N.D.

Tanzania GadV Q D S C I E T H H A L L S I I E T S F N H N N I T S C I I N.D.

Tanzania GadVI Q D S C I E T H H A L L S I I E T S F N H N S I T S C I I N.D.
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The large number of different polymorphisms could be the result of variable drug pressure across 

the globe, as different countries have different policies for treating infections.  The isoforms that 

permeated and are identified most often are those that may confer a particular fitness advantage 

in a given region based on the drug culture.  This is especially true in South America where two 

distinct groups of mutations have been observed.  Variable amodiaquine (AQ) pressure is likely 

to contribute to the differences in the 4-5 mutations commonly seen [Sa et al., 2009]. 

 In order to develop effective drugs, the mechanism whereby mutant PfCRT confers 

resistance must be elucidated.  There are several proposed models, each with a plausible 

explanation of how PfCRT modulates decreased sensitivity to CQ.  One model suggests that 

PfCRT mutations cause a slight acidification of the DV by about 0.2 pH units.  Although upon 

first inspection acidifying the DV would seem to trap more CQ, the lower pH increases the rate 

of Hz formation and effectively reduces the number of drug targets [Roepe, 2011; Bennett et al., 

2004a].  Another popular model is the “charged drug leak model,” where PfCRT facilitates the 

net downhill leak of charged CQ out of the DV [Roepe, 2009; Roepe, 2011].  Mutations in 

PfCRT cause ionic perturbations by altering the endogenous traffic of osmolytes.  This 

disruption can either directly, or indirectly affect the DV pH and volume, which might also 

contribute to resistance [Roepe, 2011].  These changes in the DV can lead to the electrochemical 

downhill diffusion of CQ out of the DV, as well as the disruption of the drug-heme interaction 

[Roepe, 2009; Roepe, 2011].  The current thinking in our research group is that transport 

alterations caused by PfCRT mutations and other genetic changes cause all of the above 

physiologic phenomena, which, when combined together, synergistically confer various levels of 
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drug resistance (in different parasite strains with different combinations of mutations and 

different degrees of these physiologic changes). 

 The first observation noting the reduced accumulation of CQ into iRBCs harboring CQR 

parasites was by Coy Fitch [Fitch et al., 1969].  It wasn’t until 1987 that decreased retention of 

CQ for CQR parasites was demonstrated in zero-trans efflux experiments [Krogstad et al., 1987].  

Following that time, there were many instances of influx and/or efflux studies for CQS and CQR 

parasites (e.g. [Geary et al., 1986; Bray et al., 1992; Roepe, 2011]).  Unfortunately most these 

were performed on whole parasite populations or detergent extracted parasites that led to 

variable results.  A general conclusion was inferred; being that at low external concentrations of 

CQ (1-50 nM), CQR parasites accumulate 2-10 fold less CQ relative to CQS parasites. 

 Because PfCRT is a membrane protein located in a membrane within two membranes 

(the RBC membrane and the parasite membrane) has made direct analysis of PfCRT quite 

difficult [Roepe, 2011].  Therefore, expression of PfCRT in a heterologous system such as yeast 

would have many benefits, including not being limited to examining only PfCRT isoforms that 

have been established as cultured laboratory strains.  Unfortunately, the AT content of some 

coding regions of the P. falciparum DNA is close to 80%, while most other organisms have an 

evenly spread distribution of GC and AT content.  In order to express PfCRT in yeast the pfcrt 

mRNA sequence had to be back translated to design a codon-optimized version of PfCRT (that 

had a higher distribution of codons preferred by yeast) to be expressed in Pichia pastoris and 

Saccharomyces cerevisiae [Zhang et al., 2002; Baro et al., 2011]. 

 Expression of CRT in the P. pastoris system has been previously accomplished by 

methanol induction under an alcohol oxidase (AOX1) promoter [Zhang et al., 2002].  In this 
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particular system, CRT can be expressed to high levels, which is ideal for purification purposes.  

CRT has been studied in a number of lipid environments such as inside out vesicles (ISOVs) and 

purified proteoliposomes (PLs) in a number of groundbreaking experiments [Zhang et al., 2004; 

Paguio et al., 2009].  Intuition would dictate that, if the mechanism of resistance included CQ 

transport by mutant PfCRT, then CQR PfCRT might bind CQ with a higher affinity.  However, 

interestingly, using equilibrium [3H]-CQ binding assays, it was demonstrated that both HB3 and 

Dd2 PfCRT isoforms bind CQ with nearly the same affinity.  Dd2 had a slightly higher affinity 

for CQ than HB3 (385 and 425nM; which was not a statistically significant difference), and the 

Scatchard analysis identified a single drug-binding site [Zhang et al., 2004]. Transport studies 

using fluorescently tagged CQ analogous under predicted electrochemical and pH gradients for 

CQR and CQS DVs supports the efflux hypothesis, that PfCRT facilitates the net downhill leak 

of drug [Paguio et al., 2009].  Therefore CQ efflux from the DV in CQR parasites seems like an 

attractive mechanism of resistance.   

 A putative binding site including helix 1, 9, and 10 on PfCRT was determined by photo-

affinity labeling with the CQ analogue azido biotintylated chloroquine (AzBCQ), trypsin 

digestion, and mass spectrometry [Lekostaj et al., 2008].  The dashed boxes in Fig. 3 outline the 

predicted CQ binding site comprised of domains from helix 1, 9, and 10, which is shown in three 

dimensions in Fig. 4. This model places the quinolone ring near several residues found to be 

mutated in CQR parasites.  
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Figure 4. CQ putative binding site.  The putative binding site at helix 1, 9, and 10 of CQ to 
PfCRT by photo-affinity labeling using the CQ analogue AzBCQ.  Reproduced from [Lekostaj et 
al., 2008] with permission. 
 
 
 The first direct biochemical evidence showing that PfCRT transported CQ was published 

in 2004 [Zhang et al., 2004].  Flow dialysis techniques showed that CQR PfCRT in inside-out 

plasma membrane vesicles mediated the downhill passive efflux of radiolabeled CQ faster than 

CQS PfCRT.  This result was confirmed by another study using D. discoideum vesicles 

harboring PfCRT [Naude et al., 2005].  A more recent study in D. discoideum also indicated that 

drug transport is likely reliant upon an electrochemical gradient across the DV [Papakrivos et al., 

2012].  

 As time went on, more refined measurements were made detailing the exact nature of CQ 

transport via PfCRT.  The earliest studies trying to identify turnover were [3H]-CQ accumulation 

in oocytes harboring PfCRT and efflux of fluorescently tagged CQ catalyzed by purified, 

recombinant PfCRT from Pichia pastoris yeast reconstituted into proteoliposomes (PL) [Martin 
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et al., 2009; Paguio et al., 2009, respectively]. Measurements of turnover differed between the 

two studies, with the oocytes showing 2-3 orders of magnitude lower turnover.  Experiments 

from oocytes determined that CQS isoforms did not transport drug [Martin et al., 2009] whereas 

purified CQS PfCRT was found to transport drug [Paguio et al., 2009].  Differences between 

these experiments can be explained by the observation of Paguio et al. [2009] that PfCRT 

turnover is highly dependent on the magnitude of the pH and electrochemical gradient across the 

PL [Paguio et al., 2009].  These parameters are low for oocytes and cannot be convieniently 

manipulated in that system, but can be manipulated to be higher for PLs such that the parameters 

then more accurately reflect the values found across the parasite DV membrane (recall PfCRT is 

expressed within this membrane, not an oocyte plasma membrane or other low potential low pH 

gradient enviornment) [Paguio et al., 2009]. 

 To eliminate the need for inducible expression in P. pastoris using a toxic metabolite like 

methanol, PfCRT has also been expressed by our research group in S. cerevisiae for functional 

expression.  Expression in S. cerevisiae utilized a galactose (GAL1) promoter to express CRT in 

a system where its effect on yeast proliferation and growth can be accurately measured over 

time.  In this system, it was determined that the majority of CRT was localized to the yeast 

plasma membrane with cytosolic domains conserved [Baro et al., 2011].  Through growth 

analysis (on solid agar and liquid media) containing 16 mM CQ, it was discovered that CRT 

confers a CQ hypersensitivity phenotype to growing yeast under inducing conditions [Baro et al., 

2011].  Functional CRT can be confirmed by the reappearance of the hyper sensitive phenotype 

in the presence of 16 mM CQ.  The isoforms were also found to catalyze varied accumulation of 

[3H]-CQ [Baro et al., 2011].  The varying levels of [3H]-CQ accumulation were found to be due 
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to differing transport efficiencies of PfCRT, and there was a close linear correlation with an R2 

of 0.91 between CQ induced growth delay and [3H]-CQ transport [Baro et al., 2013].  This 

suggested that growth inhibition is directly related to CRT transporting toxic CQ into the yeast 

cytosol.  This system allows for the study of a variety of CRT isoforms that are found in 

parasites that have not yet been cultured as viable laboratory strains. This process of CRT 

analysis in yeast is less tedious and much faster that allelic exchange experiments in parasites.  It 

can also be especially useful when trying to pinpoint the role of certain mutations in conferring 

drug resistance.  

 Importantly, Baro et al. [2011] also showed that CQS isoforms of PfCRT also transported 

CQ, and reaffirmed that CQR isoforms transported CQ with a higher efficiency that was highly 

dependent upon membrane potential [Baro et al. 2011].  This was important because a large 

membrane potential is expected across the DV.  High membrane potential cannot be 

recapitulated in the oocyte model whereas it can in PLs and in yeast models, which as mentioned 

likely explains low CQ transport turnover seen in oocyte experiments.  A more recent study has 

corroborated the turnover measured for purified PfCRT reconstituted into PLs [Paguio et al., 

2009] by measuring transport of CQ for a PfCRT chimera also reconstituted in PLs [Juge et al., 

2015].  Data with purified PfCRT consistently suggests that both CQS and CQR isoforms bind 

and transport CQ.    

1.2.2 Cytostatic vs. Cytocidal Resistance 

 While the function of mutant PfCRT in conferring low levels of cytostatic drug resistance 

is generally agreed upon, the mechanism of cytocidal drug resistance is not well understood.  

When a patient receives CQ in the clinic, the typical blood plasma concentration of drug is over 
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1 µM for at least the first 6-12 hours, not 10-100 nM as what is typically used in IC50 

quantifications done in culture.  This is not to say that growth inhibition assays are not useful 

information, however.  IC50 measurements (or the dose needed to inhibit 50% of parasite growth) 

are a high throughput measurement whereby parasite cultures are under constant pressure of a 

drug for typically 1-3 parasitic cycles [Smilkstein et al., 2004; Bennett et al., 2004b].  However, 

in the clinic, the goal of treatment is not to just inhibit growth.  The goal is to remove parasite 

burden by orders of magnitude within hours.  Therefore the killing effectiveness of drugs is what 

is clinically relevant.  This requires higher doseges of CQ.  In addition, CQ has been shown to be 

effective at killing all stages of parasite development, including stages where Hb digestion is not 

taking place [Gligoijevic et al., 2008].  Another study showed that CQR parasites could 

accumulate more CQ in their DVs when compared to CQS parasites and still remain viable 

[Cabrera et al., 2009].  The parasites were treated with LD50 (or the dose required to kill 50% of 

parasites) levels of drug and not IC50 levels.  This finding points to a different cytocidal 

resistance mechanism in CQR parasites, meaning resistance to CQ-induced parasite cell death.  

Patients who are infected with CQR P. falciparum do not show the rapid drop in parasite burden 

after a micromolar dose of CQ, suggesting that resistance to cell death is indeed the mechanism 

for this clinically observed drug resistance. 

 It is not uncommon for drugs to have both a cytostatic (growth inhibitory) and cytocidal 

(killing) effect with the latter usually requiring a higher concentration of drug or longer drug 

exposure.  At LD50 concentrations, the concentration of CQ in the DV would be much higher 

than the Kd of PfCRT.  This suggests the net downhill leak of CQ facilitated by PfCRT would 

not be enough to overcome the passive diffusion of the drug into the DV.  In order to quantify 



18 
 

the killing effects of a larger cytocidal bolus dose of drug, a new assay was developed in 2011 

[Paguio et al., 2011].  This assay was able wash away high concentrations of drug after a six-

hour pulse and examines the growth of the culture in the following cycle.  A few important 

observations were immediately made.  One was the typical 10-fold difference in IC50 values for 

CQS and CQR parasites was now 100-fold, and another was the chemoreversal agent verapamil, 

which can reverse the effects of resistant parasites at cytostatic concentrations of drug, was now 

ineffective at cytocidal concentrations [Paguio et al., 2011].      

  Recently, the cytocidal effect of CQ was shown to be only peripherally associated with 

mutant PfCRT.  An LD50 directed QTL for the progeny of the HB3 (CQS) x Dd2 (CQR) strains 

showed that resistance for cytocidal and cytostatic doses of CQ were genetically distinct [Gaviria 

et al., 2013; Fidock et al., 2000].  It is likely that another cellular process is disrupted in parasites 

that show cytocidal resistance to CQ (CQRCC).  It was found that a process similar to autophagy 

in P. falciparum was dysregulated in CQRCC parasites when exposed to LD50 levels of CQ via 

the analysis of PfATG8 [Gaviria et al., 2013].  In all eukaryotes so far examined, ATG8 proteins 

are a molecular marker for formation of autophagosomes, a key indicator of the initiation of 

autophagy. As previously mentioned, allelic exchange experiments showed that transfection of a 

CQS parasite with a CQR PfCRT isoform can recapitulate 70-90% of the IC50 [Sidhu et al., 

2002].  Interestingly, allelic exchange experiments showed that a CQR PfCRT only recapitulated 

7-23% of the LD50 [Gaviria et al., 2013].  This was significant evidence showing that there are 

other cellular targets besides PfCRT when parasites are exposed to high concentrations of CQ (as 

would be in the clinic). 
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1.2.3 Artemisinin Resistance  

 Currently, artemisinin-based combination therapy (ACT), which has been used since the 

mid 2000s, is the front-line therapy recommended for the treatment of P. falciparum infections 

by the World Health Organization (WHO).  Artemisinin-based drugs in general have very short 

half-lives, but can reduce parasite burden by orders of magnitude in a few hours.  In ACTs, an 

artemisinin-based drug is typically partnered with a drug that has a different mechanism of action 

(MOA) and longer half-life to both reduce likelihood of resistance and to prevent recrudescence.  

There are two theories that attempt to explain artemisinin MOA, and both rely on cleavage of the 

drugs' endoperoxide bridge [Meunier et al., 2010].  The cleavage of the endoperoxide bridge 

either results in production of reactive oxygen species, or formation of covalent adducts upon 

attack of C - or O - centered artemisinin radicals towards one or more of many possible target(s). 

Studies with artemisinin probes have provided direct evidence that the drug can form covalent 

interactions with over 100 different targets including lipid bodies [Wang et al., 2015; Ismail et 

al., 2016; Hartwig et al., 2009].  

 The reactive oxygen species theory predicts cleavage of the endoperoxide bridge from Hb 

degradation products resulting in oxidative stress and potential membrane depolarization [Klonis 

et al., 2011; O’Neill et al., 2010; Xie et al., 2016].  Heme released upon parasite Hb catabolism 

has been hypothesized to be an activator of artemisinin drugs during either the ring stage (where 

the delayed clearance phenotype (DCP) is most noticeable) or trophozoite stage of parasite 

development.  Additional evidence in favor of this model includes the observation that some 

hemoglobinase inhibitors appear to abrogate artemisinin potency, whereas iron chelators have a 

more modest effect [Xie et al., 2016].  
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 Unfortunately, the first cases of DCP associated with reduced efficacy of artemisinin 

therapy appeared in 2006-2007 in Southeast Asia [Noedl et al., 2009].  It was not until 2014 that 

the molecular marker for artemisinin DCP was isolated and found to coincide with mutations in 

the propeller region of what is called the Kelch 13 (K13) protein [Ariey et al., 2014; Ashley et 

al., 2014].  PfK13 has a weak human orthologue, the kelch-like ECH-associated protein 1 

(KEAP1), which is a negative regulator of the antioxidant response [Ariey et al., 2014].  Various 

K13 propeller point mutations introduced into an artemisinin-sensitive, but CQR strain increased 

ring stage survival upon artemisinin exposure as measured by the "RSA" (ring stage assay) 

[Straimer et al., 2015; Witkowski et al., 2013].  Interestingly, introducing the same K13 

propeller mutation into different genetic backgrounds resulted in variable levels of DCP 

suggesting that K13 mutations play a partial or variable role in conferring reduced susceptibility 

to artemisinins [Straimer et al., 2015]. In some areas of Southeast Asia, the prevalence of K13 

mutations unquestionably linked to P. falciparum DCP numbers is staggering.  Reports of over 

93% prevalence have been observed in regions of Cambodia and Thailand [Ménard et al., 2016; 

Imwong et al., 2015]. Elucidating the molecular mechanism of how K13 mutations confer DCP 

is of enormous importance yet also a controversial topic, and much remains to be discovered. 

 In 2015, a molecular model linking the function of mutant vs. wild type K13 to P. 

falciparum DCP was proposed, one that links K13 function to the activity of the parasite's sole 

phosphatidylinositol 3’-kinase (PI3K) [Mbengue et al., 2015].  PfPI3K has been identified as 

being localized to multiple sites, including the parasite DV, the parasite plasma membrane, other 

vesicular compartments, and the host erythrocyte [Vaid et al., 2010].  The PI3K pan inhibitor 

wortmannin showed that inhibition of PI3K causes accumulation of un-catabolized Hb, 
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suggesting that PI3K inhibitors can either energize Hb endocytosis from the host cell, or 

antagonize Hb digestion [Vaid et al., 2010].  Several investigations into the classification of 

PfPI3K have suggested that it most closely resembles Vps34, the sole class III PI3K [Vaid et al., 

2010; Tawk et al., 2010], but no direct measurements of activity to test this have yet been 

performed.  PfPI3K (hereafter referred to as PfVps34) lacks pleckstrin homology domains and 

Ras binding sites that are characteristic of class I and II PI3Ks.  PfVps34 is likely an essential 

protein, since construction of PfVps34 gene knockouts have been unsuccessful [Tawk et al., 

2010].  In vitro experiments with cell extracts have suggested that PfVps34 can produce 

phosphatidylinositol 3’-phosphate (PI(3)P), PI(3,4)P2, and PI(3,4,5)P3 [Vaid et al., 2010].  

Interestingly, treatment of parasites with 100 nM wortmannin only decreased cellular PI(3)P 

levels, suggesting that PfVps34 may only be responsible for PI(3)P production in vivo and that 

other PIKs are the sources of the other lipids identified in P. falciparum [Tawk et al., 2010].  The 

putative essentiality of PfVps34 indicates its importance in one or more cellular processes.  

PfVps34 has been hypothesized to be a key regulatory checkpoint in the autophagic cascade of 

P. falciparum [Gaviria et al., 2013; Hain et al., 2013].  Autophagy can be a response to 

starvation or oxidative stress in the parasite whereby cellular material is eventually digested 

within the DV or other organelles. PfVps34 may be a particularly key component of the P. 

falciparum autophagic cascade, since TOR kinase activity is typically a key regulator of 

autophagy but no obvious TOR homologue has been identified with the P. falciparum genome 

[Gaviria et al., 2013; Brennand et al., 2011]. 

 In the recently suggested model linking K13 and PfVps34 to DCP, PfVps34 is envisioned 

to be degraded via a K13 mediated process wherein PfK13 essentially acts as a scaffold for 
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PfVps34 that can influence polyubiquitination and degradation of PfVps34 [Mbengue et al., 

2015].  Mutations in PfK13 appear to disrupt association of PfVps34 and PfK13, increasing the 

lifetime of PfVps34 [Mbengue et al., 2015].  The increased lifetime is reported to result in higher 

levels of PI(3)P, which then leads to increased parasite survival by an as yet unknown process 

[Mbengue et al., 2015].  Dihydroartemisinin (DHA), which is the active metabolite of 

artemisinin and several artemisinin derivatives, was hypothesized to inhibit PfVps34 through 

polar interactions with two residues [Mbengue et al., 2015].  These interactions were 

hypothesized to be reliant on an intact drug endoperoxide bridge, as similar effects using 

deoxyartemisinin (an artemisinin analogue lacking the endoperoxide bridge) were not seen 

[Mbengue et al., 2015].  Additionally, artemisinins such as artelenic acid and artemisone, which 

do not posses the hydroxyl moiety of DHA, appeared to lack inhibitory properties.  However, if 

this was indeed the case, DCP parasites would be predicted to not show cross resistance to 

artemisone or artelenic acid.  However, contrary to this proposed model, DCP parasites with 

solely mutant K13 - mediated DCP were recently found to exhibit cross-resistance to artemisone 

[Siriwardana et al., 2016].   

 All known PI3K inhibitors have at least one canonical bond to the hinge region of the 

Vps34 enzyme, which enables a closed-to-open conformational change of the enzyme [Miller et 

al., 2010]. The exact mechanism by which PfVps34 is implicated in ARTR remains uncertain, 

but it is clear that PfVps34 remains an attractive drug target in drug resistant malaria [Gaviria et 

al., 2013].  In a recent high-throughput study, 2317 FDA approved drugs were screened for 

potency against CQS and CQR P. falciparum, both as single agents and as combinations with 

known antimalarials [Mott et al., 2015].  Interestingly, small molecules that targeted the human 



23 
 

PI3K were among the most potent agents tested.  One thing remains certain, a deeper 

biochemical characterization of PfVps34 and the roles it plays as an antimalarial drug target and 

possible contributor to DCP must be elucidated. 

1.3 Phosphatidylinositol Kinases 

 Phosphatidylinositol kinases (PIKs) are a crucial class of enzymes that phosphorylate 

phosphatidylinositols (PIs) at various positions on the inositol ring (Fig. 5).  PIs are important 

secondary messengers the play critical roles in proliferation, lipid signaling, cell signaling, 

survival and membrane trafficking. They are ubiquitous in unicellular beings all the way up to 

complex organisms. 

 
Figure 5. Structure of phosphatidylinositol. Positions on the inositol ring numbered.  The R 
groups are fatty acid side chains. 
 

PIKs are classified based on which position of the inositol ring they phosphorylate (Fig. 6), and 

structural domains are highly conserved within the various PIK classes.   
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Figure 6.  Phosphatidylinositol phosphate synthesis pathways.  The known PIP synthesis 
pathways and the PIKs that facilitate the indicated phosphorylation. 
 
1.3.1 PI3K Discovery and Identification 

 Since the discovery of an enzyme that could selectively phosphorylate the 3’ position of 

PI [Whitman et al., 1988], PI3Ks have been widely studied because of their effect on growth 

regulation.  Extensive reviews have been written about PI3Ks, and can be found elsewhere 

[Vanhaesebroeck et al., 2012; Engelman et al., 2006; Okkenhaug, 2013].  PI3Ks are classified 

into three different groups, class I, class II, and class III.  In addition to size and regulatory 

differences, the major difference between the three classes is the substrates that they 

phosphorylate at the 3’ position (Fig. 7).  Class I PI3Ks have the ability to phosphorylate PI, 

phosphatidylinositol 4’-phosphate (PI(4)P), and phosphatidylinositol 4’,5’-bisphosphate 

(PI(4,5)P2) to produce phosphatidylinositol 3’-phosphate (PI(3)P), phosphatidylinositol 3’,4’-

bisphosphate (PI(3,4)P2), and phosphatidylinositol 3’,4’,5’-triphosphate (PI(3,4,5)P3), 

respectively in vitro [Auger et al., 1989].  However, it appears that PI(4)P and to a greater extent 

PI(4,5)P2 are the preferred in vivo substrates [Auger et al., 1989].   
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Figure 7.  PI3K classes.  The three classes of PI3Ks indicated their in vitro substrates and their 
products. 
 
 
There is also at least one example of class I PI3K catalyzed production of phosphatidylinositol 

3’,5’-bisphosphate (PI(3,5)P2) from phosphatidylinositol 5’-phosphate (PI(5)P) [Rameh et al., 

1997].  Class II PI3Ks use PI and PI(4)P as in vitro substrates to produce PI(3)P and PI(3,4)P2 

[MacDougall et al., 1995].  The class II enzymes are currently the least understood class of 

PI3Ks.  Class III enzymes, of which there is only one protein, Vps34, use PI as a substrate to 

produce only PI(3)P [Stack et al., 1995].   

 PI3K association with Ras, based on the activity of Ras, suggests that PI3K is implicated 

in regulation of cell growth and proliferation [Sjölander et al., 1991; Kodaki et al., 1994].  

Inhibition of PI3Ks by pan-PI3K inhibitors helped elucidate many of the downstream targets of 

PI3Ks.  Some of these included proteins involved in mitogenesis, glucose uptake, and secretion 

[Yano et al., 1993; Fantl et al., 1992; Coughlin et al., 1989; Hara et al., 1994; Okada et al., 

1994].  A common domain of about 120 amino acids was found to be contained in class I PI3K 
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effectors.  This domain, the pleckstrin homology (PH) domain, was found in a Ser/Thr kinase 

known as Akt, which is a key PI3K effector [Mayer et al., 1993; Haslam et al., 1993].  Because 

PH domains were shown to bind to PI(3,4)P2 and PI(3,4,5)P3, it was not surprising that Akt could 

be activated in a PI3K-dependent manner [Harlan et al., 1994; Burgering et al., 1995; Franke et 

al., 1995; Alessi et al., 1997].  After the identification of PH domains, other domains found to 

bind 3’ phosphorylated PIs were uncovered as well.  The FYVE domain was shown to bind 

PI(3)P in a study that linked PI(3)P to endosomal transport [Stenmark et al., 1996; Simonsen et 

al., 1998].   Another domain, the phox (PX) domain was also shown to bind to 3’ phosphorylated 

PI  [Song et al., 2001].  

1.3.2 PI4K Discovery and Identification 

 Phosphatidylinositol 4’-kinases (PI4Ks) have been studied since the 1960s, however 

much is still to be learned.  Extensive reviews of PI4Ks can also be found elsewhere [Boura et 

al., 2015; Altan-Bonnet et al., 2012; Gehrmann et al., 1998].  They phosphorylate PI and only PI 

at the 4’ position to produce PI(4)P [Colodzin et al., 1965].  PI4Ks are divided into two types; 

type II and type III.  The difference between them has to do with the biochemical properties of 

the enzyme.  ATP Km (II= 54 µM; III= 742 µM), adeonsine Ki (II= 18 µM; III= 1520 µM), ADP 

Ki (II= 27 µM; III= 570 µM), AMP Ki (II= 240 µM; III= 2820 µM), Mg2+ Km (II= 600 µM; III= 

2600 µM), and PI Km (II= 17 µM; III= 127 µM) were determined for bovine PI4K showing the 

biochemical differences between the two classes [Endemann et al., 1987].  PI4K type III also 

shares sequence homology with PI3Ks, which may be one reason why PI3Ks were first 

chategorized as class I PI4Ks before there was proper identification of PI3K catalyzed reactions 

[Stephens et al., 1989]. 
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 The sole PI4K product, PI(4)P, was also shown to bind to PH and PX domains in addition 

to Epsin N-terminal Homology (ENTH), Kinase Associated-1 (KA1), and GGA and Tom1 

(GAT) domains to name a few [Dowler et al., 2000; Zhan et al., 2002; Hirst et al., 2003; 

Hammond et al., 2012; Wang et al., 2007].  Not surprisingly, since PI(4)P is the major lipid at 

the Golgi, PI(4)P was found to be key in proper function of the trans-Golgi network [Odorizzi et 

al., 2000].  PI(4)P was also implicated in having a key role in the secretion of enzymes from the 

Golgi to the plasma membrane [Hama et al., 1999].  PI(4)Ps have also been shown to be crucial 

for certain virus’ survival in the host.  A functional class III PI4K was identified as a necessary 

host factor for the hepatitis C virus [Berger et al., 2009].   

1.3.3 PIPK Discovery and Identification 

 The last type of PIKs are the phosphatidylinositol phosphate kinases (PIPKs).  These 

have been divided into three types.  There has been considerably less work focusing on PIPKs 

when compared to PI3K and PI4Ks, however brief reviews can still be found elsewhere [Bulley 

et al., 2015; Anderson et al., 1999].  Type I phosphorylates PI(3,4)P2 and PI(4)P to produce 

PI(3,4,5)P3 and PI(4,5)P2, respectively [Bazenet et al., 1990; Zhang et al., 1997]  Type II, which 

for almost a decade was not identified as a separate type of PIPK, phosphorylates PI(3)P and 

phosphatidylinositol 5’-phosphate (PI(5)P) to produce PI(3,4)P2 and PI(4,5)P2 [Rameh et al., 

1997, Zhang et al., 1997].  Type III PIPK was original thought to only phosphorylate PI(3)P to 

produce PI(3,5)P2 when it was identified as Fab1p in yeast [Cooke et al., 1998].  However, the 

mammalian orthologue, PIKFYVE, was shown to phosphorylate PI to PI(5)P [Sbrissa et al., 

1999], so type III PIPKs were identified to be able to phosphorylate the 5’ position of PI and 

PI(3)P. 
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 PIPKs have no structural similarities to any other protein or lipid kinases, so it surprising 

that they still perform similar functions in cells to other PIKs.  Interestingly, type I PIPKs were 

also found to be able to phosphorylate PI(3)P at the 4’ or 5’ position of PI in vitro and can make 

PI(3,4,5)P3 in a sequential reaction [Rameh et al., 1997; Zhang et al., 1997].  PIPKs were also 

found to bind to different membrane receptors including tyrosine kinase receptors as well as 

other classes of receptors including tumor necrosis factor-alpha (TNF) and epidermal growth 

factor (EGF) [Kaplan et al., 1987; Castellino et al., 1997; Cochet et al., 1991].   Fab1p, a type III 

PIPK, is activated as a response to osmotic stress [Dove et al., 1997].  Production of PI(3,5)P2 

was stimulated after osmotic stress, and this production depended on an enzymatically active 

Vps34, suggesting that these two processes were linked and that PI(3)P produced from Vps34 

was a substrate for PI(3,5)P2 production via Fab1p [Dove et al., 1997].  Fab1p was shown to be 

critical for proper vesicular trafficking, and a catalytically impaired or deleted enzyme led to 

improper vacuolar function and morphology [Yamamoto et al., 1995].  The correlation between 

PIPK activity and vacuolar function and morphology should not come as a surprise as PIPK 

activity is reliant on Vps34 function, which had already been identified as critical for proper 

vacuolar development and vacuolar protein sorting [Herman et al., 1990]. 

1.4 Plasmodium falciparum Phosphatidylinositol Kinases 

 As would be predicted, PIKs in Plasmodium falciparum play an important role in 

producing the PIPs whose hydrolysis products are used as secondary messengers.  There have 

been six genes in P. falciparum that have been annotated as PIKs, however only three have been 

examined in any detail (Table 2).  There are no type II or III PIPKs identified in the P. 

falciparum genome.  This means that PI(5)P and PI(3,5)P2 are not found within infected 
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erythrocytes (Fig. 8).  Despite the lack of a full repertoire of PIPs, the importance of P. 

falciparum PIKs is not diminished as the only two attempted constructions of PfPIK knockouts 

resulted in an essentiality characterization of PI3K and one of the PI4Ks [Tawk et al., 2010, 

McNamara et al., 2013].  

                                           
Table 2. Plasmodium falciparum phosphatidylinositol kinases.  Gene ID, amino acid size and 
chromosome location of the gene is indicated.  PlasmoDB gene annotation is also indicated.  
Hypothesized classes of the different PIKs are described in the text 

 
 

Gene ID 
PlasmoDB Protein 

Annotation Size (aa) Location 
PF3D7_0515300 PI3K 2133 Chr5 
PF3D7_0311300 PI3,4K 953 Chr3 
PF3D7_0419900 PI4K 5035 Chr4 
PF3D7_0509800 PI4K 1559 Chr5 
PF3D7_0110600 PI4P-5-K 1710 Chr1 
PF3D7_1129600 PI4P-5-K 1338 Chr11 
PF3D7_1412400 unknown, PIPK relative 3218 Chr14 
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Figure 8. Hypothesized phosphatidylinositol phosphate synthesis pathway in P. falciparum. 
PIP synthesis pathways.  Dashed lines indicate hypothesized pathways. 
 

1.4.1 PfPI3K Function and Localization 

 There is only a single PI3K (PF3D7_0515300) in the P. falciparum genome, and it was 

first implicated in uptake of nutrients form the host erythrocyte [Collins et al., 2009].  This PI3K 

has been identified in multiple sites in the infected erythrocyte.  These include the parasite DV, 

the parasite plasma membrane, the host erythrocyte, and other vesicular compartments [Vaid et 

al., 2010].  This same study showed that the inhibition of PfPI3K by the pan-PI3K inhibitor 

wortmannin causes the accumulation of un-catabolized Hb, supporting the hypothesis that 

PfPI3K is involved in the endocytosis of erythrocyte cargo [Vaid et al., 2010].  It remains 

unclear whether this is an energization of Hb endocytosis or an antagonization of Hb digestion.  

Interestingly, PfPI3K was also linked to the efflux of certain amino acids, which are predicted to 
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be degradation products of Hb [Dalal et al., 2015].  Two separate studies have concluded that 

PfPI3K (now referred to as PfVps34) most closely resembles a class III PI3K due to sequence 

similarity and lack of canonical class I and II pleckstrin homology domains and Ras binding sites 

(Fig. 9) [Tawk et al., 2010; Vaid et al., 2010].  Also, in a recent study, PfVps34 was shown to 

have enzymatic activity that most closely resembles a class III PI3K [this thesis, Hassett et al., 

2017-Chapter 7] It has been reported that PfVps34 can produce PI(3)P, PI(3,4)P2 and PI(3,4,5)P3 

in vitro, however treatment with wortmannin only diminished production of PI(3)P in vivo 

suggesting that PfVps34 is mainly responsible for PI(3)P production in the parasite [Tawk et al., 

2010].  Inhibition of the mosquito immune response by human insulin was found to occur 

through PfVps34 activation, and PfVps34 inhibition was found to decrease the number of 

oocytes found in the mosquito midgut [Pakpour et al., 2012].  PfVps34 was also identified as a 

key regulatory checkpoint in the P. falciparum autophagic cascade, since no mTOR homologue 

has been identified in the P. falciparum genome [Gaviria et al., 2013; Hain et al., 2013; 

Brennard et al., 2011].  There was also one FYVE domain-containing protein identified in P. 

falciparum genome, which may be the downstream effector of PfVps34 [Tawk et al., 2010; Vaid 

et al., 2010].  Additionally, there have been two PX domain-containing proteins identified in the 

P. falciparum genome which may also may be down stream targets of PI(3)P [Tawk et al., 2010, 

Song et al., 2001]. 
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Figure 9. Key amino acids in regulatory elements of PI3Ks.  The catalytic loop contains the 
catalytic histidine that cleaves the gamma phosphate of ATP for attachment to the 3’ position of 
PI.  The activation loop is a key component of the phosphotransferase center and is highly 
conserved.  Residues highlighted in yellow are conserved throughout isoforms and those 
highlighted red are where residues differ between isoforms.  PfVps34 is compared to other 
Vps34s as well as other classes of PI3Ks.  
 

Vps34, in conjunction with Vps15, was implicated as having a key role in the autophagy process 

in S. cerevisiae [Kihara et al., 2001].  PfVps34 was also recently tied to ARTR [Mbengue et al., 

2015].  In this model, PfKelch13 (PfK13; the molecular marker for ARTR) is hypothesized to act 

as a scaffold for PfVps34 whereby PfVps34 is degraded via a K13 mediated process that is 

modulated by mutations in the propeller region of K13 [Mbengue et al., 2015].  Impaired 

degradation of PfVps34 leads to higher levels of PI(3)P in the parasite, which is correlated to 

parasite survival by a yet unknown process [Mbengue et al., 2015].  Dihyrdoartemisinin (DHA) 

was recently suggested to inhibit PfVps34 activity in vivo presumably via interaction of the 

endoperoxide bridge and key residues in PfVps34 [Mbengue et al., 2015].  Upon further 

analysis, in this thesis work I find that PfVps34 activity is inhibited by multiple artemisinins 

(more than originally believed in Mbengue et al., 2015), and that the inhibitory properties of 
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artemisinins are dependent upon activation by cleavage of the endoperoxide bridge by Fe2+ 

[Hassett et al., 2017- Chapter 7].  PfVps34 was also identified as an attractive drug target in drug 

resistant malaria by a recent high throughput study of 2317 FDA approved drugs [Mott et al., 

2015].  Human PI3K inhibitors were shown to be synergistic in combination with current 

frontline endoperoxide antimalarials and my laboratory colleague Amila Siriwardana has 

followed up on this observation in his thesis work [Mott et al., 2015; Amila Siriwardana Ph.D. 

thesis Georgetown University 2017].  

1.4.2 PfPI4K Function and Localization 

 Two PI4Ks are annotated in the P. falciparum genome along with a sole PI3,4K.  The 

PI3,4K is annotated as a hypothetical protein and more closely resembles PI4Ks than PI3Ks.  

Unfortunately, the PI3,4K (PF3D7_0311300) and one of the PI4Ks (PF3D7_0419900) have yet 

to be analyzed.  Based on sequence alignments, I conclude the PI3,4K and the PI4K just 

mentioned are most likely a type II PI4K and a type III PI4K, respectively.  The other PI4K 

(PF3D7_0509800) was classified as a type III PI4K [Krüger et al., 2010].  In this study, whole 

ORF amplification was attempted unsuccessfully; so large segments of the parasites’s central 

coding region were removed to allow for the expression of various constructs [Krüger et al., 

2010].  A functional analysis was performed in yeast lacking a type III beta isoform, Pik1p, 

where PfPI4K expression was able rescue the temperature sensitive phenotype seen in the 

knockout strain [Krüger et al., 2010].  PfPI4K was also identified as the target of a potent class 

of antimalrial drugs (imidazopyrazines) [McNamara et al., 2013].  This class of drugs showed 

potency in each stage of a variety of Plasmodium species and has also shown mosquito 

transmission blocking potency [McNamara et al., 2013].  P. falciparum infected cultures 
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pressured with an imidazopyrazine (KAI407) developed mutations in PfPI4K, identifying it as 

the drug target [McNamara et al., 2013].  This target was confirmed via similar results with drug 

pressure from a human type II PI4K drug, recapitulation of the resistance phenotype in sensitive 

strains after transfection of mutant PfPI4K, and purified Plasmodium vivax PI4K that was found 

to be inhibited by KAI407 with an active site localized to the enzyme’s binding pocket 

[McNamara et al., 2013].  PfPI4K was diffused locally in the trophozoite stage, and it was 

speculated that developing merozoites require PI(4)P for delivery of post-Golgi secretory 

vesicles to the invaginating plasma membrane. PI(4)P was found to be redistributed (but not 

diminished) from an intracellular localization to primarily plasma membrane localized after 

imidazopyrazine treatment during late stage parasite development [McNamara et al., 2013]. The 

localization of PI4Ks in other organisms was originally thought to be cytosolic, but now it is 

believed that PI4Ks are localized to cellular membranes (primarily the PM, but also ER and 

Golgi) [Flanagan et al., 1992; Audhya et al., 2002; Walch-Solimena et al., 1999; Wong et al., 

1997].  Therefore we can hypothesize that the other class III and class II PI4Ks encoded are 

membrane localized.  

1.4.3 PfPIPK Function and Localization 

 P. falciparum also has three PIPKs. Two, PF3D7_0110600 and PF3D7_1129600 are 

annotated as type I PIPKs (PI(4)P5Ks) and the other (PF3D7_1412400) is annotated as a PIPK 

relative and most closely resembles a type III PIPK. However, since no PI(5)P or PI(3,5)P2 has 

been identified in the parasite, it is unclear what the cellular function of this type III enzyme is 

[Tawk et al., 2010].  Only one of the type I PIPKs (named here as PfPIPK) (PF3D7_0110600) 

has been closely examined.  This PIPK garnered interest because hydrolysis of PI(4,5)P2 by 
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phospholipase C produces the second messengers diacylglycerol and inositol 1,4,5-triphopshate, 

which are associated with calcium binding and parasite exflagellation [Leber et al., 2009; 

Kawamoto et al., 1990; Martin et al., 1994].  As previously mentioned, PI(4,5)P2 can be 

produced by two different classes of PIPKs, and the difference in substrate specificity is related 

to a single conserved residue 16 amino acids into the PIPK activation loop [Rao et al., 1998; 

Kunz et al., 2000].  Type IIs have an alanine at this location and type Is (including PfPIPK) have 

a glutamine [Rao et al., 1998; Kunz et al., 2000].  PfPIPK’s cDNA was amplified and expressed 

as a fusion protein with a His tag in E. coli and assayed side by side with recombinant 

mammalian type I PIPK [Leber et al., 2009].  PfPIPK resembles the mammalian type I PIPK in 

that it uses PI(4)P as a substrate to produce PI(4,5)P2 and it is activated by ADP-ribosylation 

factor 1 in vitro [Leber et al., 2009].  Interestingly, it is not activated by phosphatidic acid as is 

the mammalian orthologue and shows a low level of PI(3)P phosphorylation [Leber et al., 2009].  

It is hypothesized that PfPIPK could be producing PI(3,4)P2 from PI(3)P in this way [Tawk et 

al., 2010].  Since there are no type II PIPKs encoded in the P. falciparum genome, the only 

enzymatic route to produce PI(3,4)P2 is through PI4K catalyzed phosphorylation of PI to PI(4)P 

and then PI3K catalyzed phosphorylation to PI(3,4)P2.  Curiously, as previously mentioned, 

inhibition of PfVps34 in vivo only depressed levels of PI(3)P [Tawk et al., 2010].  Since there 

are only low levels of PI(3,4)P2 in the parasite, it is plausible that PfPIPK is partially responsible 

for the mechanism by which PI(3,4)P2 is produced in the parasite [Tawk et al., 2010].  A PIPK 

resembling a type I has been shown to posses this unique activity in S. pombe, whereby PI(3,4)P2 

and PI(3,4,5)P3 are not produced by the sole class III PI3K in S. pombe, but rather by a type I 

PIPK in a sequential reaction [Mitra et al., 2004].  No cellular P. falciparum localization is 
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known for any of the PIPKs.  A type I PIPK orthologue in the rodent malarial parasite P. berghi 

was found to localize to the PM, but dissociated with imidazopyridine treatment [Brochet et al., 

2014].  Yeast type I PIPK is also PM localized [Homma et al., 1998].  Therefore type I PfPIPKs 

are likely PM localized.  The PIPK orthologue annotated in PlasmoDB that most closely 

resembles a type III is most likely localized to vacuolar compartments, the Golgi, and/or 

multivesicular bodies based on the localization of the class III PIPKs Fabp1 in yeast or 

PIKFYVE in mammals [Gary et al., 1998; Shisheva et al., 2001]. 

 Many unique PIKs are found in the P. falciparum genome and distributed throughout the 

parasite (Fig. 10).   

 
Figure 10.  Proposed cellular localization of P. falciparum PIKs amd PIPs.  Hypothesized 
location of PIKs and PIPs that have not been analyzed are also noted.  Boxes represent PIKs and 
circles represent PIPs.  Grey= Vps34 and PI(3)P; blue= PI4K and PI(4)P; yellow= PIPK and 
PI(4,5)P2.  Hypothesized location of lipids or PIKs are represented by vertical lines in the shape.  
Red= PI(3,4)P2 and green= PI(3,4,5)P3.  Amount of PIPs shown reflect the amount detected in 
parasites [Tawk et al., 2010]. 
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While we do not have a clear understanding of how all of the PIPs are formed in the parasite, it is 

certain that they have a versatile repertoire of PIKs at their disposal that can perform a variety of 

functions for the cell needed for growth and development.  The two different pathways discussed 

that produce PI(3,4,5)P3 are unique in itself because unicellular organisms typically do not 

produce this lipid [Tawk et al., 2010].  It is obvious that the function of these kinases is pivotal, 

as PfVps34 and PfPI4K cannot be knocked out and have already been shown to be excellent drug 

targets [Tawk et al., 2010; McNamara et al., 2013; Mott et al., 2015; Hassett et al., 2017 

(Chapter 7, this thesis)].  Proper function of these kinases is key for the parasites response to 

drug pressure as well as development of daughter merozoites [McNamara et al., 2013, Gaviria et 

al., 2013].  It seems to be of paramount importance to examine the other three kinases that have 

been annotated for their function, as these could prove to be excellent drug targets or show 

unique activity.   

1.5 Plasmodium vivax 

 Next to Plasmodium falciparum, Plasmodium vivax is the most studied species of human 

malaria.  Despite the majority of worldwide research efforts focusing on P. falciparum infection 

(because it is the most lethal), P. vivax is actually the more prevalent species in some of the 

world’s most densely populated areas.  While mortality may not be as high as P. falciparum, it is 

misleading to say that P. vivax infections are not life threatening.  Differentiation between P. 

vivax and P. falciparum strains can be accomplished via microscopy.  RBCs that have been 

invaded by P. vivax swell in size.  Rings can be 1.25x bigger than normal and trophozoites and 

schizonts can be closer to 1.5-2X larger.  In addition, the iRBCs are usually irregularly shaped 
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and are characterized by the appearance of Schüfner dots.  Schüfner dots look like spots on the 

iRBC that are characteristic of P. vivax and P. ovale infections.  P. vivax infections are also 

much more difficult to treat because of dormant hypnozoites that persist in the liver, which can 

remain dormant for a number of days or even years.  Hypnozoites allow for the spread of 

infection to areas where the climate is unsuitable for year round mosquito infestation.  P. vivax 

preferentially invades young RBCs (immature reticulocytes), which is one of the reasons why P. 

vivax infections are usually accompanied by low parasitemia that can be more difficult to 

quantify clinically.  The lower levels of parasitemia when compared to P. falciparum can also 

sometimes mean that some infections are asymptomatic, which may have contributed to the 

overwhelming notion that P. vivax infections are non-lethal.  However, there are numerous case 

studies that show P. vivax infections associated with mortality [Baird, 2013; Valecha et al., 

1992]. 

 The global distribution of both P. vivax and P. falciparum are largely overlapping (Fig. 

11).  The one glaring difference is that besides Eastern Africa, Africa is primarily devoid of P. 

vivax infections. 
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Figure 11.  Global distribution of P. falciparum vs. P. vivax.  P. falciparum is shown on the 
top in blue and P. vivax is shown on the bottom in yellow.  Reproduced from [Guerra et al., 
2005] with permission  
 

The lack of P. vivax infections in this region is due to the Duffy Negative phenotype that is very 

prevalent in Africa [Miller et al., 1976].  This “Duffy antigen” is a glycosylated protein located 

on the surface of RBCs which is typically required for P. vivax invasion.  However, recently, 

there have been isolated instances of Duffy negative individuals who have been infected with P. 

vivax [Menard et al., 2003].  This study showed that the P. vivax Duffy binding protein was 

duplicated which led to the ability of the parasite to infect Duffy negative individuals. 

 The treatment of P. vivax infections is complicated by the need to remove persistent 

hypnozoites from the liver.  The hypnozoitocidal drug primaquine (PQ, an 8-aminoquinoline) is 

currently the only available drug that can be administered to prevent relapse [Rieckmann et al., 

1969].  Without proper treatment, relapse rates are greater than 1 in 5 and the time for relapse is 
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usually less than a month (but periods of 6 months or more are not uncommon)  [Baird et al., 

2004; Garnham, 1988; Baird et al., 1997].  The exact mechanism of action of PQ is still largely 

unknown, however the proposed method of action involves production of reactive species that 

cause oxidative stress and depolarization of the mitochondrion membrane potential [Goheen et 

al., 1993; Vercesi et al., 1992].   

 Treatment of infected individuals is complicated by the potentially lethal effect of PQ in 

patients deficient in glucose-6-phosphate dehydrogenase (G6DP).  G6DP is an enzyme in the 

pentose phosphate pathway that catalyzes the formation of 6-phosphogluconolactone and 

NADPH.  NADPH is used to synthesize glutathione via glutathione reductase, which can help 

protect the cell against oxidative damage.  Impaired activity of G6DP therefore impairs the cell’s 

ability to deal with reactive species that cause oxidative damage.  Additionally, other 

mechanisms must be at play because treatment with PQ has been shown to stimulate the pentose 

phosphate pathway [Baird et al., 1986].  G6DP deficiency is a primary concern in treatment 

because 8% of people who live in malaria-endemic regions are affected [Baird, 2015].  This is 

complicated by limited access to G6DP screening for most individuals who are most likely to be 

G6DP deficient.   

1.5.1 Plasmodium vivax Chloroquine Resistance 

 It should come as no surprise that CQ was also used to treat P. vivax infections just as P. 

falciparum.  Peculiarly, resistance of P. vivax to CQ did not develop in the late 1960s as it did in 

P. falciparum.  Resistance was first identified in Papua New Guinea in 1989 where two soldiers 

were treated with the standard dose of CQ and did not show parasite clearance [Rieckmann et al., 

1989].  Identifying the cause of resistance in P. vivax is difficult because P. vivax cannot be 
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cultured under normal malarial parasite tissue culture conditions.  To culture P. vivax, fresh 

reticulocytes must be continuously added right before schizogeny and the culture must be lightly 

shaken for the next 10-12 hours after invasion [Golenda et al., 1997].  Another option for 

studying the parasite is infecting Aotus monkeys with P. vivax, however both options are tedious 

and costly [Contacos et al., 1972; Collins et al., 1980]. 

 Because of PfCRT mediated CQR in P. falciparum discussed above, a natural hypothesis 

for the determinant of CQR in P. vivax is a CRT orthologue, which was identified in 2001 

[Nomura et al., 2001].  Codon adjusted primers were used in order to identify potential CRT 

homologues in P. knowlesi, and the identified conserved regions were then used to map regions 

in P. vivax. A gene encoding a putative 10 transmembrane domain protein with cytosolically 

disposed N and C termini and a similar structure to PfCRT was identified on chromosome 1 in P. 

vivax (Fig. 12) [Nomura et al., 2001].  The protein, named Pvcg10 at the time, showed synteny 

with PfCRT, had 14 exons like PfCRT, but had one extra intron (13 instead of 12) when 

compared to PfCRT [Nomura et al., 2001].   
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Figure 12. Proposed topology of PvCRT. Unique point mutations in fully sequenced isolates 
are shown.  Reproduced from [Orjuela-Sanchez et al., 2009] with permission 
 

 The emergence of P. vivax CQR over three decades after P. falciparum CQR (even 

though both species have been treated with CQ for the same amount of time) suggested a 

different mechanism of CQR in P. vivax when compared to PfCRT.  However, the logical 

comparison to mutant PfCRT’s role in PfCQR resistance cannot be ignored.  Considerably fewer 

isolates of P. vivax have been sequenced for CRT when compared to P. falciparum.  There have 

been 8 different isoforms of PvCRT that have been sequenced [Nomura et al., 2001; Orjuela-

Sanchez et al., 2009; Suwanarusk et al., 2007].  Almost all of the isoforms have single mutations 

(Table 3), which is a rare phenomenon for CRT and only found in three PfCRT isoform (CQS 

isoforms GadI, GadIII, and KT070).  It is typically assumed that at least 4 mutations in PfCRT 

are needed to confer CQR.  Mutations do not always mean clinical resistance, and the same 

PvCRT isoform (specifically the K10 isoform) has been identified in a CQR isolate in one study 

and in a CQS isolate in another [Orjuela-Sanchez et al., 2009; Suwanarusk et al., 2007]. 
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Table 3. PvCRT isforms. Region of isolation is listed.  Green cells are mutated residues 
compared to the WT sequence. 

 
 

 There are conflicting reports describing the impact of PvCRT on CQR.  Some studies 

have asserted that mutations in PvCRT do not correlate with CQR [Barnadas et al., 2008; 

Orjuela-Sanchez et al., 2009].  However, some studies have linked increased expression of 

PvCRT with CQR [Melo et al., 2014; Fernández-Becerra et al., 2009].  No previous studies have 

examined CQ transport for the PvCRT mutants shown above. 

 PvCRT and PfCRT amino acid sequences are 73% identical and 85% similar.  Most of 

the difference comes in the first 60 amino acids (Fig. 13), which are predicted based on 

modelling to be primarily before the first transmembrane domain begins (position 58).  While the 

impact of PvCRT on PvCQR may be up for debate, only one study has tested CQ transport by 

PvCRT and that was only for the wild type protein; Baro et al. [2011] observed that CQ transport 

is heightened for wild type PvCRT compared to mutant PfCRT [Baro et al., 2011].  Another 

earlier study showed data consistent with this.  This study expressed PvCRT in P. falciparum [Sá 

et al., 2006].  Expression of PvCRT in a CQS isolate resulted in a 2.2 fold increase in the IC50 of 

3D7 (a CQS line), which (similar to hypotheses for PfCRT) could be due to PvCRT CQ transport 

[Sá et al., 2006]. CQ transport by wild type PvCRT appears to be elevated when compared to 

PfCRT, so it may play some role in PvCQR.  It remains to be determined what impact the 

mutations identified in PvCRT have on CQ transport by the different isoforms. 

Origin Isolate 10 34 38 47 242 249 275 384 390
El Salvador Sal-I (WT) - Q P L L S F L Y
Brazil/SEA K10 K10 insert Q P L L S F L Y

Brazil CQS3 - Q P S L S F L Y
Brazil CQS8 - Q P L L S V L Y
PNG Chesson - H L L L S F L Y
PNG CL002 - Q P L L S F F Y
Brazil CQR1 - Q P L P S F L C
Brazil CQR3 - Q P L L P F L Y
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Figure 13.  Amino acid alignment of PfCRT and PvCRT. 

 

1.6 Purpose of this Study 

 Extensive analysis of CQR has still not brought us closer to understanding the endogenous 

function of CRT.  A number of different isoforms of PfCRT have been identified, but they have 

not been extensively characterized.  Utilizing a galactose-inducible CRT expression system, this 

thesis aims to identify the drug transport ability mediated by multiple isoforms and other 

potential cellular effects.  This thesis also seeks to expand on developing methods for rapid 

quantification of the drug transport abilities of CRT isoforms found to be expressed in isolates 

that have not been established as viable laboratory strains.  Identification of CRT mediated 

changes to drug resistance caused by specific CRT mutations can help us understand the function 

of CRT as well how drug resistance evolves.   

 While extensive research and attention is given to P. falciparum drug resistance, P. vivax drug 

resistance is also evolving.  PvCQR is not well understood, in part due to its late emergence 
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compared to P. falciparum suggesting a different mechanism of action, and in part to the very 

serious difficulties associated with culturing P. vivax.  Some analyses have implicated PvCRT in 

PvCQR, however there has been no direct analysis of drug transport mediated by most PvCRT 

isoforms and the effect single amino acid substitutions might have on that transport.  The study 

seeks to uncover the part PvCRT plays in CQR as well as implications for other quinolone drugs 

currently used to treat P. vivax.  Progress made on this front will continue to help us understand 

the function of PvCRT and any role it plays in drug resistance currently (for drugs like CQ) or in 

the future (for other quinolones including AQ and PQ) 

 Regardless of continued progress in understanding quinolone drug resistance, a new major 

threat of drug resistance in P. falciparum revolves around a new form of ARTR.  Understanding 

what causes ARTR as well as the discovery of the next generation of effective drugs that will be 

active vs. CQR and ARTR parasites are the two related big problems that need to be addressed in 

order to effectively treat patients in the future.  The lone PI3K in P. falciparum may be a key to 

both of these riddles.  This study seeks to understand what role, if any, PfPI3K plays in ARTR 

and whether artemisinin drugs target this kinase.  Additionally, a recent study showed that a 

novel class of compounds (those designed to target human PI3Ks) was extremely potent and 

synergistic as monotherapies as well as in combination with current antimalarial artemisinin 

drugs; my colleague Amila Siriwardana has focused on this aspect of the problem and we have 

collaborated on several projects.  Identifying the target of these drugs, which I propose is 

PfPI3K, can be the missing puzzle piece in designing an effective new generation of antimalarial 

drugs. 
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2.1 Materials 

 Glucose, galactose, and raffinose were from Sigma (St. Louis, MO).  Difco yeast nitrogen 

base extract without amino acids (YNB w/o a.a.) was from BD (Sparks, MD).   Primers were 

from Eurofins MWG Operon (Huntsville, AL). Mutagenesis reagents and Anti-V5-HRP were 

from Agilent Technologies (Santa Clara, CA) and Invitrogen (Carlsbad, CA), respectively. 

QIAquick gel extraction kit and QIAquick spin miniprep kits were from Qiagen (Valencia, CA).  

Expression plasmids, subcloning efficiency chemically competent DH5α cells, and the 

SilverQuest silver staining kit were from Invitrogen (Carlsbad, CA).  Enzymes for plasmid 

restriction and subcloning were from New England Biolabs (Ipswich, MA) and Thermo 

Scientific (Pittsburgh, PA).  Yeast and bacteria culture plastics were from BD Falcon. Glass 

beads for cell lysis were from BioSpec Products, Inc. (Bartleville, OK).  HIS-Select affinity gel 

and protease inhibitor cocktail (EDTA free, PIC) were from Sigma (St. Louis, MO).  Glass beads 

for small-scale yeast cell lysis were from B. Braun Biotech (Allentown, PA).  French press for 

large-scale yeast lysis was from Sim-Aminco (Rochester, NY).  Pre-stained and biotinylated 

SDS-PAGE molecular markers and SDS-PAGE reagents was from Bio-Rad (Hercules, CA).  

Amersham ECL Plus Western blotting detection reagents and markers were from GE Healthcare 

(Piscataway, NJ). Spectra/Por dialysis tubing was from Spectrum Laboratories, Inc. (Rancho 

Dominguez, CA). Pfvps34 gene synthesis service was conducted by Genscript (Piscataway, NJ).  

Anti-V5-HRP antibody was from Invitrogen (Carlsbad, CA).  AcTEV was purchased from 

Thermo Fisher (Waltham, MA).  Vivaspin 20 centrifugal concentrators was purchased from Viva 

products (Littleton, MA). Purified human Vps34 class III PI3K, purified human class I PI3K 

(p110β/p85α), anti-mouse IgG-HRP, and tetramethylbenzidine were purchased from Sigma (St. 
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Louis, MO). Biotinylated PI(3)P, PI(3)P (diC8), PI (diC8), and purified anti-PI(3)P antibody 

were purchased from Echelon Biosciences (Salt Lake City, UT). Streptavidin-coated plates were 

purchased from Thermo Fisher (Waltham, MA).  All other reagents were reagent grade or better 

and were purchased from Sigma (St. Louis, MO). 

2.2 Methods 

2.2.1 Strains and Growth Conditions 

 The E. coli ultracompetent strains DH5α (Thermo Fisher) (F- φ80lacZΔM15 Δ(lacZYA-

argF)U169 deoR recA1 endA1 - hsdR17(rk -, mk+) phoA supE44 thi-1 gyrA96 relA1λ ) and 

XL-10 gold (Agilent) (endA1 glnV44 recA1 thi-1 gyrA96 relA1 lac Hte Δ(mcrA)183 Δ(mcrCB-

hsdSMR-mrr)173 tetRF'[proAB lacIqZΔM15 Tn10(TetR Amy CmR) were used for subcloning, 

plasmid extraction, and for glycerol backups of important plasmids.  

 Yeast for quantitative growth rate analysis was typically strain CH1305 (MATa ade2 

ade3 ura3-52 leu2 lys2-801), and was supplied by J.F. Cannon [Nigavekar et al., 2002]. Yeast 

isogenic parent strain BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) was from the American 

Type Culture Collection (Manassas, VA). ΔVps34 (MATa leu2Δ0 met15Δ0 ura3Δ0) and 

parental strain Saccharomyces cerevisiae BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) were 

from the non-essential yeast knockout MATa haploid collection that is commercially available 

through Fisher Scientific (Hampton, NH). Solid and liquid media were prepared as described in 

Sherman et al., [Sherman et al., 1986; Baro et al., 2011; Callaghan et al., 2015], and included 

synthetic complete (SC) media lacking one or more specified amino acids, as well as rich 

medium (YPD). Induction of CRT or Vps34 protein expression was achieved by adding 2% 

galactose and 1% raffinose to SC media (then called SGR media) lacking uracil. Standard 
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procedures were used for yeast manipulations [Sherman et al., 1986]. Parental host strains were 

maintained in YPD media and grown at 30 °C. Yeast transformations were done by the lithium 

acetate procedure [Ito et al., 1986] with 1 µg of pYES2 backbone containing a specified 

construct (into the same host strain for each set of plasmids described) and 100 µg of single-

stranded salmon sperm carrier DNA (Invitrogen, Carlsbad, CA).  Transformants were plated 

onto SD media lacking uracil. All subsequent cultures originated from frozen stock glycerol 

suspensions of individual clones.  

2.2.2 Plasmids 

 A codon-optimized version [Zhang et al., 2002] of the wild type pfcrt cDNA sequence, 

designed with a 5’- Kozak sequence and both V5 and polyhistidine C-terminal epitope tags, was 

previously cloned into vector pYES2 (kindly provided by Dr. William Fonzi, Georgetown 

University) to create pYES2/PfHB3vh [Baro et al., 2011]. pYES2/PfHB3vh was then used as the 

template for the creation of pYES2/PfDd2vh and pYES2/Pf7G8vh via site-directed mutagenesis 

(Baro 2011). pYES2/PfHB3PMA, encoding HB3 PfCRT fused in frame to the N-terminal 

domain of the yeast plasma membrane ATPase (PMA) was also created previously [Baro et al., 

2011]. In this construct, the 50 N-terminal amino acids of wild type (isoform HB3) PfCRT were 

replaced by the N terminal 111 amino acids of yeast plasma membrane ATPase (PMA1). All 

other isoforms of PfCRT analyzed herein were created as indicated in Table 3 via the Agilent 

QUICKChange mutagenesis method. All final plasmid constructs were confirmed by direct DNA 

sequencing of the entire PfCRT open reading frame using the DNA sequence (Eurofins MWG 

Operon). 
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 The pfvps34 gene sequence was acquired from PlasmoDB (www.plasmodb.org) and 

EuGene gene optimization software (UA.PT Bioinformatics) used to design theoretically 

optimized genes using a S. cerevisiae yeast codon usage table.  Our codon optimization protocol 

was as previously described [Zhang et al., 2002].  Three yeast optimized Pfvps34 genes with C-

terminal affinity tags (TEV protease site, hexa his tag (h), Factor Xa protease recognition 

sequence, biotin acceptor domain (b), and V5-epitope (v)) were constructed (GeneScript, 

Piscataway NJ).  To determine which enzyme domains are necessary for activity; three 

constructs containing different predicted domains were constructed; these are described in more 

detail in “Results” Chapter 7.  In brief, the "CAT" construct contains just the catalytic domain as 

defined by alignments to HsVps34 and DmVps34 that are described in Chapter 7 [Miller et al., 

2010].  The 152N-cat construct was designed via an alignment to S. cerevisiae Vps34.  The 

predicted Vps34 N-lobe region for the P. falciparum protein contains "low complexity" 

insertions relative to the yeast orthologue.  For the 152N-cat construct, these insertions were 

removed such that the 152 amino acid N-terminal region attached to the catalytic domain showed 

the best possible alignment with S. cerevisiae Vps34 (see Chapter 7).  The 337N-cat construct 

replaces these low complexity domains back into the 152N construct such that 337 amino acids 

are attached N terminal to the CAT domain. Construct genes were subcloned into the pPicZ 

vector [Amoah et al., 2007] using KpnI and NotI to create pPicZ/PfVps34 Cat-hbv, 

pPicZ/PfVps34 152N-cat-hbv, pPicZ/PfVps34 337N-cat-hbv for expression into P. pastoris 

yeast via methanol induction.  Plasmids and oligonucleotides used to construct strains studied in 

this thesis are listed below in Tables 4 and 5 respectively. 
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Table 4.  Plasmids used in this study. 
Plasmid Feature Source 

pYES2 GAL1 PROM_MCS_V5_HIS, URA3 2µ  Commercial vector 

pPIC3.5/HB3hb PfHB3hisbad, HIS Zhang 2004 

pYES2/PfHB3vh PfHB3vh, URA3, 2µ Baro 2011 

pYES2/PfHB3PMAvh PfHB3PMAvh, URA3, 2µ Baro 2011 

pYES2/PfDd2PMAvh PfHB3PMAvh, URA3, 2µ Present Study 

pYES2/PfPH1PMAvh PfHB3PMAvh, URA3, 2µ Present Study 

pYES2/PfPH2PMAvh PfHB3PMAvh, URA3, 2µ Present Study 

pYES2/PfDd2vh PfDd2vh, URA3, 2µ Baro 2011 

pYES2/Pf7G8vh Pf7G8vh, URA3, 2µ Baro 2011 

      pPicZc      AOX1 PROM_MCS_Sh ble        Commercial vector 

      pPicZc/Cat-hbv            TEV, his, FXa, bad, V5                               Present Study 

     pPicZc/152N-cat-hbv   TEV, his, FXa, bad, V5                               Present Study  

     pPicZc/337N-Cat-hbv  TEV, his, FXa, bad, V5                               Present Study 

     pYES2/Cat-hbv            TEV, his, FXa, bad, V5, URA3 2µ       Present Study 

     pYES2/152N-cat-hbv   TEV, his, FXa, bad, V5, URA3 2µ       Present Study  

     pYES2/337N-Cat-hbv  TEV, his, FXa, bad, V5, URA3 2µ       Present Study 

     pYES2/PvCRT-vh        pYES2/PvCRTvh, URA3 2µ                   Baro 2011 

 

 

Table 5.  Oligos used in this study. 
Name Sequence (5’ – 3’) 

For PfCRT  

Q10K CGCATCTAAGAAGAACAACAAGAAGAACTCCTCTAAGAACG 
 

D24Y CGAACGTTACAGAGAATTGTACAACCTGGTTCAAGAGGG 

S39P GATTGGGTGGAGGTCCCTGTTTGGGCAAGTG 
 

S72C GTCCATCATCTACCTGTCAGTTTGCGTGATGAACAC 

M74I CATCTACCTGTCAGTTTGCGTGATAAACAAGATCTTCG 

 N75E CCTGTCAGTTTGCGTGATGGAGAAGATCTTCGCTAAGAGAA 
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E75D CCTGTCAGTTTGCGTGATCGATACCATCTTCGC 

E75K CCTGTCAGTTTGCGTGATCGAAACCATCTTCGCG 
 

MN74-75IE CCATCATCTACCTGTCAGTTTGCGTGATAGAGAAGATCTTCGCTAAG 

 K76T CAGTTTGCGTGATGAACACGATCTTCGCTAAGAGAAC 

T76K GTCAGTTTGCGTGATCGAAAAGATCTTCGCGAAGAGAACCT 

T76I CAGTTTGCGTGATCGAAATCATCTTCGCGAAGAGAA 

T76N CAGTTTGCGTGATCGAAAACATCTTCGCGAAGAGAA 

T76A GCGTGATAGAGGCGATCTTCGCTAAGAGAAC 

CK72,76ST CCATCATCTACCTGTCAGTTAGCGTGATGAACACGATCTTCGC 

NK75-76ET ACCTGTCAGTTTGCGTGATGGAGACGATCTTCGCTAAGAGAACCT 

CMNK72,74-76RIEI CATCTACATCCTGTCCATCATCTACCTGTCAGTTCGCGTGATAGAG 
ATAATCTTCGCTAAGAGAACC 
 

MNK74-76IEI TCCTGTCCATCATCTACCTGTCAGTTTGCGTGATAGAGATAATCTTCGCT 
AAGAGAACC 
 

MNK74-76IET CATCTACCTGTCAGTTTGCGTGATAGAGACGATCTTCGCTAAGAGAACCTT 
GAA 
 

K76N CCTGTCAGTTTGCGTGATGAACAATATCTTCGCTAAGA 

H97Q CGTGACTAGTGAAACCCAGAACTTCATCTGCATGATC 

H97L CGTGACTAGTGAAACCCTCAACTTCATCTGCATGA 

C101F CCCACAACTTCATCTTCATGATCATGTTCTTC 

H123R GGGTAACAGCAAGGAACGTCGTAGGAGCTTCAAC 
 

A144T CTTGCAGCGTCATCTTGACCTTCATCGGTCTTACC 

AL-144,148-FI CTTGCAGCGTCATCTTGTTCTTCATCGGTATTACCAGAACCACAGGT 

L148I CTTGGCCTTCATCGGTATTACCAGAACCACAGG 
        	

I148L GGCCTTCATCGGTCTTACCAGAACCACAGG 
 

T152A TCGGTCTTACCAGAACCGCAGGTAACATTCAGTCC 

L160Y CAGGTAACATTCAGTCCTTCGTCTATCAACTATCAATTCCAATCAACATG 

L160P GGTAACATTCAGTCCTTCGTCCCGCAACTATCAATTCC 
 

I166V CAACTATCAATTCCAGTCAACATGTTCTTCTGCTTCC 
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S163R TCAGTCCTTCGTCTTGCAACTAAGAATTCCAATCAACATGTTCTTC 

I194T CAGTAATCATCGTAGTCACAACCGCATTGGTGGAAATG 

I194S CAGTAATCATCGTAGTCACATCCGCATTGGTGGAAATG 
 

E198K CACAATCGCATTGGTGAAAATGAAGCTGAGCTTCG 
 

T205A GAAGCTGAGCTTCGAAGCACAGGAAGAGAACTC 
 

A220S CATCTACCTGTCAGTTTGCGTGATAGAGACGATCTTCGCTAAGAGAACCTTGAA 

S220A CCTAGTCCTGATATCCGCTCTGATCCCTGTCTG 

F251∆ GATTGAACGCTATGGTTAGCTTCCAACTGTTCACTTCATGC 
 

H273N CCATTCCTGAAGCAATTAAACTTGCCATACAACGAAATC 
 

Q271E CACACTACCATTCCTGAAGGAGTTACACTTGCCATACAACG 

P275L CTGAAGGAGTTACACTTGCTATACAACGAAATCTGGACC 

N277D CACTTGCCATACGACGAAATCTGGACCAAC 
 

N326S GCCTTGTTCTCATTCTTCAGCATCTGTGATAACCTGATC 

N326D CGCCTTGTTCTCATTCTTCGACATCTGTGATAACCTGAT 

I327∆ CGCCTTGTTCTCATTCTTCTCCTGTGATAACCTGATCACCAGC 

T333S ATCTGTGATAACCTGATCAGCAGCTACATCATCGATAAG 

S333T CTGTGATAACCTGATCACCAGCTACATCATCGAC 
 

T333A CTGTGATAACCTGATCGCCAGCTACATCATCAAC 
 

S334N GATAACCTGATCACCAACTACATCATCGACAAG 
 

C350R CACTATTGTGAGTCGCATCCAGGGGCCCGC 
 

Q352K TATTGTGAGTTGCATCAAGGGTCCCGCAATCGC 

I356T  CATCCAGGGTCCCGCAACCGCTATTGCCT 

I356V GCATCCAGGGTCCCGCAGTCGCTATTGC 

T356I ATCCAGGGGCCCGCAATCGCTATTGCC 

R371I  CTTAGCAGGTGATGTCGTAATAGAACCACGTTTGTTG 

I371R CTTAGCAGGTGATGTCGTAAGAGAACCACGTTTGTTG 

R371T TTCTTAGCAGGTGATGTCGTAACGGAACCACGTTTGTTGG 
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For PvCRT 

K10  

L34H 

P38L  

L47S 

L242P 

S249P 

F275V 

L384F 

Y390C 

 

For PfVps34 

D1889N 

Y1915F 

D1990N 

K2018A 

L2125A 

 
 
CCTGAAAAAGAAGAAGAAGAAGGGGAGTCCCC 

CACTTTGTTTGGCTACTTCTTCGGATCCATCATCTACC 

GCGAAATACAAGAGGACGTCCTCATCAGCAGAAAAATCGCC 

GAAAAATCGCCAATTTTTCGAAGCTAGCTTATAATG 

GTACAAAATAAACATCCCGCGCCTGAACGCC 

GCCTGAACGCCGTTGTTCCCTTCTTCCAAATATTCAC 

GCAAATCAATTTGCCCGTCTCGGAAATCGG 

CACTTTGTTTGGCTACTTCTTCGGATCCATCATCTACC 

CCTCTTCGGATCCATCATCTGCCGCATAGGAAAC 

 

 
CTTGTACGACTTAAGACAAAACCACTTGGTCATCC 

CCTGAAGATGACCTTGTTCAGAGTGTTGGC 

GGGCATCGGTAACAGACACTTGGACAAC 

GGTGAGGACCCAGCGCCATTCTCG 

GGTGGACAAGGCGCACGAGTGGG 

 

 
  

Table 6.  Natural and laboratory generated CRT isoforms. 
Isoform Template Oligonucleotide used for mutagenesis 
PfCRTs 

106/I 

 

PfHB3 

 

MN-74-75-IE, A220S, Q271E, N326S, R371I 

106/I-IR PfHB3 CMNK-72,74-76-RIEI, A220S, Q271E, N326S, R371I 

106/I-IK PfHB3 MNK-74-76-IEI, A220S, Q271E, N326S, Q352K, R371I 

K1AM PfHB3 MNK-74-76-IET, S163R , A220S, Q271E, N326S,  I356, R371I 

K1Hf PfHB3 MNK-74-76-IET, S163R, A220S, T152A, P275L, N326S,  I356, R371I 
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106/I-N PfDd2 T76N, T356I 

106/I-I PfDd2 T76I, T356I 

Dd2PQP PfDd2 C101F 

FCB PfDd2 T356I 

GB4 PfFCB S326N 

PNG4 Pf7G8 S220A 

Ecu1110 Pf7G8 S72C 

JAV PfHB3 NK75-76ET, H97Q, A220S, R371T 

TM93-C1088 PfDd2 H97L 

TM6 PfFCB H123R, T205A 

IP2300 PfFCB E75K 

H209 Pf7G8 C350R 

783 PfDd2 S326N 

738 PfDd2 E75D, L148I, I194T, ST-326,333-NS, T356I, I371R 

734 PfDd2 E75D, AL-144,148-FI, I194T, ST-326,333-NS, T356I, I371R 

PH1 PfHB3 K76T, A144T, L160Y, N326D 

PH2 PfHB3 CK-72,76-ST, A144T, L160Y, N326D 

ChinaB PfGB4 E75D, A144Y, S220A, E271Q  

ChinaC PfGB4 E75D, A144Y, S220A, E271Q, I371R  

ChinaD PfGB4 S220A, A144Y, S220A, E271Q, I371R  

ChinaE PfGB4 I371R 

BC7 PfDd2 I327∆ 

BC22 PfDd2 E198K 

KS28 PfDd2 F251∆ 

J9 PfDd2 S39P, T76A, N277D 

TA6182 PfJav N326S 

TU741 PfECU S334N 

Pf164 PfDd2 S163R 
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IsoI PfGB4 T333S 

IsoII Pf783 T333S 

IsoIII Pf738 I148L 

IsoIV Pf738 I148L, S333T 

IsoV Pf734 T194S 

GadI PfHB3 D24Y 

GadII PfHB3 Q10K, D24Y 

GadIII PfHB3 R371I 

GadIV PfHB3 MNK74-76IET, A220S 

GadV PfHB3 MNK74-76IET, A220S, R371I 

GadVI PfHB3 MNK74-76IET, A220S, N326S, R371I 

KT099 PfHB3 N326D 

KT038 PfHB3 CK72,76ST 

KK004 PfHB3 A220S, N326D, T333A, I356L  

KK005 Pf7G8 T333A 

KT088 PfHB3 CK72,76ST, H273N 

KT096 PfHB3 CK72,76ST, H273N, N326D 

KT070 PfHB3 H273N 

KT052 PfHB3 A144T, L160Y, I166V 

KT097 PfHB3 A144T, L160Y, I166V, H273N 

KT094 PfHB3 CK72,76ST, L160P, H273N 

KT072 PfPH2 I166V, D326N 

KT055 PfPH2 I166V, H273N, D326N 

KT066 

PvCRTs 

K10 

CQS3 

PfPH2 

 

PvWT 

PvWT 

I166V 

 

K10 

L47S 
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CQS8 

CQR1 

CQR3 

CL002 

Chesson 

PvWT 

PvWT 

PvWT 

PvWT 

PvWT 

F275V 

L242P, Y390C 

S249P 

L384F 

Q34H, P38L 
 

2.2.3 Amido Black Protein Assay 

 The amido black was used to determine the total concentration of protein in a given 

sample using bovine serum albumin (BSA) as a protein standard.  Samples and standards were 

mixed with 1 mM Tris pH 7.5/ 1% (w/v) SDS in sterile 1.5 mL tubes and denatured by heating at 

30°C for 10 minutes.  Samples and standards were then precipitated with trichloroacetic acid 

(TCA) (11.5%) and incubated at room temperature for 15 minutes.  Precipitated proteins were 

filtered through a 0.45 µm Protran membrane and washed once with an equal volume of 6% 

TCA ensuring total removal of precipitated sample from 1.5 mL tube.  Samples were stained by 

soaking the filter paper in 0.1% Amido Black solution containing 45:10:45 

MeOH:CH3COOH:H2O for 6 minutes with gentle mixing.  The filter papers were quickly rinsed 

in water for 30 seconds to remove any excess stainer, and then destained in 45:10:45 

MeOH:CH3COOH:H2O (destaining solution) for 2 minutes.  Filters are washed quickly in water 

for another 30 seconds, and then destained for another 2 minutes in destaining solution before a 

final 30-second wash in water.  Visible blue spots are seen on the filter paper, and these spots are 

removed using a cork puncher.  The removed spots are transferred to 100 x 75 mm borosilicate 

culture tubes and spots are removed from the nitrocellulose paper with spot remover (25 mM 

NaOH/ 50 µM NaEDTA in 50% EtOH/ H2O).  Protein concentrations were determined after total 
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removal of spot by measuring the absorbance at 630 nm and comparing to absorbance of known 

protein amount in the standards. 

2.2.4 Large Scale Isolation of Yeast Crude Membranes and Purification of PfVps34 

 Yeast cultures grown in inducing methanol medium for 24 hours were harvested at 3000g 

for 5 minutes at 25°C. Cells were washed x 3 in harvest buffer (100 mM glucose / 50 mM 

imidazole / 5 mM DTT, pH 7.5).  Cells were resuspended in breaking buffer (0.1 M glucose / 

0.25 M sucrose / 50 mM imidazole / 1 mM MgCl2 / 5 mM DTT / PIC, pH 7.5) at 2 mL/g wet cell 

weight.  Cells were lysed using a chilled French press (Sim-Aminco) at 22,000 psi at a rate of 20 

drops per minute.  Intact cells were pelleted away (1000g, 4°C, 15 minutes) and the supernatant 

was then centrifuged again at 3000g at 4°C to ensure complete removal of cellular debris.  The 

supernatant was collected and centrifuged again at 100,000g to collect the crude membrane (CM) 

fragment. An Amido Black assay was conducted to determine the protein content of each CM 

sample, and membranes were stored at −80°C prior to determination of PfVps34 content via 

western blotting.  Vps34 CM fractions were treated with 4 M urea in wash buffer less imidazole 

(16 mM Na2HPO4, 4 mM KH2PO4 / 500 mM NaCl / 20 mM, imidazole / 5 mM BME / PIC 

tablet, pH 7.4) at a concentration of 2 mg/mL.  Membranes were lightly mixed at 4°C for 30 

minutes and then centrifuged at 100,000g for 1 hour to pellet the CM. HIS-select nickel affinity 

gel was used to perform the initial purification of PfVps34.  Columns were equilibrated at 4°C 

with 10 mL of cold wash buffer.  The supernatant from the 100,000g spin (all proteins no longer 

bound to the CM) was applied to the column.  Column was washed with 100 mL of wash buffer, 

and his tagged proteins eluted with 12 mL of elution buffer (16 mM Na2HPO4, 4 mM KH2PO4)/ 

500 mM NaCl / 500 mM imidazole / 5 mM β-mercaptoethanol  (BME) / PIC tablet, pH 7.4).  
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Over 90% of the eluted protein was collected in the first 5 mL.  Eluate was dialyzed for 20 hours 

to remove imidazole, with fresh dialysis buffer supplemented at 16 hours.  Dialysis buffer was 

elution buffer less imidazole.  2 µL of TEV (10 U/µL) was added to concentrated eluate and 

incubated at RT (room temperature) overnight with light rotation to remove the His tag from the 

PfVps34 construct.  Sample was then applied to a fresh His-select nickel affinity column 

equilibrated with 10 mL of cold dialysis buffer.  Flow through containing PfVps34 was 

collected.  PfVps34 was then spin concentrated using a Viva spin 20 (Vivaproducts; Littleton, 

MA) centrifugal concentrator with a molecular weight cut – off of 30 kDa. 

2.2.5 Small Scale Crude Membrane Preparation for CRT  

 Cultures (4 mL) were grown in non-inducing, selective media to an OD600 of 1.5. Cells 

were pelleted at 3000 x gmax and resuspended in 4mL inducing media at an OD600 of 0.1 and 

grown at 30°C overnight until OD600 reached 1.5 to 2. Induced cells were pelleted (3000 x gmax) 

and transferred to a microcentrifuge tube and washed three times with 500 µL of harvest buffer. 

Washed cells were suspended in 500 µL breaking buffer and lysed by an equal volume of glass 

beads (0.5mm) [Delhez et al., 1977].  The bead/pellet mixture was vortexted for 30 seconds at 

one-minute intervals for 20 minutes (10 total minutes of blending) using an Eppendorf 5415 D 

microcentrifuge (Hauppauge, NY).  Bead/lysate mixture was spun at 300 x gmax to draw the glass 

beads to the bottom of the tube. The supernatant was transferred to a fresh microfuge tube and 

spun at 700 x gmax for 5 minutes. The supernatant was transferred to a fresh tube and spun at 

1300 x gmax for 5 minutes. The resulting supernatant was transferred to a Ti-70.1 ultracentrifuge 

tube and spun at 100,000 x gmax for one hour.  Resulting CM pellets were resuspended in a 

minimal amount of suspension buffer.  For plasma membrane (PM) fractions crude membranes 
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were acid-precipitated via the procedure of Goffeau and Dufour [1988].  Resulting PMs were 

also stored in suspension buffer. 

 2.2.6 Western Blotting 

 Total protein content in crude membrane samples was quantified using an amido black 

assay. Samples treated with Laemlli buffer containing a suitable reducing agent (β-

mercaptoethanol) were heated at 65°C for 10 minutes and resolved using 12% sodium dodecyl 

sulfate (SDS)-polyacrylamide gel electrophoresis (SDS-PAGE) for 2 hours at 110 V in 

Tris/Glycine/SDS running buffer (TGS) (20 mM Tris, 150 mM Glycine, 0.1% SDS). The 12% 

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

TEMED, 0.1% SDS, 0.375 M Tris-Cl, pH 8.8) and 5% stacking (5% acrylamide, 0.13% Bis-

Acrylamide, 0.05% ammonium persulfate, 0.05% TEMED, 0.1% SDS, 0.375 M Tris-Cl, pH 6.8) 

gel was prepared each time SDS-PAGE was performed.  Proteins were transferred to 

poly(vinylidene difluoride) (PVDF) membrane in Tris/Glycine Transfer Buffer (TG) (20 mM 

Tris, 150 mM Glycine) in 20% methanol at 40 mA for 16 hours and 100 mA for one hour. For 

detection utilizing the V5 epitope, membranes were washed twice with phosphate buffered saline 

(pH 7.4) supplemented with 0.1% Tween 20 (PBS-T) at 10 minutes/wash. Membranes were 

blocked in 10% milk in PBS-T for one hour before an hour-long incubation with V5 mouse 

monoclonal antibody, HRP conjugate in 5% milk in PBS-T. Membranes were washed 3 more 

times in PBS-T for 20 minutes each before proteins were detected with ECL western blot 

detection reagents. 
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2.2.7 Colony Formation Assay 

 Effects of CQ on the growth of yeast expressing CRT or an intrinsically toxic phenotype 

were monitored using solid agar growth plates and in liquid growth assays.  For agar-based 

assays, growth of yeast strain CH1305 or BY4741 harboring CRT (or an empty vector, EV; 

plasmid containing no CRT) was assessed by monitoring colony growth.  Cultures of yeast were 

inoculated in non-inducing media lacking uracil at 30°C to mid exponential phase.  Yeast were 

all equilibrated to an OD600 =1.0 and transferred to a 96 well plate.  Dilutions were made to make 

suspensions of OD600 at 0.1, 0.01, and 0.001 using a multi-channel pipette.  5 µLs of each 

suspension were plated side by side on either non-inducing media, inducing media (SGR/-URA), 

or SGR/-URA with specified concentrations of CQ. 

2.2.8 Quantitative Growth Rate Analysis 

 Quantitative measurements of the susceptibility of yeast strains to aminoquinoline drugs 

was assessed by automated growth curve analysis in liquid media.  Cells were inoculated in non-

inducing media lacking uracil and grown overnight at 30°C to mid-exponential phase.  Cells 

were washed with water to ensure total removal of non-inducing media and density was adjusted 

to OD600= 0.1 in a 96 well plate containing non-inducing media lacking uracil, inducing media 

lacking uracil, or inducing media lacing uracil with various concentrations of a single 

aminoquinoline, salt, and buffer in a final volume of 200 µL.  Plates were sealed in parafilm and 

placed in a temperature controlled Tecan GENious plate reader (Durham, NC). Growth curve 

data was collected under the following parameters: measurement wavelength, 595 nm; number 

of flashes, 3; number of kinetic cycles, 140; kinetic interval, 30 minutes; valid temperature range, 

28 - 32°C; orbital shake duration, 30 seconds.  Standard CQ growth conditions were 16 mM CQ 
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in 100 mM HEPES at pH 6.75.  Buffer conditions were the same for PvCRT analysis, except 1.8 

mM PQ or 2.0 mM AQ were used.  CQ growth delay determination was measured as described 

in Baro et al. [2011].  In brief the time to reach maximum growth rate (the time it took the 

growth curve to reach maximal slope) in non-inducing conditions was subtracted from the 

corresponding maximum growth rate under inducing conditions.  Growth delays for AQ and PQ 

were determined via comparison to control cells grown under identical inducing conditions 

without drug.  For ΔpH and Δψ dependent growth curve analysis yeast harboring isoforms of 

PfCRT were assayed using the same concentrations of HEPES buffer (100 mM) at the indicated 

pH.  For PfVps34 complementation assays, inducing conditions were compared in the presence 

and absence of 12 mM caffeine for parental BY4741 strain, ΔVps34 strain, and the knockout 

strain harboring PfVps34 152N-cat. All conditions were measured in triplicate.  For PfCRT 

growth measurements, higher pH values were used to measure the sensitivity of yeast strains 

when ΔpH decreases.  Under ideal yeast growth conditions, the external media has a pH of ~ 5 

and the yeast plasma membrane maintains a high ΔpH but a low Δψ (Fritz et al., 1999, Orij et al., 

2009).  Alkalinization of the external medium via plasma membrane potassium channels 

increases Δψ to compensate for a reduced ΔpH in order to maintain the electrochemical driving 

forces across the membrane (Fritz et al., 1999, Orij et al., 2009). 

2.2.9 Enzyme-Linked Immunosorbent Assay (ELISA) 

Streptavidin coated plates were washed three times with Tris buffered saline / 0.1% 

Tween-20 (TBS-T). Ten pmoles of biotinylated PI(3)P dissolved in H2O were added to each well 

and incubated for two hours with light shaking. Vps34 enzyme reactions were carried out in 

Eppendorf tubes, in 10 mM Tris (pH 7.4) / 150 mM NaCl / 10 mM MnCl2 (TrisNaCl + Mn), and 
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Hsp110β enzyme reactions were carried out in TrisNaCl + 10 mM MgCl2 (TrisNaCl + Mg). 

Substrate concentrations were varied, but were typically 50 µM ATP and 16 µM PI.  Before 

initiation of the enzyme reaction via addition of PI and ATP, typically 50 ng of PI3K enzyme 

was incubated for 30 minutes at 37°C with drug or with buffer. Reaction time was varied, but 

was typically 5 minutes for Vps34 or 20 minutes for class I PI3K when examining drug 

inhibition.  Reactions were quenched via addition of EDTA to a final concentration of 17 mM. 

Reactions were then diluted with detection buffer (10 mM Tris (pH 7.4) / 150 mM NaCl / 7.5 

mM EDTA / 1 mM DTT). Each reaction was then split into three equal volumes and used for 

triplicate quantification of PI(3)P. 

 Plates coated with PI(3)P as above were washed three times with TBS-T, and quenched 

reaction solutions were added to the well plate along with anti-PI(3)P antibody at a final 

concentration of 0.5 µg/mL. The plate was incubated for one hour with shaking. Anti – PI(3)P 

antibody competes for binding to biotinylated PI(3)P attached to the plate vs. exogenous PI(3)P 

(either from the enzyme reaction or PI(3)P manually added to construct standard curves). The 

plate was then again washed three times with TBS-T. After washing, only antibody bound to 

biotinylated PI(3)P attached to the well remains, as any antibody bound to exogenous PI(3)P is 

washed away. Anti-Mouse IgG-HRP was then added at a final concentration of 1.25 µg/mL and 

the plate incubated for 30 minutes with light shaking. The plate was again washed three times 

with TBS-T, and 3,3',5,5'-tetramethylbenzidine (TMB) was added to each well and the plate was 

incubated for 30 minutes at RT to develop HRP signal. Development was quenched via addition 

of 1N sulfuric acid, and absorbance was read at 450 nm using a Victor3V 1420 multilabel 
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counter (450 nm filter, 6 nm bandwidth from PerkinElmer; Waltham, MA) The signal is 

inversely proportional to moles PI(3)P produced by the PI3K enzyme as described in Chapter 6.   

2.2.10 Yeast Vacuolar pH Measurements 

 Cells were inoculated in non-inducing media lacking uracil and grown overnight at 30°C 

to mid-exponential phase, and induced in SGR/-URA and grown again to mid-exponential phase.  

Cells were washed three times in APG media (10 mM arginine, 8 mM phosphoric acid, 2% 

galactose, 2 mM MgSO4, 1 mM KCl, 0.2 mM CaCl2, pH 4.0) containing 50 µM 2’7’-bis(2-

carboxyethyl)-5-(and-6)carboxyfluorescein acetoxymethyl ester (BCECF-AM) and adjusted to 

OD600= 2.5.  This solution was incubated for 20 minutes at 30°C.  Cells were washed 3 times 

with APG and resuspended at a final OD600 of 0.5 in APG.  A calibration curve at various pHs 

were made after probe incubation by resuspending yeast transformed with EV in calibration 

buffer (50 mM MES, 50 mM HEPES, 50 mM KCl, 50 mM NaCl, 0.2 mM ammonium acetate, 

10 mM sodium azide, 10 mM 2-deoxy glucose, 50 µM carbonyl cyanide m-chlorophenyl 

hydrazine (CCCP) at the pHs indicated) immediately preceding fluorescent measurement 

(excitation scan: 490 nm, emission wavelength = 535 nm).   

2.2.11 Yeast Vacuole Isolation 

 Cells were inoculated in non-inducing media lacking uracil and grown overnight at 30°C 

to mid-exponential phase, and induced in SGR/-URA and grown again to mid-exponential phase 

at which point they were harvested at 3000g for 5 minutes.  The resulting pellet was resuspended 

in 50 mL of wash buffer (100 mM Tris-Cl (pH 9.4), 100 mM DTT).  The cell suspension in wash 

buffer was incubated for 10 minutes at 30 °C with gentle mixing every two minutes.  Cells were 

then pelleted at 3000g for 3 minutes and the resulting pellet was carefully resuspended in 
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spheroplasting buffer (50 mM KPO4, 0.15% YPD, 600 mM sorbitol).  Five hundred µL of 

zymolase (zymolase 20T (300 mg/mL) in spheroplasting buffer) was added to the cells and 

gently swirled into the suspension.  The cell suspension was incubated for 1 hour at 30°C with 

gentle swirling every 5 minutes.  Resulting spheroplasts were transferred to a pre-chilled 50 mL 

conical tube and pelleted at 1000g for 2 minutes.  The spheroplast pellet was reusupended in 2.5 

mL of 15% Ficoll prepared in a 20 mM piperazine-N,N’-bis(2-ethanesulfonic acid) [PIPES]/ 200 

mM soribitol solution.  After the gentle addition of 1.5 mg of dextran to the suspension, it was 

incubated on ice for 5 minutes while swirling at 30-second intervals followed by 2 minutes at 

30°C.  5 mL of the lysate/15% ficoll solution was pipetted to the bottom of a chilled, high-speed 

(SW-41) centrifuge tube.  A ficoll step gradient was pipetted over the sample (3.0 mL 8% ficoll 

followed by 3.0 mL of 4% ficoll to within about 1 cm of the top of the tube, and finally 0% ficoll 

was used to fill the tube to within 3 mm of the rim).  The tubes were centrifuged at 175,000 RPM 

for 90 minutes at 4°C.  The yeast vacuoles can then be recovered between the interface of the 0% 

and 4% ficoll gradients.  Vacuoles were stored by resuspension in a final concentration of 10% 

glycerol with PIC.  Vacuoles were snap-frozen over dry ice/ethanol and stored at -80°C.   
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CAHPTER 3. FUNCTIONAL COMPARISON OF 45 NATURALLY OCCURRING ISOFORMS OF THE  

 
PLASMODIUM FALCIPARUM CHLOROQUINE RESISTANCE TRANSPORTER (PFCRT) 
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3.1 Introduction 

Mutations in PfCRT are believed to be the primary determinant of P. falciparum malaria 

CQR as measured by a shift in CQ IC50 [Roepe, 2011; Ecker et al., 2012; Roepe, 2014]. 

However, higher level resistance to cytocidal (parasite killing) effects of CQ is only partially 

mediated by PfCRT [Gaviria et al., 2013].  PfCRT is a polytopic, integral membrane protein that 

under physiologic conditions likely functions to transport important osmolytes across the DV 

membrane [Gligorejivic et al., 2006; Lewis et al., 2014]. Mutant CQR-associated isoforms of 

PfCRT are believed to confer CQR by mediating increased transport of charged CQ out of the 

DV down its electrochemical gradient and by decreasing CQ - heme target interactions via 

perturbations in DV volume and/or pH [Paguio et al., 2009; Roepe, 2011; Ecker et al., 2012; 

Roepe, 2014].    

P. falciparum CQR evolved independently in at least six distinct geographic locations, 

and is both continuing to evolve and to spread.  There are now known to be at least 53 distinct 

isoforms of PfCRT, which are distinguished by the number and pattern of amino acid 

substitutions relative to wild type (e.g. “HB3” or “3D7”) PfCRT.  Although no one simple 

explanation has yet been identified, these different mutational patterns segregate based on 

parasite geographic origin and are thought to have arisen in part by selection with variable drug 

pressure due to different antimalarial drug-use histories around the globe [e.g. Ecker et al., 2012; 

Sa et al., 2009]. Of the 53 isoforms, 11 are found in culture-adapted strains for which highly 

reproducible CQ IC50 data quantifying CQ cytostatic potency are available [Baro et al., 2013]. 

However, the remaining isoforms are found in field isolates whose drug susceptibilities are 

typically determined via more qualitative single-pass assays, or not determined at all. 
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Several recent field studies have found that the suspension of CQ treatment within a 

region and the subsequent absence of continued CQ selective pressure allows parasites 

expressing wild type PfCRT to re-populate malaria endemic regions, possibly owing to a parasite 

fitness cost associated with the expression of CQR-associated mutant PfCRT [Chen et al., 2008; 

Laufer et al., 2010]. However, other parasite populations in some regions have shown little or no 

change in the ratio of mutant:wild type PfCRT expression years after CQ withdrawal [Sa et al., 

2009; Yang et al., 2007; Isozumi et al., 2010]. This suggests that certain mutant PfCRT isoforms 

are found in CQR isolates that are more “fit” than others, as has been suggested for some 

isoforms of South American origin [Sa et al., 2009]. Alternatively, parasite populations in some 

regions may have acquired additional genetic adaptations to compensate for fitness costs 

associated with expressing a given mutant PfCRT [Jiang et al., 2008; Jovel et al., 2014]. A third 

possibility is that certain mutant isoforms of PfCRT persist because they confer cross-resistance 

to other antimalarials that are still in use in that region [Sa et al., 2009; Summers et al., 2012], 

and a fourth is that some mutant PfCRT isoforms are actually revertants that do not confer CQR 

phenotypes at all, but that actually confer re-acquired “fit” CQS phenotypes [Durrand et al., 

2004].      

Distinction between these models is critical and relies in part on the ability to rapidly 

quantify PfCRT function.  Unfortunately, very little quantitative data is available regarding the 

function of most PfCRT isoforms. This is because it is often difficult (and expensive) to establish 

P. falciparum isolates as stably growing laboratory strains, and to then isolate the unique 

contributions of PfCRT to altered drug susceptibility vs. contributions from unknown additional 

mutations that may be present.  Recently, my colleagues optimized an inexpensive method to 
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rapidly screen CQ transport mediated by PfCRT [Baro et al., 2011; Baro et al., 2013]. This 

method, based on tight inducible heterologous expression in growing S. cerevisiae, separates 

PfCRT function from other P. falciparum factors that can influence drug accumulation, allows us 

to easily distinguish differences in CQ transport mediated by CQ sensitive (CQS) and resistant 

(CQR) PfCRT isoforms, and permits distinction between even subtly different CQR isoforms 

[Baro et al., 2013]. Initial work with 11 PfCRT isoforms that are expressed in laboratory-

cultured P. falciparum strains suggested that PfCRT mutations are necessary, but not sufficient 

for the full shift in CQ IC50 seen for these strains [Baro 2013]. To further aid our understanding 

of the relative contribution of PfCRT isoforms to geographically disposed CQR phenotypes, in 

this chapter and the accompanying chapter [Callaghan et al., 2016, Chapter 4] I report on all 

currently known naturally occurring PfCRT isoforms.  

3.2 Results 

 Previously, my colleague Nicholas Baro optimized a fast, inexpensive assay for 

quantifying CQ transport mediated by PfCRT.  The approach relies on tight galactose induction 

of PfCRT in S. cerevisiae yeast, plasma-membrane localization of PfCRT, and CQ inhibition of 

yeast growth.  Native PfCRT within the malarial parasite DV membrane transports charged CQ 

from inside the DV (+ membrane potential, low pH) to the parasite cytosol (- potential, high pH) 

(Fig. 14A). 
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Figure 14. Cartoon schematic of PfCRT localization and topology. P. falciparum (A) and 
Saccharomyces cervisiae (B and C) expressed PfCRT. A) Native PfCRT within the malaria 
parasite DV membrane transports charged CQ from inside the DV (+ membrane potential, low 
pH) to the parasite cytosol (- potential, high pH) and cytosolic domains of PfCRT are disposed to 
the cytosol. B) Codon-optimized PfCRT expressed at the yeast plasma membrane transports 
charged CQ from the external growth media (+ potential, low pH) to the yeast cytosol (- 
potential, high pH). C) Yeast ∆Ψ can be clamped to magnitude similar to that across the DV 
membrane. PfCRT-mediated transport of charged CQ is identical within the two systems with 
respect to ∆Ψ and ∆pH driving forces (compare panels A and C).  
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For yeast, the majority of expressed PfCRT is found within the plasma membrane [Baro et al., 

2011] and PfCRT cytosolic domains remain disposed to the cytosol, with intra-DV domains 

disposed outside the cell (Fig. 14B).  Similar magnitude ∆Ψ and ∆pH relative to the DV 

membrane are found across the yeast plasma membrane (Fig. 14B), with - potential and high pH 

again cytosolic.  Thus the orientation of thermodynamic driving forces for transport vs. PfCRT 

membrane topology is preserved.  Since CQ2+ transport by PfCRT is stimulated by ∆Ψ and ∆pH 

oriented as in the DV [Paguio et al., 2009; Papakrivos et al., 2012], in yeast, PfCRT mediates 

fast downhill transport of CQ2+ from outside the cell (+ membrane potential, low pH) towards 

the yeast cytosol (- potential, high pH) (Fig 14B; see also [Baro et al., 2013]).  The inward 

transport of toxic CQ by PfCRT expressed in the yeast leads to decreased rates of yeast growth 

relative to control [Baro et al., 2011].  Importantly, previously my colleagues Nicholas Baro and 

Paul Callaghan showed that these decreased rates of growth were linearly correlated with 

increased [3H]-CQ transport [Baro et al., 2013].  Thus quantitative analysis of yeast growth rates 

can be used to calculate [3H]-CQ transport.  Higher ∆Ψ and /or ∆pH of the correct orientation 

(Fig. 14C) is known to stimulate drug transport by CQR (but not CQS) -associated isoforms of 

PfCRT that are either expressed in yeast [Baro et al., 2013] or that are purified and reconstituted 

into proteoliposomes [Paguio et al., 2009].  

 My colleague Paul Callaghan has created “yeast optimized” versions of PfCRT genes 

[Zhang et al., 2002] encoding all 53 known, naturally occurring PfCRTs (Table 1).  The 

geographic origin of isolates harboring these PfCRTs as well as all available CQ susceptibility 

data for the corresponding isolates culled from the literature are summarized in Table 1.  All 

isoforms are expressed to nearly equal levels in S. cerevisiae yeast upon galactose induction, as 
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shown for 33 isoforms in Fig. 15 (note [Baro et al., 2013] quantifies another 12 and [Callaghan 

et al., 2016-Chapter 4] quantifies 8 more). 

Figure 15. Western blot analysis of 33 PfCRT isoforms. Isoforms are expressed in S. 
cerevisiae crude yeast membranes. Each lane contains 7 µg total protein.  The α-V5 blot shows 
similar levels of protein expression are found for each PfCRT isoform. 
 
As previously described for a limited selection of 13 PfCRT isoforms [Baro et al., 2013], 

screening these isoforms for their ability to transport CQ revealed a wide range of activity, as 

also now seen for the collection of 45 (Fig. 16). In all screens that I perform, Dd2 PfCRT (CQR 

conferring) and HB3 PfCRT (CQS) are included as internal controls [Baro et al., 2011; Baro et 

al., 2013].  Although conflicting interpretation can be found in the literature (see [Roepe, 2011] 

for a summary) in our hands, both purified, reconstituted wild type PfCRT (e.g. HB3 PfCRT) as 

well as HB3 PfCRT expressed in yeast, transport CQ, albeit less well than CQR isoforms of 

PfCRT [Paguio et al., 2009; Baro et al., 2011; Baro et al.,2013]).  This result was also recently 

confirmed independently via analysis of a purified and reconstituted wild type PfCRT-YbeL2 
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chimera [Juge et al., 2015].  In this paper, I scale mutant PfCRT isoform CQ transport relative to 

that catalyzed by wild type HB3 PfCRT under identical conditions (Fig. 16).   
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Figure 16. CQ growth delays for 45 PfCRT isoforms. The difference in hours for growth in 
the presence of 16mM CQ under PfCRT-inducing vs. non-inducing conditions (see ref Baro et 
al., 2011 and Baro et al., 2013) are expressed relative to HB3 PfCRT, which confers a delay of 
13.9 hours. Error bars represent the S.E.M. after analysis of at least 3 yeast clones harboring each 
PfCRT isoform.  Isoforms for which growth delay was previously reported [Baro et al., 2013] 
are denoted with *.  
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 Isoforms harboring some, but not all, of the 8 mutations seen in CQR-associated Dd2 

PfCRT relative to CQS-associated (“wild type”) HB3 PfCRT (e.g. isoforms 783, ChinaE, GadV; 

see Table 1) transport CQ at levels intermediate to HB3 (low) and Dd2 (high) (Fig. 16). The 

same holds true for isoforms TA6182 and TU741 [Echeverry et al., 2007], which have amino 

acid substitution patterns similar to PfCRTs found in CQR strains Jav and Ecu, respectively 

(Table 1). Two additional isoforms, BC22 and Pf164, are distinguished by single amino acid 

substitutions that deliver additional positive charge to an otherwise “Dd2-like” PfCRT (Table 1).  

I find that the E198K substitution in BC22 reduces transport about 40% relative to Dd2 PfCRT 

(Fig. 16), while the S163R mutation in Pf164 PfCRT did not significantly alter transport relative 

to Dd2 PfCRT (Fig. 16).   

Interestingly, 5 recently isolated PfCRTs show increased CQ transport relative to HB3 

PfCRT even though they harbor only a partial complement of the full spectrum of amino acid 

substitutions found for Dd2 PfCRT [Gadalla et al., 2014].  For example, “Gad IV” retains 74I, 

75E, 76T and 220S substitutions found in Dd2 PfCRT, but is missing 271E, 326S, 356T and 

371I mutations (Table 1).   Until now, it has been thought that mutant PfCRT cannot mediate 

increased CQ transport relative to wild type without at least 6/8 or 4/5 of the mutations found in 

“archetypal” CQR-associated mutants such as Dd2 and 7G8, respectively, with the K76T 

mutation being particularly important [Fidock et al., 2000; Wooton et al., 2002; Sidhu et al., 

2002]. Drug susceptibility has only been measured for P. falciparum harboring one of these 

unusual isoforms (783 PfCRT), and this strain was predicted to be CQR in one study [Durrand et 

al., 2004].  Resistance conferring ability of the other isoforms (China E (5/8), GadIV(4/8), 

GadV(5/8), GadVI (6/8)) has been unknown until now.  I find that all isoforms transport CQ 
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better than wild type PfCRT (Fig. 16), thus our data predict that P. falciparum expressing China 

E, GadIV, GadV, and GadVI PfCRT isoforms are indeed CQR, but will likely show levels of 

resistance that are less than that exhibited by strain Dd2 (see Discussion).  

Previously my colleagues found 2 PfCRT isoforms that transported CQ less well than 

wild type HB3 PfCRT [Baro et al., 2013]. These were Sudan 106/1, which does not carry the key 

K76T mutation typically associated with CQR, and IP2300, which is K76T (as found in CQR 

strains) but carries a proximal N75K mutation. It is thought introduction of positive charge at 

position 75 substitutes for loss of K at position 76 to create a CQS PfCRT isoform. Surprisingly, 

we now identify 12 additional isoforms that also transport less well than HB3 (Fig. 16). More 

surprisingly, 8 of them harbor the key K76T mutation that is usually characteristic of CQR – 

conferring PfCRT (Fig. 16, Table 1).  The ability of mutant PfCRT to confer a cytostatic CQR 

phenotype relies on increased CQ transport relative to wild type HB3 PfCRT [Roepe, 2011; 

Ecker et al., 2012; Roepe, 2014], so CQ transport that is less than that catalyzed by HB3 

suggests expression of the PfCRT isoform may not confer a CQR phenotype. Based on these 

data, similar to others [Durrand et al., 2004; Goswami et al., 2014; Koleala et al., 2015] I suggest 

that the K76T PfCRT mutation, the traditional marker for a CQR phenotype, may not in and of 

itself be fully reliable for predicting CQR status.  I also suggest that some newly evolving 

isoforms carrying K76T that do not catalyze increased CQ transport relative to HB3 might 

represent “revertants” selected by decreased use of CQ in the field.  Indeed, these unusual 8 

isoforms are expressed in a widely dispersed collection of isolates from China, Thailand, Papua, 

Cambodia and Tanzania (Table 1), regions that have all decreased use of CQ in recent years. 

Compensatory mutations in PfCRT and the effects they have on CQ transport can be clearly seen 
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when examining isoforms IsoV, 734, 738, IsoIII and IsoIV (Fig. 17).  A mutation at position 144 

seems especially effective at diminishing CQ transport under standard conditions. 

 
Figure 17. Growth delay of 144F mutants.  Growth of indicated isoforms under standard 
conditions (pH 6.75 and 16 mM CQ).  The effect of compensatory mutations at position 144 is 
shown to decrease CQ transport of isoforms harboring that mutation.  Other compensatory 
mutations can still decrease CQ transport relative to Dd2. 

 
However, importantly, previous studies [Paguio et al., 2009; Baro et al., 2013] showed 

that CQ transport by HB3 PfCRT displays little dependence on membrane potential, whereas 

CQR conferring isoforms such as Dd2 show significantly heightened CQ transport when 

membrane potential is elevated. To test how CQ transport by the 8 unusual isoforms might vary 

with increasing membrane potential, using previously perfected protocols [Baro et al., 2013] we 

assayed yeast harboring these isoforms under conditions where yeast membrane potential is 

elevated (Fig 18, 19). I found that 4 of the 8 isoforms that show transport < HB3 PfCRT but that 

also harbor K76T mutations (J9, KS28, 734, IsoV; all from S.E. Asia, - Table 1) indeed 

Origin Clone/ Isolate 74 75 76 144 148 194 220 271 326 333 356 371 
Honduras HB3 M N K A L I A Q N T I R 
Thailand Dd2 I E T A L I S E S T T I 
Cambodia 734 I D T F I T S E N S I R 
Vietnam IsoV I D T F I S S E N S I R 
Cambodia 738 I D T A I T S E N S I R 
Vietnam IsoIII I D T A L T S E N S I R 
Vietnam IsoIV I D T A L T S E N T I R 
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catalyzed heightened CQ transport relative to wild type HB3 PfCRT when yeast plasma 

membrane potential is maximal (Fig. 18, 19).   

 

Figure 18. ΔΨ dependence of PfCRT isoform growth delays.  Growth delay measured relative 
to empty vector (5 mM CQ, indicated pH) for yeast expressing PfCRTHB3 (grey diamonds), 
PfCRTDd2 (black squares), and PfCRTIsoV (empty triangles). Only under conditions where ΔΨ 
is clamped to maximum values (high external pH) does isoform IsoV confer a growth delay 
characteristic of known CQR PfCRTs.  
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This is shown in detail for IsoV at a range of ∆Ψ / external pH (Fig. 18, open triangles 

[IsoV] vs. grey diamonds [HB3]) and summarized for the others in Fig. 19 (compare grey [high 

∆Ψ] vs. black [low ∆Ψ] bars).  Based on these data I suggest that additional mutations that cause 

elevated DV membrane potential in isolates harboring these PfCRTs are perhaps required to 

confer CQR status to the isolate.  However, the other 4/8 PfCRTs carrying K76T mutations 

(China B, C, and D and Cam738 PfCRT) do not catalyze CQ transport any more efficiently that 

HB3 even at high ∆Ψ (Fig. 19), suggesting that they do not confer CQR phenotypes (see 

discussion).  

Figure 19. Growth delays under standard conditions vs. elevated ∆Ψ. Growth delays under 
standard conditions (pH 6.75, 16 mM CQ, Black Bars) vs. conditions of elevated ∆Ψ (pH 7.45, 
5mM CQ, Grey Bars) are plotted for a subset of isoforms. For elevated ∆Ψ conditions the growth 
delay is expressed as the difference in hours for growth in the presence of 5mM CQ at the 
indicated external pH for yeast expressing the indicated PfCRT isoform vs. yeast expressing 
empty vector. 
 

The behavior of the 738 mutant PfCRT is unique compared to all other 53 isoforms I 

have investigated and will be explored in more detail elsewhere [Gabryszewski et al., 2016].  
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Briefly, PfCRT isoform 738 differs from 734 at only one position (734 contains A144F).  The 

two isoforms show less efficient CQ transport than HB3 under standard conditions. However, 

this single mutation was able to confer increased CQ transport in yeast by PfCRT under elevated 

∆Ψ conditions suggesting its importance to CQ transport under elevated ∆Ψ conditions in the 

DV (Fig. 20).       

 

Figure 20.  Colony formation assay identifying ∆Ψ dependence of isoform 734. CQ 
concentration is indicated on the left.  Under standard conditions (pH 6.75, left) 734 and 738 
grow similarly to HB3.  However, under elevated ∆Ψ conditions (pH 7.45, right), 734 shows a 
smaller colony than 738 indicating diminished growth via hightened CQ transport. 
 

Additionally, 3 of these “HB3-like but K76T” (“HL76T”) isoforms harbor another interesting 

mutation, A144Y, which is not found in other PfCRT isoforms (Table 1). To further investigate 

the importance of this unusual mutation we created a Dd2 mutant harboring mutation A144Y. 

The introduction of the A144Y mutation into the Dd2 background indeed produced a mutant 

with transport activity similar to HL76T isoforms such as ChinaB, C, and D (Fig. 16- denoted by 

two askerisks).  
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 Multiple reports suggest that PfCRT may interact with the 8 – amino quinoline 

antimalarial drug PQ [Wendler et al., 2014; Bray et al., 2005; Lehane and Kirk 2010], and very 

recent provocative data from Wendler et al., [2014] suggests a reciprocal relationship between 

CQR status and parasite susceptibility to PQ. Bray and coworkers showed that PQ potentiates the 

activity of CQ vs. some CQR strains [Bray et al., 2005], and recent genome – wide association 

studies by Wendler et al., convincingly demonstrate increased sensitivity to PQ in some CQR 

isolates [Wendler et al., 2014].  However, it is not entirely clear whether this reciprocal 

relationship is due to an ability of PQ to block CQ transport by PfCRT, or to PQ transport by 

PfCRT in some of these strains.  Bray et al., [2005] previously suggested that PQ might block 

CQ transport by PfCRT, and Martin et al. [2009] have also presented some data consistent with 

this hypothesis.  Since the naturally occurring PfCRT mutants (Table 1) show a range of CQ 

transport abilities, I tested whether PQ inhibited PfCRT mediated CQ transport, and also whether 

such an effect might correlate with PQ transport by PfCRT.  

 To illustrate, Fig. 21A vs. Fig. 21B shows that under appropriate conditions PQ potently 

inhibits CQ transport by PfCRT similar to previous observations using intact iRBC harboring 

trophozoite stage P. falciparum parasites [Bray et al., 2005].   
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Figure 21. PfCRT-mediated CQ and PQ transport impairs yeast growth.  Representative 
growth curves of yeast expressing empty vector (black), PfCRT HB3 (black dashes), and PfCRT 
Dd2 (grey) in the presence of A) 16 mM CQ (chemical structure inset), B) 16 mM CQ + 700 µM 
PQ C) 1.8 mM PQ (chemical structure inset).  
 

Fig 21A shows the expected result wherein yeast in the presence of CQ and expressing Dd2 

PfCRT (grey line) grow noticeably slower that those expressing no PfCRT (black line) or wild 

type PfCRT (dotted black) in the presence of the same concentration of CQ, due to increased 
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inward transport of CQ catalyzed by Dd2 PfCRT [Baro et al., 2011, Baro et al., 2013].  In the 

presence of PQ and the same concentration of CQ (Fig. 21B) yeast expressing Dd2 PfCRT (grey 

line, Fig. 21B) now grow noticeably faster, and similar to yeast expressing HB3 PfCRT, 

suggesting that inward yeast CQ transport by Dd2 PfCRT is blocked by PQ.  Fig. 21C shows 

results in the presence of PQ alone, which suggests in addition that PfCRT mediates PQ 

transport, with HB3 PfCRT (dashed black line, Fig. 21C) catalyzing increased transport relative 

to Dd2 PfCRT (grey line).  These data suggest that inhibition of Dd2 PfCRT CQ transport by PQ 

is due to transport competition, and is consistent with the reciprocal relationship between CQR 

status and PQ susceptibility [Wendler et al., 2014].  

 Fig. 22 summarizes the magnitude of PQ – induced growth delay (proportional to PQ 

transport, see [Baro et al., 2013]) for yeast expressing 45 naturally occurring PfCRT isoforms. 
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Figure 22. PQ growth delays conferred by 45 PfCRT isoforms.  Growth delays (the 
difference in hours for growth of PfCRT expressing vs. non-PfCRT expressing (empty vector) 
yeast in the presence of 1.8 mM PQ under PfCRT-inducing conditions (see materials and 
methods)) are expressed relative to Dd2 PfCRT, which confers a delay of 5.1 hours. Error bars 
represent the S.E.M. after analysis of at least 3 yeast clones harboring each PfCRT isoform.  
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I note that some CQS-associated isoforms (HB3, S106/1, GadI, GadII) tend to transport PQ 

better than do CQR-associated PfCRT isoforms. When I plot CQ transport for all PfCRT 

isoforms vs. PQ growth delay (proportional to PQ transport, Fig. 19C vs. 19B) I obtain a scatter 

plot with no discernible correlation (Fig. 23A).  When all CQR-conferring isoforms from all 

geographic regions are inspected (Fig. 23B) there is again no correlation.  I do not find any 

correlation for CQR-conferring PfCRT isoforms from several geographic regions (Fig. 23C, 

23D, 23F).  However, if we consider only isoforms found in Africa (wild type (HB3), S106/1, 

Dd2 (identical to S102/1 from Sudan), FCB (identical to RB8 from South Africa), GB4, and 

GadI through VI) a strong inverse correlation is found (R2 = 0.75) (Fig. 23E). This is the most 

relevant subset of isoforms to compare to Wendler et al., as that study was limited to African 

isolates and the limited sequence information published in that paper indicated that all CQR 

isolates harbored Dd2-like mutations.  Perhaps the unique strong correlation for African PfCRT 

isoforms is due to the relative sparse use of PQ on that continent, relative to other geographic 

regions [Baird and Hoffman, 2004].  
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Figure 23. CQ vs. PQ correlation plots for PfCRT.  Plot of calculated CQ accumulation vs. 
PQ growth delay for the following subgroups of PfCRT isoforms: All 45 PfCRT isoforms 
analyzed in this study (A). CQR isoforms (as defined by CQ transport greater than canonical 
CQS isoform HB3)(B). Isoforms found in strains and isolates from Southeast Asia (C), South 
America (D), Africa (E), PNG and Malaysia (F). Data for wild type (HB3) PfCRT was included 
on all plots as wild type isoforms are found in all geographic regions. Isoforms that have been 
found in parasites from more than one region (e.g. FCB isoform has been found in FCB from 
Thailand as well as in RB8 from South Africa) were included on all applicable plots.  
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 Two recent studies have identified PfCRT isoforms that may be derived from “hybrid” 

haplotypes resulting from intragenic recombination between CQR and CQS parasites within a 

population [Gadalla et al., 2014, Tan et al., 2014]. Some of these isoforms, such as GadIII and 

KT099, harbor only a single CQR-associated mutation in an otherwise wild type background 

(Table 1).  While each of these isoforms were found to transport CQ at levels similar to HB3, 

their PQ transport was found to be substantially mitigated relative to HB3, especially in the case 

of KT099 (Fig. 22, middle).  KT099 harbors mutation N326D only.  Interestingly, other common 

isoforms harboring N326D (e. g. 7G8, ECU, and PNG4) were also found to be poor transporters 

of PQ, providing additional evidence that this mutation tends to reduce PfCRT PQ transport. 

Similarly, GadIII possessed only one mutation relative to HB3 (R371I). This isoform was also 

found to transport PQ with efficiency intermediate to HB3 and Dd2 (Fig. 22).   

 Previously, my colleagues compared PfCRT isoform-mediated CQ transport and cognate 

parasite strain CQ IC50 and found no correlation between these parameters [Baro et al., 2013]. 

Here, I have expanded this analysis to include all PfCRT isoforms for which parasite CQ 

susceptibility data is available, including all strains and all isolates for which susceptibility data 

can be found (Fig. 24).  For isoforms found in strains whose drug susceptibility has been assayed 

by multiple laboratories we have culled data from the literature to calculate an average 

Resistance Factor (RF), defined as the CQ IC50 for the resistant isolate divided by CQ IC50 for 

the CQS control used in the same study. 
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Figure 24. PfCRT isoform growth delay vs. “resistance factor”.  The plot includes unique 
PfCRTs found in strains (grey) and isolates (open) for which CQ IC50 data are available. The 
resistance factor (RF) was determined by dividing CQ IC50 of the strain/isolate of interest by the 
CQ IC50 of the CQS control in each study.  
 

Consistent with our previous results [Baro et al., 2013], I once again do not observe any 

correlation between PfCRT-mediated CQ transport and cognate parasite CQ IC50, further 

indicating that CQ transport by mutant PfCRT is necessary, but not sufficient for conferring the 

full shift in CQ IC50 found in parasite strains and isolates.  Fig. 24 predicts that either additional 

functions of PfCRT (functions other than CQ transport) or additional mutations in other drug 

resistance proteins add with mutant PfCRT CQ transport to confer variable levels of CQR now 

found around the globe.  

3.3 Discussion 

 This study (published 2015) was the first to assess function for dozens of naturally 

occurring PfCRT isoforms.  To our knowledge 42 unique PfCRT isoforms are expressed only in 
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isolates (meaning the parasites harboring these PfCRTs cannot yet be maintained in continuous 

culture, Table 1).  Of these 42, 38 have been found in fewer than 10 isolates. We designate these 

as “rare” PfCRT isoforms and suggest that methods described here provide a fast, inexpensive 

way to assay rare PfCRT contributions to parasite phenotypes.  As variable antimalarial drug use 

policies continue to promote evolution of new P. falciparum isolates around the globe, these 

methods should prove to be increasingly useful in both improved diagnosis and local application 

of new antimalarial therapy.    

 Our previous investigation of the CQ transport mediated by 13 PfCRT isoforms 

expressed in laboratory strains of P. falciparum revealed very strong linear correlation between 

PfCRT-mediated [3H]-CQ uptake and CQ-dependent yeast growth inhibition [Baro et al., 2013]. 

That is, the magnitude of PfCRT-dependent, CQ-induced growth delay for these yeast is a direct 

measure of the efficiency of CQ transport by PfCRT [Baro et al., 2013].  Also in this work, no 

correlation between PfCRT-mediated CQ transport and CQ susceptibility of the cognate P. 

falciparum strain expressing that PfCRT isoform was found [Baro et al., 2013].  This provided 

clear evidence that PfCRT drug transport alone is not necessarily the only cause of shifts in 

malarial parasite CQ IC50. Other genome mutations or other resistance-conferring function(s) of 

PfCRT must also influence parasite CQ susceptibility, a conclusion also consistent with data 

from other studies [Patel et al., 2010; Durrand et al., 2004; Mu et al., 2003].  The results 

presented here (Fig. 16) provide additional strong evidence in support of this model. In contrast, 

another recent study reports good correlation between CQ transport for 6 PfCRT isoforms and 

the CQ IC50 found for the cognate strains expressing those isoforms [Summers et al., 2014].  Our 
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data for these isoforms shows a similar correlation, however, the correlation does not hold when 

included within larger data sets (Fig. 24).   

 Previously my colleagues also provided evidence for a strong ∆Ψ dependency for CQ 

transport by CQR- associated (but not CQS-associated) PfCRT isoforms [Baro et al., 2011; Baro 

et al., 2013; Paguio et al., 2009], suggesting that charged CQ is the favored PfCRT substrate.  

Notably, a quadratic shape of the plot of ∆Ψ vs. transport rate constant for purified PfCRT 

suggested that CQ2+ (not CQ+) is favored [Paguio et al., 2009].  Data in the current paper further 

highlight this ∆Ψ dependence and show that transport measurements done at lower ∆Ψ do not 

necessarily reveal the complete CQ-transport abilities of some PfCRT isoforms. As previously 

discussed [Roepe, 2011] this concept is important when comparing data obtained via oocyte-

expression models [Martin et al., 2009; Summers et al., 2014] vs. these yeast models or vs. 

proteoliposome preparations [Baro et al., 2011; Baro et al., 2013; Paguio et al., 2009; Juge et al., 

2015]. For yeast and proteoliposomes, ∆Ψ can be manipulated to much higher values whereas 

∆Ψ is quite low for oocyte plasma membrane [Roepe, 2011].  This yields substantially higher 

drug transport turnover for PfCRT and further clarifies the role that these isoforms may play in 

CQR phenomena.   

 This concept is also important for assessing which PfCRT isoforms are capable of 

conferring CQR phenotypes in the absence of CQ IC50 data for cognate P. falciparum isolates 

harboring those PfCRTs.  I note that some PfCRT isoforms showing CQ transport that is less 

efficient than that mediated by CQS-associated HB3 PfCRT are perhaps still capable of 

mediating CQR if membrane potential is increased across the DV membrane for those isolates 

(Fig. 18, Fig. 19).  We find that some isoforms designated “CQS-like” based on their CQ 
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transport behavior at low membrane potential (e.g. Cam734, IsoV, J9, KS28) are actually “CQR-

like” when their transport is measured in the presence of higher membrane ∆Ψ.   

 Of all the naturally occurring isoforms of PfCRT, only 5 have been found to harbor a 

mutation that places an aromatic residue at position 144 (Cam734, IsoV, China B, China C, and 

China D). Strikingly, all 5 of these transport CQ less well than HB3 under standard assay 

conditions, yet Cam734 is the only one of the 5 for which host parasite drug susceptibility has 

been measured.  In a field study conducted by Durrand et al., [2004] 8 isolates expressing 

Cam734 PfCRT were catalogued. The CQ IC50 for these isolates ranged from 33.2 (CQS) to 

169.2 nM (moderate CQR).  Further analysis of Cam734 PfCRT in our yeast model revealed that 

under conditions where membrane potential is sufficiently elevated, Cam734 transports CQ at 

levels intermediate to HB3 and Dd2. This behavior could have important implications in terms of 

secondary genetic changes required to confer CQR within a background harboring a Cam734 

PfCRT isoform.  Our data suggest that some isolates studied by Durrand et al., might have low 

DV ∆Ψ (conferring low CQ IC50), whereas others might have higher ∆Ψ (higher CQ IC50).  This 

suggests a detailed investigation of the magnitude of DV membrane ∆Ψ, as well as genetic 

mutations in proteins that could modify DV ∆Ψ in various P. falciparum isolates, is warranted.  

 Multiple isoforms show CQ transport phenotypes that are similar to (or even lower than) 

that of CQS-associated HB3 PfCRT.  One isoform that is clearly CQS-associated, BC7, is 

identical to Dd2 except that it harbors a single amino acid deletion.  The deletion of amino acid 

I327 in BC7 produced the 4th lowest CQ transport phenotype out of all naturally occurring 

PfCRT isoforms I have yet analyzed (China B, C, and D are lower).  One possible explanation 

for this is the likely importance of residue 326 in mediating CQ transport. With the exception of 
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residue 76, residue 326 is the only other PfCRT residue that is mutated in CQR parasites from all 

geographic regions including those of Southeast Asian (N326S), South American (N326S/D), 

and Fillipino (N326D) origin (Jav and GB4 PfCRT are notable exceptions to this trend).  

I assign PfCRTs with HB3-like CQ transport that does not show ∆Ψ dependence (China 

B, China C, China D, BC7, GadI, GadII, GadIII, and Cam738) to two new categories of CQS 

conferring PfCRT isoforms.  One new category of CQS PfCRTs (GadI, GadII, GadIII) was 

recently identified by Sutherland and colleagues and entails single amino acid substitutions 

relative to HB3 (Q10K, D24Y and R371I).  The second category (China B, C, D, BC7 and 

Cam738) is PfCRTs that in multiple regions might otherwise appear to be CQR-conferring.  All 

five of these isoforms harbor the K76T mutation, which until now has been considered 

“diagnostic” for P. falciparum CQR status [Lakshmanan et al., 2005].  The presence of PfCRT 

isoforms harboring K76T that are nonetheless unable to catalyze increased CQ transport relative 

to CQS PfCRT, at both high and low ∆Ψ, suggests that previously CQR-conferring PfCRTs may 

be reverting back to CQS-associated isoforms upon sequential loss or gain of other key PfCRT 

mutations.   I am unable to fully ascertain the complete drug selection history for the region of 

China from which China B, C and D isolates originate, however, I note that isolates BC7 and 

Cam738 originate from Thailand and Cambodia, where CQ use has largely been discontinued.  

Also consistent with this hypothesis, I note that BC7 is identical to Dd2 PfCRT (CQR-

conferring, originating from S.E. Asia) except for a single amino acid deletion at position 327.   

We suggest that additional PfCRT isoforms with sequences nearly identical to Dd2 (up to and 

including K76T mutation) but that have single amino acid deletions or substitutions will be 

found from regions that have discontinued CQ use, and that these may represent CQS-conferring 
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PfCRT revertants.  This observation has obvious important implications for targeted local use of 

quinoline antimalarial drugs.  

Consistent with this idea, although the full PfCRT sequence was not determined, I note 

two recent reports identified several P. falciparum isolates carrying K76T PfCRT isoforms that 

were nonetheless measured to be CQS via CQ susceptibility assays [Goswami et al., 2014; 

Koleala et al., 2015].  Several longitudinal field studies have cited the gradual resurgence of 

CQS parasites, carrying wild type PfCRT (76K), in regions where CQ use has been discontinued 

as evidence for a fitness cost associated with expression of CQR-conferring PfCRT isoforms of 

Asian origin [Laufer et al., 2010; Lewis et al., 2014].  However, other studies have found 

populations of parasites harboring K76T PfCRT that are stable even decades after the withdrawal 

of CQ [Yang et al., 2007]. It has also been suggested that the expression of CQR-conferring 

PfCRT isoforms from South America confer a lesser fitness cost, as after CQ withdrawal these 

isoforms have remained more abundant relative to other CQR parasites [Sa et al., 2009]. There 

are several possible explanations for these apparent contradictions. One is that additional genetic 

mutations in P. falciparum compensate for the expression of CQR-associated mutant PfCRT 

isoforms that confer a more significant fitness cost.  Deep genome sequencing of CQR vs. CQS 

parasite strains and isolates has identified various genes with mutations or altered expression that 

are associated with the presence of mutant PfCRT [e.g. Jiang et al., 2008, Jovel et al., 2014].  It 

is also possible that additional mutations within PfCRT itself may reduce the fitness burden 

associated with some isoforms. For example, Cam734 harbors 4 mutations (A144F, L148I, 

I194T, and T333S) that are not found in canonical S.E.A or South American PfCRT isoforms.  
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 In the study describing identification of BC22 PfCRT [Chaijaroenkul et al., 2010], four 

isolates expressing BC22 PfCRT were found. Single pass quantification of the drug 

susceptibility of these isolates revealed a noticeable reduction in CQ IC50.   This finding led the 

authors to suggest that E198K mutation in BC22 PfCRT may partially counteract the K76T 

mutation by re-introducing a positive charge into the “PfCRT channel.” Our finding that BC22 

mediates reduced CQ transport relative to Dd2 PfCRT is consistent with this hypothesis. A 

similar argument has previously been applied to isoforms bearing the S163R mutation, such as 

Pf164 PfCRT. This mutation was first found in CQR laboratory clones that were further selected 

with halofantrine and amantadine [Johnson et al., 2004].  The additional drug selection yielded 

parasite clones (named K1AM and K1HF) that were resistant to the selecting compounds but that 

were re-sensitized to CQ. Sequencing pfcrt in these lab-derived strains identified S163R 

mutation, leading the authors to describe the clones as second site revertants. However, a recent 

field study reported elevated recrudescence after single or double dose treatment with CQ or AQ 

in parasites harboring the S163R mutation in PfCRT (97% of recrudescent parasites were 163R 

vs. only 36% of parasites pre-treatment; [Ursing et al., 2007]. Our finding that Pf164 PfCRT 

transports CQ at high levels coupled with the results of this field study suggest that genetic 

mutations other than S163R in PfCRT may have played a more dominant role in re-sensitizing 

lab strains K1AM and K1HF to CQ.    

Several recent field studies in SEA have identified isolates expressing PfCRT isoforms 

with the mutational pattern IDT at residues 74-76 [Lim et al., 2003; Durrand, et al., 2004; Mittra 

et al., 2006; Randrianarivelojosia et al., 2006; Yang et al., 2007; Isozumi et al., 2010]. In the 

studies where CQ susceptibility of the isolates was assayed, a correlation between the IDT 
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pattern and reduced CQ IC50 (relative to isolates harboring the canonical SEA haplotype (IET)) 

was observed [Lim et al., 2003; Durrand et al., 2004].  Data in the present paper show a general 

decrease in CQ transport mediated by PfCRTs with the 74-76 IDT patterns of mutations, 

consistent with these previous observations.  

 In conclusion, our group now suggests that partial PfCRT sequence data is insufficient 

for assigning CQR status to P. falciparum isolates. Our data show that PfCRT isoforms 

containing the key K76T mutation often used to assign CQR status actually show a wide range of 

activities, including activities that are only consistent with PfCRT isoforms found in CQS strains 

and isolates.  Ever since the discovery that PfCRT mutations serve as the primary determinant of 

CQR [Fidock et al., 2000], most researchers have envisioned a model in which CQ IC50 values 

are elevated in proportion to the increase in CQ transport conferred by mutations in PfCRT.  

Since archetypal mutant PfCRT isoforms found in CQR isolates and strains have always 

included K76T mutation, monitoring global CQR has relied on testing for the presence of this 

mutation. However, recent findings, including those reported here, point to a model for PfCRT 

mediated CQR that is more complex.  We propose that some newer PfCRT isoforms, and those 

that continue to evolve under changing drug use policies, may contain K76T mutations yet be 

unable to confer CQR. We also suggest that CQR P. falciparum isolates expressing PfCRT 

isoforms that show unusually ∆Ψ dependent CQ transport as we identify here likely carry 

additional genetic mutations that modify DV ∆Ψ. 
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CHAPTER 4. PLASMODIUM FALCIPARUM CHLOROQUINE RESISTANCE TRANSPORTER (PFCRT)  

 
ISOFORMS PH1 AND PH2 PERTURB VACUOLAR PHYSIOLOGY 

 

Previously published in part as: 
Callaghan, P. S., Siriwardana, A., Hassett, M. R., Roepe, P. D. (2016) Plasmodium falciparum 
chloroquine resistance transporter (PfCRT) isoforms PH1 and PH2 perturb vacuolar physiology. 
Malar J. 15, 186. 
 
 

 

 

 

 

 

MH performed quantitative growth rates of yeast and designed and expressed some yeast 

optimized PfCRT isoforms discussed in this chapter 
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4.1 Introduction 

Since the discovery of PfCRT and its role as the primary genetic determinant of cytostatic 

CQR (CQRCC), 53 distinct isoforms of this 424 amino acid protein have been found to be 

expressed in P. falciparum isolates from around the globe [Roepe, 2011; Ecker et al., 2012; Baro 

et al., 2013; Callaghan et al., 2015 (previous chapter, this thesis)]. These isoforms have 

descended from at least five independent “founder events” in four regions (Southeast Asia 

[SEA]), South America [SA; two events], Papua New Guinea [PNG], and the Phillipines) 

[Wooton et al., 2002; Chen et al., 2005)]. The number and pattern of amino acid substitutions 

and the degree of resistance conferred by a given isoform segregate in part (but not completely) 

based on geographic origin.  For example, isoforms from SEA typically harboring 6-8 mutations 

and confer high-level CQR whereas SA isoforms tend to harbor 4-5 mutations and confer more 

moderate levels of CQR [Mehlotra et al., 2008; Sa et al., 2009].  However, even within one 

geographical region, degrees of resistance to different drugs, as well as other isolate 

characteristics can vary considerably.    

 Even after the widespread withdrawal of CQ as an approved treatment against P. 

falciparum malaria, mutant PfCRT isoforms (especially those from SA) have persisted in many 

regions [Sa et al., 2009].  This has been attributed to several factors including: PfCRT’s putative 

role in cross-resistance to other quinolone drugs that are still in widespread use, the continued 

use of CQ to treat P. vivax malaria in these same regions, acquisition of compensatory genetic 

alterations that confer distinct fitness phenotypes, and most recently, the apparent importance of 

certain PfCRT mutations in creating backgrounds in which delayed artemisinin clearance 

phenotypes can develop more readily [Miotto et al., 2015].  A fifth possibility suggested by data 



98 
 

in a previous publication [Callaghan et al., 2015] as well as other recent work [Durrand et al., 

2004; Goswami et al., 2014; Koleala et al., 2015] is that some mutant PfCRT isoforms are 

“revertants” that do not confer CQR and that have arisen upon CQ withdrawal.   

  In 2003, Chen and colleagues reported on a putative CQR founder event in the 

Philippines [Chen et al., 2003].  This study reported the sequences of PfCRT isoforms “PH1” 

and “PH2”, which harbor novel mutations A144T and L160Y. Subsequent microsatellite analysis 

proved that these isoforms were in fact new examples of PfCRT evolved to harbor the key 

mutation K76T within a different genetic background [Chen et al., 2005].  Presence of the K76T 

mutation within PfCRT has until very recently [Callaghan et al., 2015 and references within] 

been considered “diagnostic” for a CQR phenotype, so it is assumed that PH1 and PH2 confer 

CQR.  However, this has not yet been directly tested.   

 PH1 and PH2 PfCRT isoforms are quite scarce in P. falciparum globally and to our 

knowledge have only been found in the Philippines.  However, they are relatively abundant there 

as shown in a recent screen of 70 Filipino isolates wherein 33 harbored PH1 PfCRT (47%) and 

15 harbored PH2 (21%) [Chen et al., 2005].  Single-pass drug susceptibility assay on parasite 

isolates expressing PH1 PfCRT indicated only low-level CQR [Chen et al., 2003].  However, 

drug susceptibility measurements with parasite isolates (as opposed to more well behaved strains 

established in laboratory culture) often show wider variability in computed drug IC50 values.  

Isolates expressing PH2 could not be established in culture long enough for any drug 

susceptibility data to be obtained [Chen et al., 2003].  Thus it remains unclear what drug 

resistance phenotypes are conferred by expression of these PfCRT isoforms.  
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 One possible explanation for why PH1 and PH2 have not been seen in other geographic 

regions is the presence of the L160Y mutation.  Most amino acid substitutions associated with 

other PfCRT isoforms require only a single base change from the wild type coding sequence 

[e.g. for SA isoforms C(tgt)72→S(tct or agt), K(aaa)76→T(aca), A(gcc)144→T(tcc), 

A(gcc)220→S(tcc), N(aac)326 →D(gac), I(ata)356→L(tta)].  However, mutation L160Y in PH1 

and PH2 requires 2 base changes (L(ctt)160 →Y(tat)). This is true even if the parasite first 

acquires silent mutations to create any of the other 5 leucine codons.  The other 2 base mutations 

associated with amino acid substitutions in PfCRT isoforms are those that confer mutations 

A144F (Cam 734) and A144Y (China B, C, D) [Callaghan et al., 2015] and the N75E mutation 

found in Dd2 PfCRT and others from SEA.  The A144 mutations are quite rare [Callaghan et al., 

2015] and it is thought that N75E may have arisen via two single base change steps (first N75D, 

then D75E, each of which requires only one mutation).   

As mentioned, until recently the CQR vs. CQS status of parasite isolates has often been 

designated based on the presence of the key PfCRT K76T mutation alone [Callaghan et al., 2015 

and references within].  In many cases, these designations are made without any companion in 

vitro drug susceptibility measurements.  This may have been sufficient when CQ was being 

widely used and CQ selective pressure was therefore high, but K76T may no longer be a fully 

reliable predictor of CQR [Durrand et al., 2004; Goswami et al., 2013; Koleala et al., 2015; 

Callaghan et al., 2015].  In one recent field study 96% of the isolates sequenced were 76T, but 

only 20% of these demonstrated even moderate resistance to CQ [Koleala et al., 2015]. Clearly, 

it is crucial to monitor the continued evolution of PfCRT protein both to inform our 

understanding of its interaction with currently viable antimalarials and to assess potential re-
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introduction of CQ as a regional treatment (perhaps as a companion drug in geographically 

constrained combination therapy).  Here, we provide an initial investigation of the function of 

PfCRT isoforms PH1 and PH2.   

4.2 Results 

As described in a previous paper [Callaghan et al., 2015], we have developed a fast and 

inexpensive method for assaying CQ transport mediated by PfCRT protein expressed in growing 

yeast that involves quantification of CQ-dependent, PfCRT-conferred delay of yeast growth 

[Baro et al., 2011; Baro et al., 2013; Callaghan et al., 2015]. PfCRT/CQ – dependent growth 

delay is linearly proportional to PfCRT-mediated CQ accumulation [Baro et al., 2011; Baro et 

al., 2013].  Growth delay depends on the expression of PfCRT, the concentration of extracellular 

CQ, and the magnitude of membrane potential across the yeast plasma membrane (PM).  In 

initial work my colleagues found that expression of PfCRT alone, without including CQ in the 

yeast growth medium, conferred no change in growth rate and no other change in easily 

measureable yeast characteristics [Baro et al., 2011; Baro et al., 2013].  However, during our 

most recent screens of all known, naturally occurring PfCRT isoforms [Callaghan et al., 2015] I 

identified 2 PfCRT isoforms, PH1 and PH2 [Chen et al., 2003; Table 7], whose expression 

appears intrinsically toxic to growing yeast (Fig. 25).  Meaning, expression of PfCRT alone, 

without CQ in the growth medium, slows growth of the yeast (e.g. Fig. 25A compare lanes 3, 4 

bottom panel to lanes 3, 4 top).  

 

 

 



101 
 

Table 7. PH1 and PH2 like PfCRT isoforms.  Residues mutated relative to wild type are 
highlighted green. Where multiple CQ IC50 values (nM) were found in the literature, the high 
and low values are reported (Low, High).   

 
 

Origin Clone/ Isolate 72 74 75 76 144 160 166 220 271 273 326 333 356 371 IC50 (nM) Reference
Honduras HB3 C M N K A L I A Q H N T I R 12.3, 33.9 Yuan, Mu
Thailand Dd2 C I E T A L I S E H S T T I 48, 404 Chai, Mu
Ghana 7G8 S M N T A L I S Q H D T L R 34, 220 Chen, Mu
Phillipines PH1 C M N T T Y I A Q H D T I R 30.4 Chen
Phillipines PH2 S M N T T Y I A Q H D T I R N.D. Chen
Malaysia KK005 S M N T A L I S Q H D A L R N.D. Tan
Malaysia KT052 C M N K T Y V A Q H N T I R N.D. Tan
Malaysia KT097 C M N K T Y V A Q N N T I R N.D. Tan
Malaysia KT094 S M N T H P I A Q N N T I R N.D. Tan
Malaysia KT072 S M N T T Y V A Q H N T I R N.D. Tan
Malaysia KT055 S M N T T Y V A Q N N T I R N.D. Tan
Malaysia KT066 S M N T T Y V A Q H D T I R N.D. Tan
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Figure 25. PH1 and PH2 expression is toxic to yeast.  A) Colony formation assay in which 
cells were plated on non-inducing media (SD/-URA, top) or inducing media (SGR/-URA, 
bottom). Expression of PH1 and PH2 PfCRT causes slowed growth in yeast in the absence of 
drug. B) Intrinsic growth delay calculated by taking the difference in time needed to reach 
maximal growth rate in inducing vs. non-inducing media. Results reported relative to control 
yeast expressing HB3 PfCRT.  
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Figure 26. Expression of PH1 and PH2 in the presence of CQ produces a lethal phenotype.  
A) Non-induced yeast harboring PH1 (black) and PH2 (grey) show no growth defects in the 
absence of CQ.  Expression of PH1 (dashed black) and PH2 (dashed grey) slows growth of yeast 
in the absence of CQ.  B) ) Non-induced yeast harboring PH1 (black) and PH2 (grey) still  show 
no growth defects in the presence of 16 mM of CQ, while those expressing PH1 (dashed black) 
and PH2 (dashed grey) PfCRT show a lethal phenotype. 
 
Fig 25B quantifies growth delay in the absence of CQ vs. strains expressing HB3 and Dd2 

PfCRT, as measured previously [Baro et al., 2013; Callaghan et al., 2015].  Quantitative growth 

rates in liquid media show the intrinsic delay between yeast in non-induced (CRT not expressed) 

and induced (CRT expressed) media harboring PH1 and PH2 PfCRT isoforms (Fig. 26A).  

Addition of 16 mM CQ to the external media produced a lethal phenotype only in yeast 

expressing PH1 and PH2 PfCRT (Fig. 26B).  Altered levels of PH1 and PH2 PfCRT expression 

in these yeast, relative to other PfCRT isoforms, does not explain this intrinsic toxicity, since 

expression of these is approximately equal to that of well studied PfCRT isoforms. These results 

confounded our initial attempts to quantify CQ transport catalyzed by PH1 and PH2, since our 

methods rely on the premise that PfCRT alone has no effect [Baro et al., 2011].  PfCRT 

expressed in these yeast is localized primarily to the plasma membrane (PM) with low levels of 

expression at other endogenous internal membranes, principally the yeast vacuolar membrane 

[Baro et al., 2011]. To determine whether PH1 and PH2 PfCRT exert their toxicity via PM 
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effects we created chimeras wherein PH1 and PH2 were fused to the N-terminal leader sequence 

from the yeast plasma membrane H+-ATPase (PMA) (Fig. 27).  

 

Figure 27. Cartoon schematic of PfCRT-vh and PMA-PfCRT-vh ORFs.  A) Coding region 
for 424 amino acids of PfCRT (grey), 21 amino acid V5 epitope (horizontal bars) and 6His tag 
(black). B) 50 N-terminal amino acids of PH1 and PH2 PfCRT were replaced with the 111 
amino acid N-terminal leader sequence from yeast plasma membrane H+-ATPase (PMA, white).  
 
 
 Previous work demonstrated that such PMA-PfCRT fusion proteins remain functional 

and are localized more exclusively to the yeast plasma membrane [Baro et al., 2011]. I find that 

the chimeras are expressed to similar levels, relative to unmodified PfCRT isoforms (Fig. 28).  

Also, analysis of yeast expressing these PH1- and PH2-PMA chimeras revealed significant 

mitigation of PH1 and PH2 PfCRT toxicity upon directed expression at the yeast PM (Fig. 25), 

indicating that the unmodified proteins likely exert their toxicity via disrupting function of the 

yeast vacuolar membrane.   
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Figure 28. V5 western blot quantifying PfCRT expression.  Blots show approximately equal 
expression of indicated PfCRT and PMA-PfCRT isoforms in BY4741 (3 µg yeast membranes, 
top) and CH1305 (7 µg yeast membranes, bottom) yeast.  
 
Previously, our laboratory found that certain CQR-associated PfCRT isoforms perturb parasite 

DV physiology by decreasing DV pH and increasing DV volume [Bennett et al., 2004a; 

Gligorijevic et al., 2006]. These effects are likely to due to perturbations in endogenous DV 

osmolyte traffic upon mutation of PfCRT [Gligorijevic et al., 2006; Lewis et al., 2014].  I 

therefore suspected that the source of PH1 and PH2 PfCRT toxicity could be linked to some 

perturbation of yeast vacuolar physiology caused by the small amounts of PfCRT expressed at 

the yeast vacuole membrane. To investigate this possibility, I first expressed isoforms PH1 and 
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PH2 in yeast lacking subunit 1 of the vacuolar membrane H+-ATPase (BY4741/Δvma1).  

Interestingly, I found that PH1 and PH2 induction is lethal in a Δvma1 yeast background and that 

lethality could be reversed by targeting expression to the yeast PM (Fig. 29, right panels; 

compare PH1 vs. PMAPH1 and PH2 vs. PMAPH2). I observed the same lethal phenotype as 

well as mitigation of lethality upon expression of the PMAPH1 or PMAPH2 PfCRT chimeras in 

7 additional vma subunit knockouts (see methods and Table 8).  These data suggest that low 

levels of PH1 and PH2 PfCRT vacuolar localization seriously impair residual vma function for 

the Δvma strains. 

 

Figure 29. Colony formation assays for BY4741 and Δvma yeast.  Yeast expressing indicated 
PfCRT isoform or empty vector (EV) are noted. Top panels show equal growth in non-inducing 
media. Bottom left (BY4741, inducing media) shows intrinsic toxicity of PH1 and PH2 
expression in BY4741 parental strain. Bottom right (BY4741/Δvma1, inducing media) shows 
conditional lethality of PH1 and PH2 expression in BY4741 yeast lacking vma.  
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Table 8. Vma subunit knockout strains used in this study.  Similar to results for the vma1 
strain (see text) PH1 and PH2 expression was found to be synthetically lethal in each yeast strain 
lacking the designated subunit of yeast vacuolar (H+)-ATPase. 
Systematic		 Standard		 Description		

YDL185W		 VMA1		 Subunit	A	of	the	V1	peripheral	membrane	domain	of	the	vacuolar	H+-

ATPase		

YBR127C		 VMA2		 Subunit	B	of	V1	peripheral	membrane	domain	of	the	vacuolar	H+-

ATPase		

YEL027W		 VMA3		 Proteolipid	subunit	c	of	the	V0	domain	of	the	vacuolar	H+-ATPase		

YOR332W		 VMA4		 Subunit	E	of	the	V1	peripheral	membrane	domain	of	the	vacuolar	H+-

ATPase		

YKL080W		 VMA5		 Subunit	C	of	the	V1	peripheral	membrane	domain	of	vacuolar	H+-

ATPase		

YLR447C		 VMA6		 Subunit	d	of	the	V0	integral	membrane	domain	of	V-ATPase		

YGR020C		 VMA7		 Subunit	F	of	the	V1	peripheral	membrane	domain	of	vacuolar	H+-

ATPase		

YEL051W		 VMA8		 Subunit	D	of	the	V1	peripheral	membrane	domain	of	vacuolar	H+-

ATPase		

 
 To test this further, I recalled that yeast lacking vma subunits exhibit a well characterized 

“vma phenotype” resulting from impaired vacuolar acidification.   This is typically defined by 

alkaline vacuolar pH and hypersensitivity to Ca2+ (measured as impaired growth in the presence 

of 50 mM CaCl2) [Beyenbach et al., 2006; Kane et al., 2007; Orij et al., 2011]. Alkaline vacuolar 

pH is an obvious consequence of impaired vma function, and a properly acidified vacuole is 

required to energize the sequestration of high (cytosolically toxic) levels of free Ca2+. To 

determine if PH1 and PH2 expression results in an alkalinized yeast vacuole my colleague Paul 

Callaghan utilized the probe BCECF-AM to measure vacuolar pH for BY4741 yeast expressing 
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PH1 and PH2 PfCRT (Fig. 30). My colleague found that PH1 and PH2 expression produces an 

alkaline vacuolar pH relative to wild type yeast (transformed with an empty vector) as well as 

yeast expressing canonical CQS (isoform HB3) and CQR (isoform Dd2) -associated PfCRTs 

(Fig. 30). Once again, expression of PMA-fusion PH1 and PH2 attenuated the phenotype caused 

by expression of the unmodified PH1 and PH2 PfCRTs (Fig. 27).   

 
Figure 30. Yeast vacuolar pH.  Vacuole pH measured with BCECF-AM as described in 
methods for BY4741 yeast expressing indicated PfCRT isoform or empty vector. * indicates p 
value < 0.05 vs. empty vector.  
 
 
When both BY4741 and BY4741/Δvma1 yeast are transfected with empty vector and growth is 

compared in the presence vs. absence of 50 mM added Ca2+ (Fig. 31A vs. 31B, black vs. dashed 
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lines respectively) Δvma Ca2+ hypersensitivity is readily apparent (compare dashed vs. solid line 

Fig. 31B vs. 31A). Similarly, yeast expressing PH1 PfCRT (Fig. 31) and PH2 (not shown) 

showed increased Ca2+ sensitivity (compare dashed vs. solid line, Fig. 31C). As expected, these 

sensitivities were again reversed by targeting PH1 and PH2 PfCRT localization to the PM (Fig. 

31D).   

 
Figure 31. CaCl2 inhibits growth of Δvma1 and PH1 expressing yeast.  BY4741/EV (A), 
Δvma1/EV (B), BY4741/PH1 (C), BY4741/PMAPH1 (D) yeast growth in the presence of 0 mM 
(black trace) or 50 mM CaCl2 (dashed trace).  
 
 PH1 PfCRT harbors only 4 mutations relative to wild type (HB3 sequence, Table 7) and 

2 of these (A144T and L160Y) are not found in other isoforms (Table 7; [Callaghan et al., 2015). 

To determine the relative contribution of individual PH1 mutations to the intrinsic growth delay 

phenotype we generated a systematic set of site-directed mutants representing every combination 
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of the 4 amino acid substitutions that distinguish PH1 from HB3 (K76T, A144T, L160Y, 

N326D). Interestingly, our results indicate that the presence of the L160Y substitution, along 

with any one of the other amino acid substitutions, is required for PH1 toxicity (Fig. 32).  Any 

substitution alone, or any other combination not involving L160Y, does not cause toxicity.    

Mutation A144T in Dd2 expressed in yeast produced a lethal phenotype in the absence of CQ 

(Fig. 33). 

 

Figure 32. Intrinsic growth delays conferred by PfCRT isoforms with partial PH1 
mutations.  Mutation key: A = K76T, B = A144T, C = L160Y, D = N326D. Growth delays 
reported relative to control yeast expressing HB3 PfCRT.  
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Figure 33.  Effects of mutation A144T on growth.  A) HB3 (grey), HB3 A144T (dashed grey), 
and Dd2 (black) show no delays in growth in the absence of CQ.  PH1 (dotted black) shows a 
moderate growth delay and Dd2 A144T (dashed black) shows a lethal phenotype when 
expressed in yeast in the absence of CQ.  B) Yeast growth in the presence of 16 mM CQ.  HB3 
A144T shows similar growth to parent HB3.  PH1 and Dd2 A144T show lethal phenotypes.  
This suggests that other mutations relative to WT PfCRT are needed for A144T to exert its toxic 
effect. 
 
 A very recent field study carried out in Sabah, Malaysia identified 13 new PfCRT 

isoforms, with 6 harboring unique mutations A144T, L160Y, or L160P (Table 7) [Tan et al., 

2015]. Due to the similarities to PH1 and PH2 isoforms I screened these isoforms and found that 

the 6 carrying unique mutations are also toxic to yeast, with isoform KT094 (L160P mutation; 

Table 7), conferring the highest toxicity I have yet measured (Fig. 34). Interestingly, none of the 

13 PfCRTs found in the isolates sequenced in this study [Tan et al., 2015] were found to harbor a 

PH1 or PH2 PfCRT sequence. Each of these new isoforms lacks one or more of the mutations 

contained in isoform PH2, and/or had acquired additional mutations (e.g. I166V and/or H273N; 

Table 7). Isoforms KT072 and KT055, which differ from PH2 with respect to a back-mutation 

towards wild type at position 326 (D326N) together with additional mutations I166V and H273N 

(KT072 only) conferred intrinsic growth delays that were slightly less than that conferred by 

PH2 (Fig. 34).  
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Figure 34.  Intrinsic growth delay of yeast expressing indicated isoforms.  I have previously 
used our galactose-inducible PfCRT expression system to measure PfCRT-mediated CQ 
transport, which has obvious significance with respect to parasite drug resistance. But as 
mentioned above the intrinsic toxicity of PH1 and PH2 in yeast would not allow unbiased 
measurement of a CQ transport phenotype.  Therefore, I measured growth delay for PMAPH1 
and PMAPH2 chimera – expressing yeast in the presence vs. absence of CQ (Fig. 31) in order to 
calculate the transport of CQ mediated by these isoforms [Baro et al., 2013].  CQ transport was 
found to be between that catalyzed by CQR isoform 7G8 and CQR isoform Dd2 (Fig. 35).   
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Figure 35. PMA-PH1 and PMA-PH2 mediated CQ transport.  PfCRT induced growth delay 
in the presence of 16 mM CQ and calculated CQ transport catalyzed by PMA chimeras, vs. 
previously measured transport for Dd2 and 7G8 PfCRT.  Growth delays for PMA-PH1 and 
PMA-PH2 were measured as in [Baro et al., 2013] and converted to CQ transport using 
previously generated calibration curves [Baro et al., 2013]. 
 
 To further test these conclusions my colleague Amila Siriwardana examined parasite 

lines C8PH1 and C10PH2 which are gene edited derivatives of P. falciparum strain GC03 

expressing PH1 and PH2 PfCRT recently created in the Fidock laboratory and which are 

reported on in more detail elsewhere [Petersen et al., 2015]. Consistent with our estimate of CQ 

transport by PH1 and PH2 (Fig. 35) the gene edited strains show intermediate levels of CQR 
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[Peterson et al., 2015].  I was interested to know if dysregulation of yeast vacuolar physiology by 

PH1 and PH2 PfCRT predicted any changes in P. falciparum DV physiology for transfectants 

expressing these isoforms.  Although the precise endogenous function of PfCRT remains 

unknown, hypotheses include ion, amino acid, glutathione and peptide transport from the DV 

[Zhang et al., 2004; Roepe, 2011; Patzewitz et al., 2013; Lewis et al., 2014; Juge et al., 2015].  

Expression of CQS vs. CQR isoforms of PfCRT have been shown to have different effects on 

DV pH, DV volume, and the accumulation of peptide fragments upon Hb proteolysis in some 

studies [Cooper et al., 2002; Bennett et al., 2004a; Gliorijevic et al., 2006; Lewis et al., 2014]. 

Using our previously published methods involving dextran-nerf exclusively entrapped within the 

DV [Bennett et al., 2004a; Gligorijevic et al., 2006] my colleague Amila Siriwardana measured 

DV pH and DV volume of PH1 and PH2 gene edited strains to determine if these isoforms affect 

DV physiology in a manner distinct from control gene edited strains C2GC03 and C4Dd2, which 

harbor wild type and SEA CQR-conferring PfCRT isoforms, respectively. Interestingly, although 

in our hands other transfectants expressing CQR PfCRT isoforms Dd2 and 7G8 were previously 

found to have more acidic DV pH [Bennett et al., 2004a] my colleague observe mild, but 

statistically significant alkalinization of DV pH for transfectant strains expressing PH1 and PH2 

PfCRT (Table 9). Also in contrast to strains expressing other CQR associated (Dd2 and 7G8) 

PfCRTs, my colleague finds that DV volume is slightly smaller than DV volume for control 

transfectants expressing CQS-associated (HB3) PfCRT (Table 9).   
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Table 9. Digestive vacuole volume and pH of transfected parasite lines.  Values represent the 
average of three independent experiments per line.  

Parasite	Line	 PfCRT	Isoform	 DV	Vol.	(um^3)	 SEM	 DV	pH	 SEM	
GCO3C2	 HB3	 2.03	 0.10	 5.75	 0.01	
GCO3C4	 Dd2	 2.80	 0.11	 5.31	 0.02	
GCO3C8	 PH1	 1.61	 0.04	 5.84	 0.04	
GCO3C10	 PH2	 1.74	 0.03	 5.81	 0.03	

 

4.3 Discussion 

In related work I have helped to measure CQ transport for 45 of the 53 naturally 

occurring isoforms of PfCRT [Baro et al., 2013; Callaghan et al., 2015] and have found a wide 

range of activities that predict a range of CQ sensitivities for P. falciparum isolates expressing 

these isoforms.  Our analysis also shows that PfCRT drug transport activity does not correlate 

with levels of CQR found in the cognate strain or isolate, and that some PfCRT isoforms that via 

sequence analysis are predicted to confer CQR do not catalyze heightened CQ transport and are 

thus unlikely to confer CQR.  In this previous work our transport assays measure the growth 

inhibitory effect of external CQ plus PfCRT expressed at the plasma membrane of yeast.  In all 

of these previous experiments neither external CQ alone (at levels used in our analysis) or 

PfCRT expression alone conferred any change in yeast growth.  The expressed PfCRT transports 

toxic CQ into the yeast cell and, thereby, slows yeast growth [Baro et al., 2011; Baro et al., 

2013].  

In this work I now find that the 8 isoforms of PfCRT that harbor an unusual mutation at 

residue 160 (two from Philippines, 6 from Malaysia) are intrinsically toxic to yeast, since they 

slow growth when expressed, even in the absence of CQ.  CQ transport could not be easily 

quantified for the interesting PH1 or PH2 PfCRT isoforms in their unmodified form.  However, I 



116 
 

was able to quantify the CQ growth delay conferred by PMAPH1 and PMAPH2 chimeras (Fig. 

35). I found that these isoforms transport CQ with an efficiency that is intermediate to transport 

found previously for CQR isoforms 7G8 and Dd2. This is consistent with previous CQ transport 

results for these same isoforms expressed in oocytes [Summers et al., 2014] and with initial 

measurement of the levels of CQR conferred by these isoforms in P. falciparum transfectants 

[Peterson et al., 2015]. I suggest that the intrinsic yeast toxicity of these isoforms is the result of 

an alteration or dysregulation of the yet incompletely described endogenous function of PfCRT, 

upon mutation to PH1 or PH2.  

Further experiments indicated that targeted expression of PH1 and PH2 PfCRT to the 

yeast plasma membrane substantially reduced the toxicity of these isoforms (Fig 25, 29). This 

suggests that the bulk of PH1 and PH2 PfCRT toxicity is levied from a different localization.  

Given that PfCRT is being over-expressed in this yeast model system and that the vacuolar 

membrane is the second most abundant membrane in which PfCRT inserts [Baro et al., 2011], I 

suspected that PH1 and PH2 PfCRT within the vacuolar membrane caused the intrinsically toxic 

phenotype. The lethality of PH1 and PH2 expression in Δvma yeast provided additional evidence 

for this hypothesis, as did observed elevated yeast vacuolar pH and increased yeast sensitivity to 

Ca2+ (hallmarks of a dysregulated yeast vacuole), all of which were then reversed for the 

PMAPH1 or PMAPH2 chimeras. Our analysis of a systematic set of artificial mutants harboring 

every combination of PH1 mutations indicates that mutation at L160 (observed only in these 8 

out of 53 isoforms) is obligate for conferring the intrinsic growth delay. Interestingly however, 

mutation L160Y has a very small effect on PfCRT function when present alone and only creates 

an intrinsically toxic PfCRT when paired with any one of the other three PH1 mutations (Fig. 
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34).  Our analysis of isoform KT094 provides additional evidence pointing to the unique 

importance of residue 160. KT094 harbors a L160P mutation and a wild type 144A and confers 

the largest growth delay of any of the natural isoforms yet examined.  

Field studies measuring the prevalence of wild type vs. CQR-conferring PfCRT isoforms 

have found that in some areas where CQ pressure has been removed, the percentage of parasites 

harboring wild type PfCRT has increased relative to parasites harboring old world CQR-

associated isoforms (e.g. Dd2 and FCB isoforms of SEA origin), but not relative to new world 

CQR isoforms (e.g. 7G8 and PNG4 from SA and PNG, respectively) [Sa et al., 2009; Wang et 

al., 2005; Mwai et al., 2009; Laufer et al., 2010]. This phenomenon has been cited as evidence 

for a fitness cost associated with isoforms with amino acid residue 72-76 sequence = CVIET, but 

not = SVMNT (Table 7, [Callaghan et al., 2015]). The gradual spread of SVMNT isoforms in 

and across SEA over the past 20 years provides additional evidence in support of this hypothesis. 

PH1 and PH2 isoforms represent a unique case in that they indeed more closely resemble new 

world isoforms, but nonetheless have not yet spread geographically, having been found only in 

the Philippines.  In fact, several field studies in Cambodia, Vietnam, and China have been 

devoted to the search for mutations A144T and L160Y. While these studies have led to the 

discovery of several new isoforms with novel mutations at residue 144 (A144F, A144Y), no 

isoforms harboring mutations at residue 160 have been found in these studies [Durrand et al., 

2004; Yang et al., 2007; Isozumi et al., 2010]. Interestingly, a very recent field study from 

Sabah, Malaysia, which shares a maritime border with the Philippines, reported the isolation of 6 

parasites expressing PfCRT isoforms with mutations to residue 160 (Table 7, [Tan et al., 2014]). 

However, none of these isoforms is an exact match to PH1 or PH2 PfCRT. In our hands, two of 
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these isoforms (KT055 and KT072) conferred less yeast toxicity relative to PH2 PfCRT from 

which they are probably derived. This may provide additional evidence that PH1 and PH2 

PfCRT-bearing parasites are less stable or cannot thrive outside Filipino drug use practices 

without the acquisition of compensatory mutations (e.g. I166V and H273N). It is worth noting 

that these putative compensatory mutations are also present in PfCRT orthologues from other 

malaria species for which no link between PfCRT mutation and CQR has yet been established. 

Mutation I166V is found in wild type P. chabaudi and P. yoelli PfCRTs and mutation H273N is 

found for PfCRT expressed in P. vivax and P. knowlesi. It is possible that these residues are 

required for endogenous physiological PfCRT function in other species.  

Our results from transfected P. falciparum lines harboring PH1 and PH2 PfCRT reveal 

that expression of these isoforms reduces DV volume for mid stage trophozoites (Table 9). In 

contrast, previous studies have shown that P. falciparum transfected lines expressing Dd2 PfCRT 

have increased DV volume [Gligorejevic et al., 2006] and analysis of PfCRT homologue TgCRT 

from Toxoplasma gondii demonstrated that reduced TgCRT expression yielded an increase in the 

volume of the parasite’s VAC (an internal acidic organelle similar to the DV) [Warring et al., 

2014]. It has been suggested that the increased volume phenotype in these examples is indicative 

of impaired or reduced normal physiological function of the PfCRT resulting from either 8 

amino acid substitutions required for CQR (Dd2) or decreased levels of TgCRT. In theory, the 

reduced transport of PfCRT’s physiological substrate (possibly Hb derived peptides [Lewis et 

al., 2014]) could result in substrate accumulation within the DV and a concomitant increase in 

DV volume.  
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By the same reasoning, up-regulated transport function exhibited by PH1 and PH2 

PfCRT could reduce internal PfCRT substrate concentration relative to wild type such that DV 

volume would then decrease. Consistent with this hypothesis, bioinformatic analysis of PfCRT 

homologues places mutations A144T and L160Y at sites predicted to be important for 

translocation and binding of substrate, respectively [Martin & Kirk, 2004]. Further studies are 

required to test this idea by determining if PH1 and PH2 isoforms alter the peptide accumulation 

phenotype associated with Dd2 PfCRT [Lewis et al., 2014]. However, our data showing yeast 

alkaline vacuolar pH due to PH1 and PH2 predicts that Hb – derived peptides are unlikely to be 

the only substrate for PfCRT, since these do not exist in the yeast vacuole. I note that the results 

of Lewis et al. [2014] actually do not require that PfCRT transport peptides at all.  Alternatively, 

since the proteases that cleave Hb to create these peptides are highly pH dependent, altered DV 

pH could also produce the results seen by Lewis et al. [2014]. Some other explanation for 

elevated yeast vacuolar pH by PH1 and PH2 must be relevant. Presumably alterations in yeast 

vacuole pH by PH1 and PH2 PfCRT are due to altered ion transport as proposed for mutant 

PfCRT [Zhang et al., 2002; Gligorijevic et al., 2006; Lehane & Kirk, 2008; Juge et al., 2015], 

possibly increased outward movement of H+ relative to HB3 and Dd2 PfCRT.  

In any case, even though acidic DV pH and larger DV volume have been found for some 

CQR strains expressing mutant PfCRT isoforms [Bennett et al., 2004a; Gligorijevic et al., 2006], 

these results suggest that lower DV pH and larger DV volume are not obligate for a CQR 

phenotype.  As previously suggested then [Zhang et al., 2004] these physiologic perturbations of 

DV pH and volume likely add together with CQ transport catalyzed by PfCRT to further elevate 

levels of CQR.  Lower DV pH could indeed promote CQR by leading to aggregation of the CQ 
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target (free DV heme) as previously suggested [Ursos et al., 2001], and elevated DV pH would 

be predicted to add to CQR by lowering DV concentrations of CQ via the predictions of weak 

base partitioning [Ursos & Roepe 2002].  More work defining the magnitude of these 

physiological changes in other transfectants expressing other PfCRT isoforms, and in calibrating 

the contribution that they make to CQR, is needed to test this theory.    

In sum, upon expression of certain CQR-conferring PfCRT mutants (e.g. Dd2, 7G8) P. 

falciparum show decreased DV pH and increased DV volume, presumably due to impaired 

osmolyte traffic [Gligorijevic et al., 2006].  Upon expression of others (e.g. PH1 and PH2), the 

DV is alkaline and smaller, perhaps because of increased PfCRT activity relative to wild type.  

This is consistent with ion coupled small molecule transport by PfCRT as proposed [Zhang et 

al., 2002; Zhang et al., 2004; Juge et al., 2015].  
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5.1 Introduction 

 Plasmodium vivax is a major global health burden. While CQR developed within 

Plasmodium falciparum beginning in the late 1960s, P. vivax CQR (PvCQR) was first 

documented in 1989 in Papua New Guinea [Rieckmann et al., 1989].  CQR is well understood in 

P. falciparum, however the determinant of PvCQR still remains a mystery.  Over two billion 

people live in areas affected by P. vivax and millions are infected annually. CQ is still considered 

an effective therapy for individuals who have P. vivax infections in some parts of the world.   If 

CQ therapy for P. vivax infections is to be continued, it is essential to determine the cause of 

PvCQR.  

 Both P. vivax and P. falciparum encode a 424 amino acid, polytopic membrane protein 

that localize to their respective parasite DV.  This protein, named CRT in P. falciparum, was 

determined to have a major role in CQR [Fidock et al., 2000].  The P. vivax PfCRT orthologue 

was identified in 2001, and the two proteins are 73% identical [Nomura et al., 2001].  While the 

endogenous function of PfCRT remains undefined, it is hypothesized to transport small 

molecules or ions across the DV membrane [Zhang et al., 2002; Zhang et al., 2004; Martin et al., 

2004; Gligorijevic et al. 2006].  Despite the structural similarity between PvCRT and PfCRT, 

there has been considerably less analysis of drug transport via PvCRT.  Recent results have 

shown that increased transport of CQ due to mutant PfCRT is necessary, but not sufficient for 

cytostatic resistance in P. falciparum isolates [Baro et al., 2013].  It is imperative to examine 

whether a similar phenomenon is relevant for PvCRTs role in PvCQR.  

 There has been much debate over the role that PvCRT plays in PvCQR.  Part of the 

uncertainty lies in the lack of isolates sequenced for PvCRT.  To my knowledge, there have only 
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been 8 unique PvCRT isoforms identified [Nomura et al., 2001; Orjuela-Sanchez et al., 2009; 

Suwanarusk et al., 2007].  Four of these; CQS3, CQS8, CQR1, and CQR3 were only identified 

in a single study from Brazil [Orjuela-Sanchez et al., 2009].  Complications arise when the same 

isoform has been identified in different locations in both a CQS and CQR characterized isolate 

[Orjuela-Sanchez et al., 2009; Suwanarusk et al., 2007].  Additionally, some studies see cases of 

CQR, but no mutations in PvCRT [Barnadas et al., 2008].  Therefore, it is not unusual that there 

has been conflicting evidence to whether PvCRT plays a role in CQ drug resistance [Melo et al., 

2014; Fernández-Becerra et al., 2009; Barnadas et al., 2008; Orjuela-Sanchez et al., 2009].  It 

was also surprising to see that contrary to PfCRT, which is typically characterized by multiple 

mutations, every PvCRT isoform except Chesson and CQR1 showed just single amino acid 

substitutions in unique amino acid positions [Nomura et al., 2001; Orjuela-Sanchez et al., 2009].  

One of the most common PvCRT isoforms, K10, has a lysine insertion at position 10, which is 

another phenomenon not seen in PfCRT.  If PvCRT mutations are linked to P. vivax CQR, these 

observations are surprising because P. vivax CQR has taken (is taking) longer to evolve around 

the globe, relative to P. falciparum CQR, yet statistically speaking single amino acid 

substitutions in proteins (PvCRT) are expected to evolve much faster than complex patterns of 

multiple amino acid substitutions in the same protein (CQR associated PfCRT isoforms). 

 However, there is also evidence from two separate studies that show wild type PvCRT 

transports CQ more effectively than even CQR PfCRT isoforms.  Obviously, this phenomenon 

must to be due to the deviation in amino acid sequences between the two orthologues.  As 

previously mentioned, the two proteins are 73% identical and 85% similar.  Most of the 

deviation comes in the first 60 amino acids, which is primarily before the transmembrane domain 
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is theorized to begin.  This section in PfCRT has been shown to have no impact on PfCRT-CQ 

interaction, so it is unlikely that differences in this stretch of amino acids accounts for the 

differences in CQ transport [Lekostaj et al., 2008].  The first indication of increased CQ transport 

by PvCRT came from an increased IC50 of a P. falciparum strain expressing a CQS PvCRT 

isoform [Sá et al., 2006].  In another study, a side-by-side analysis of CQ transport by CRT in 

yeast also identified increased CQ transport mediated by wild type PvCRT when compared to 

CQR PfCRT isoform Dd2 [Baro et al., 2011].  

 The difficulty in this endeavor lies in culturing P. vivax.  Without a fresh supply of 

reticulocytes, tissue culturing is not feasible [Golenda et al., 1997].  Therefore, rapid and more 

reliable methods are needed to effectively analyze PvCRT function.  Using a previously designed 

galactose inducible CRT expression system, I monitored ambient growth of S. cerevisiae yeast 

expressing PvCRT at the plasma membrane, +/- external CQ [Baro et al., 2013].  Previous 

results with yeast expressing PfCRT have shown that decreased rates of yeast growth in the 

presence of external CQ are linearly correlated with [3H]-CQ transport [Baro et al., 2013].  I find 

that elevated transport of CQ by specific PvCRT isoforms is a possible explanation for P. vivax 

CQR in some isolates [Nomura et al., 2001; Orjuela-Sanchez, et al., 2009]. 

5.2 Results 

 Previously, my colleagues have expressed “yeast-optimized” versions of PfCRT in S. 

cerevisiae yeast [Baro et al., 2011; Baro et al., 2013; Callaghan et al., 2015].  Expression of 

PvCRT in S. cerevisiae is an easier task than PfCRT.  The P. falciparum genome is 81% AT, 

while P. vivax is only 58%.  The AT content is slightly reduced in CRT: at 72% AT for PfCRT 

and 54% for PvCRT.  Therefore optimization to create a “yeast-optimized” PvCRT is not 
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necessary because of similarity to the yeast codon usage.  Previously, my colleague Nicholas 

Baro used native pvcrt cDNA to express wild type PvCRT in yeast [Baro et al., 2011].  Here, I 

endeavored to create yeast-expressed versions of the other 7 isoforms not examined in the 

aforementioned study.  CQR isoforms (CL002, CQR1, and CQR3), CQS isoforms (Sal-I (WT), 

CQS3, CQS8, and Chesson), and isoform K10 (identified as both CQS and CQR) were 

expressed in S. cerevisiae [Nomura et al., 2001; Orjuela-Sanchez et al., 2009; Suwanarusk et al., 

2007].  Expression of each isoform was uniform (Fig. 36), and levels of PvCRT protein found in 

yeast crude membranes were comparable to that of PfCRT isoforms (CQS isoform HB3 was 

used as an internal control, which has been shown to express to the same level as the other 

PfCRT isoforms) [Baro et al., 2013; Callaghan et al., 2015]. 

 
Figure 36. V5 western blot showing equal expression of PvCRT isoforms.  Similar levels of 
protein are found for each CRT isoform expressed in S. cerevisiae. 7 µg of total membrane 
protein form S. cerevisiae are in each lane.  PfCRTHB3 was used as an internal control 
 
 
 To first probe whether the other isoforms of PvCRT transport CQ, yeast expressing 

PvCRT isoforms was plated on solid agar with external CQ at various concentrations in non-

inducing and inducing conditions.  The colony formation assay has been shown to be a 

qualitative way to differentiate between CQS and CQR PfCRT isoforms [Baro et al., 2011; Baro 

et al., 2013].  Under inducing conditions (where CRT is not expressed), all isoforms grow 

similarly regardless of CQ concentration (Fig. 37, left).  However, similar to results with 
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PfCRTs, under inducing conditions (where CRT is being expressed) increasing amounts of CQ 

progressively inhibit colony formations of yeast expressing CRT.  Strains expressing the empty 

vector control do not show this effect.  At just 3 mM external CQ, there is already a clear 

distinction between yeast expressing PvCRT isoforms and yeast expressing PfCRT isoforms.  

This indicated that most of the PvCRT isoforms would be hypothesized to transport CQ better 

than Dd2 (a canonical PfCRT CQR isoform).  Interestingly, yeast expressing PvCRT isoform 

CQR1, which was identified in a CQR isolate, showed less of a growth inhibition upon external 

CQ exposure compared to the other PvCRT isoforms (Fig 37. Compare CQR1 (inducing 

conditions, second to last column) vs. other PvCRT isoforms) [Orjuela-Sanchez et al., 2009]. 

 
Figure 37. Colony formation assay for PvCRT isoforms.  Colony formation assays on solid 
agar with millimiolar concentrations of CQ (indicated on left side).  Non-inducing (left) and 
inducing (right) conditions are examined showing that yeast growth impairment is CQ and CRT 
dependent.  Yeast growth is unimpaired by external CQ concentrations when CRT is not being 
expressed.  An empty vector (EV) was used as a control for no CRT expression.  
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  Quantitative growth analysis in liquid media was done under optimized inducing 

conditions that previously best differentiated between PfCRT CQS and CQR isoforms [Baro et 

al., 2013].  I endeavored to characterize the CQ- and CRT-dependent yeast growth delay for the 

PvCRT isoforms.  Previous reports have shown that decreased growth rates of yeast are linearly 

correlated with isoform specific [3H]-CQ transport allowing me to use growth delay as a 

surrogate for more expensive [3H]-CQ experiments [Baro et al., 2013].   Potential modulation of 

CQ transport by the different PvCRT isoforms that were previously identified in either CQS or 

CQR isolates would help uncover a possible role of PvCRT in PvCQR.  An interesting 

phenomenon in yeast was seen in all but one of the expressed PvCRT isoforms.  There was a 

mild growth delay seen in the absence of CQ when PvCRT isoforms (except CQR1) were 

expressed in yeast (Fig. 38).  This phenomenon explained why CQR1 yeast colony formation on 

solid agar showed more growth than the other PvCRT isoforms.  There was also variable 

intrinsic growth delay based on the PvCRT isoform expressed.  This is not a new phenomenon 

when expressing CRT in yeast; however, it is a rare occurrence [Callaghan et al., 2016-Chapter 

4].  In Callaghan et al., expression of PfCRT isoforms with mutations at position 160 were 

shown to be intrinsically toxic to yeast.  Their expression alone slowed yeast growth, and it was 

hypothesized to be due to dysregulation of the yet unknown endogenous function of PfCRT 

[Callaghan et al., 2016].   
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Figure 38. Intrinsic growth delays of PvCRT isoforms expressed in yeast.  In inducing 
conditions, yeast expressing PfCRT HB3 (solid black line), PfCRT Dd2 (dashed black), and 
PvCRT CQR1 (dashed grey) all grow the same when there is no external CQ.  Yeast expressing 
PvCRT isoforms Sal-I (WT; solid grey) and CL002 (dotted black) show a delay to reach 
maximal growth without external CQ. 
 
 In order to accurately determine the effect of PvCRT mediated drug transport on yeast 

growth delay, the intrinsic growth delay accompanied by the expression of each individual 

PvCRT isoform was normalized to a PfCRT HB3 control for every measurement.  Therefore the 

growth delay reported is due exclusively to drug transport by PvCRT and not complicated by the 

intrinsic toxicity.  Indication from colony formation assays and previous reports led me to 

believe that a quantitative growth rate analysis would show yeast growth delays more clearly for 

yeast expressing PvCRT isoforms compared to yeast expressing PfCRT isoforms [Baro et al., 

2011].  A CQ and CRT dependent growth delay was again seen in the yeast (Fig. 39).   
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Figure 39.  Quantitative growth analysis of CRT isoforms. Representative growth curves in 
liquid growth media (16 mM CQ, pH 6.75) for yeast harboring EV (empty vector; no CRT 
expression; black), PfCRT HB3 (grey), PvCRT WT (dashed black), and PvCRT CQR3 (dashed 
grey) in CRT non-inducing media (A) or inducing media (B).  Quantification of CRT isoform 
and CQ-dependent growth delay in S. cerevisiae is calculated as described in [Baro et al., 2013].  
As previously show, growth delay is directly correlated with CRT-mediated CQ transport [Baro 
et al., 2013]. 

 
 Interestingly, CQ transport by PvCRT isoform CQS3 and PvCRT CQS8 was the lowest 

for all PvCRT isoforms.  There was a statistically significant decrease in CQ transport when 

compared to PvCRT WT, and they were the only PvCRT isoforms that had smaller yeast growth 

delays than CQR PfCRT isoform Dd2 (Fig. 40).  PvCRT CQR3 was the only isoform that 

showed a statistically significant increase of CQ transport when compared to PvCRT WT.  All 

the other isoforms (whether they were identified as CQS or CQR) still showed variable levels of 

CQ transport, but none were statistically different than PvCRTWT.  It appears that single 

mutations in CRT do have the ability to confer altered CQ transport, which suggests that at least 

some PvCRT mutations may contribute to P. vivax CQR.  

A B 
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Figure 40. CQ dependant growth delay of yeast expressing PvCRT isoforms.  CQ- and 
PvCRT-dependent growth delays measured under standard conditions (pH 6.75, 16 mM CQ) 
(left axis) and calculated CQ transport (right axis) for indicated PvCRT isoforms.  Interestingly, 
wild type PvCRT (PvCRT WT) transports CQ more efficiently than Dd2 PfCRT, as previously 
concluded [Baro et al., 2011].  * indicates p value < 0.05 vs. PvCRT WT. 
 
 Drug induced growth delay for other quinolones was also examined.  PvCRT also 

transported AQ and PQ.  AQ is a current frontline treatment for malarial infections when used in 

artemisinin combination therapies (ACTs), and PQ is currently the only drug used to target latent 

hypnozoites of P. vivax that remain in the liver and are the source of relapse of infection.  

Surprisingly, all isoforms showed large growth delays when yeast expressing PvCRT were 

exposed with 2.0 mM AQ.  All AQ dependent growth delays were statistically significant from 

PvCRT WT growth delay, and all PvCRT isoforms (including the WT) showed almost twice as 

long of a drug induced growth delay when compared to PfCRT isoforms (Fig. 41). 
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Figure 41. AQ dependent growth delay of yeast expressing PvCRT isoforms.  Growth delays 
were measured under standard conditions (pH 6.75 and 2.0 mM AQ).  All PvCRT isoforms 
transport AQ more efficiently than PfCRT isoforms HB3 and Dd2.  * indicates p value < 0.05 vs. 
PvCRT WT. 
 
PQ-dependent growth delay was much more uniform across yeast expressing PvCRT isoforms, 

save one exception.  All PvCRT isoforms transported PQ to a similar level to that of the PfCRT 

CQR isoform Dd2, and all of the isoform’s drug induced delays were well below the PQ 

dependent growth delay for the PfCRT CQS isoform HB3 (Fig. 42).  Peculiarly, yeast harboring 

PvCRT CQR1 showed essentially no growth delay at all when external PQ pressure was 1.8 

mM.  This suggests that PvCRT CQR1 does not transport PQ.  Interestingly, PvCRT CQR1 is 

also the only PvCRT isoform that did not have an intrinsic growth delay when expressed in 

yeast. 
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Figure 42. PQ dependent growth delay of yeast expressing PvCRT isoforms.  Growth delays 
were measured under standard conditions (pH 6.75 and 1.8 mM PQ).  All PvCRT isoforms 
transport PQ to a similar level as PfCRT CQR isoform Dd2, which is well below the transport 
ability of PfCRT HB3.  Interestingly, PvCRT CQR1 appears to show virtually no growth delay.  
* indicates p value < 0.05 vs. PvCRT WT. 
 
 In this study, I have shown that both P. falciparum and P. vivax CRT can transport  

quinolone drugs that are still currently used in the field (whether they are 4-aminoquinolines or 

8-aminoquinolines) as quantified by S. cerevisiae growth delay.  On a broad spectrum, most 

PvCRT isoforms behaved most closely to the CQR PfCRT isoform Dd2 with regards to CQ and 

PQ transport.  The major difference between the two species’ isoforms was in AQ transport.  

This study indicates that all PvCRT isoforms transport AQ extremely well (more efficiently than 

that of either PfCRT isoform measured).  This was somewhat surprising since there are isoforms 

from around the globe represented in our analysis.  The transport of these drugs by PvCRT helps 
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give us insight into the effects some of the mutations have of CRT drug transport as well as the 

difference between PfCRT and PvCRT. 

5.3 Discussion 

 PfCRT mediated drug transport is most often characterized by the interaction of PfCRT 

with CQ.  Here I show that single amino acid substitutions have the ability to change PvCRT’s 

ability to transport CQ in a statistically significant manner.  Typically, CQR isoforms in PfCRT 

require at least 4 mutations in order to show significant CQ transport [Callaghan et al., 2015].  It 

might seem surprising that the data presented here suggests a single mutation (S249P in PvCRT 

isoform CQR3) can increase CQ transport by 32%.  I argue that since wild type PvCRT already 

has elevated CQ transport (similar to that of Dd2; see Results) only single amino acid 

substitutions are needed to effectively fluctuate CQ transport by PvCRT isoforms to result in 

PvCQR. 

 There is precedent for this phenomenon in the literature in both cellular assays as well as 

in heterologous expression systems.  PfCRT isoform Ecu only has 4 non-synonymous mutations 

when compared to HB3.  It was shown that the IC50 in transfectants with only three of the four 

mutations was still relatively low [Gabryszewski et al., 2016].  However, the difference between 

3 out of 4 mutations and all 4 mutations that define PfCRT isoform Ecu increased the CQ IC50 by 

more than 100% [Gabryszewski et al., 2016].  A similar phenomenon was seen in the PfCRT 

yeast model.  Many more examples can be found because of the sheer scope of the analysis 

[Baro et al., 2013; Callaghan et al., 2015].  Perhaps least surprising is the addition of the K76T 

mutation to make PfCRT isoform S106/1 into FCB, which increased CQ transport by nearly 90% 

[Baro et al., 2013].  The addition of N326D to PfCRT isoform KT088 to make isoform KT096 
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increased CQ transport by 31% [Callaghan et al., 2016].  The addition of a single amino acid 

substitution can also decrease CQ transport by PfCRT dramatically, as is also seen in PvCRT 

isoform CQS8, where CQ transport is diminished by 25%, and isoform CQS3, where it is 

diminished by 15%.  The mutation of residue E198 to a lysine to make PfCRT isoform Dd2 into 

isoform BC22 decreased CQ transport by 39% and the addition of mutation C72S to isoform Ecu 

to create PfCRT isoform PNG decreased transport by 24% [Baro et al., 2013; Callaghan et al., 

2015].  Upon further examination that is presented here, it should not come as a surprise that 

single amino acid substitutions could be a defining force in impacting CQ transport by CRT. 

 The same phenomenon can also be seen with AQ.  The addition of the last mutation to 

make the Ecu isoform increased AQ IC50 by over 200% in some transfected lines when 

compared to Ecu with only 3 of 4 mutations [Gabryszewski et al., 2016].  Of the three drugs 

examined, PvCRT transports AQ most efficiently when compared to PfCRT.  This would 

suggest that AQ treatment of P. vivax would not be effective.  Indeed, there have been examples 

of AQ monotherapy failure in Papua New Guinea where some of the PvCRT isoforms originate.  

As early as 1992, AQ use was losing its effectiveness in Papua New Guinea [Vrbova et al., 

1992].  This trend continued well into the 21st century and was also seen in nearby areas like 

Indonesia [Manfurt et al., 2007; Collins et al., 2000; Hasugian et al., 2009].  AQ monotherapy 

for P. vivax infections is not as well documented in Brazil, the location of many of the other 

isoforms studied here.  It is clear that AQ has been used in Brazil for well over 50 years, as cases 

of P. falciparum resistance of AQ have been reported since the 1960s, and by 1989 one study 

showed that 73% of isolates were resistant to AQ therapy [Griffing et al., 2015; de Souza, 1992; 
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Kremsner et al., 1989].  It is not a stretch to imagine that prolonged AQ use would also impact P. 

vivax.   

 The use of PQ is of critical importance in effectively treating P. vivax infections.  As 

previously mentioned, PQ is paramount in treating for P. vivax relapse because of its 

hypnozoitocidal drug properties.  All PvCRT isoforms transport PQ poorly, or in the case of 

PvCRT CQR1, not at all.  An interesting phenomenon related to PQ transport was described for 

some CQR PfCRT isoforms.  It was noted in a study from Kenya that there was an inverse 

relationship between CQ and PQ susceptibility [Wendler et al., 2014].  Interestingly, this 

reciprocal relationship only remained true for PfCRT drug transport in isoforms from Africa 

[Callaghan et al., 2015].  The relationship was hypothesized to be because of limited PQ use in 

Africa [Baird et al., 2004].  A major determinant of this is the effect of PQ on patients deficient 

in glucose-6-phosphate dehydrogenase (G6PD).  PQ treatment in patients who are G6DP 

deficient can cause hemolytic anemia that can lead to death.  Individuals who are most 

susceptible to this deficiency are those who most times have limited access to G6DP screening.  

Since P. vivax treatment is so dependent upon PQ treatment to remove hypnozoites, it is very 

surprising to see that PvCRT isoforms are such poor transporters of PQ.  Perhaps the elevated 

CQ transport ability is enough to outcompete PQ for transport by PvCRT, as both drugs were 

shown to compete for transport by PfCRT [Callaghan et al., 2015].   

 To our knowledge, this is the first comprehensive study analyzing the drug transport by 

multiple PvCRT isoforms.  A number of illuminating findings were presented here that can 

shape our understanding of the impact of PvCRT on P. vivax drug resistance.  The effect of 

single amino acid substitutions has never so clearly demonstrated the pivot between CQS and 
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CQR isoforms.  It seems likely based on the drug transport evidence that PvCRT plays a role in 

modulating CQR.  It is unclear how big of a role (perhaps not as significant of PfCRT), but 

statistical differences in drug transport by CQS and CQR PvCRT isoforms seems to point 

towards a role in drug resistance.  It was also surprising to see elevated AQ transport when 

compared to PfCRT isoforms.  Despite continued PQ use to treat for latent P. vivax hypnozoites, 

all PvCRT isoforms show poor PQ transport, which suggests PQ will continue to remain an 

effective drug to treat P. vivax infections.  
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MH designed the optimized ELISA and performed some of the enzymatic activity analysis 

6.1 Introduction 

 Understanding the mechanism of drug resistance allows us to effectively bypass certain 

resistance or death pathways that are dysregulated in resistant parasites.  Currently, artemisinins 

are the most effective antimalrial drugs, but a delay in parasite clearance in some infections in 

Southeast Asia with artemisinin therapy suggests that resistance is developing [Noedl et al., 

2009].  It has also been suggested that ARTR might preferentially evolve on a CQR background 

[Miotto et al., 2015].  The sole P. falciparum PI3K was recently proposed to play a role in 

ARTR [Mbengue et al., 2015], and has recently been identified as a possible target of a class of 

drugs with excellent antimalarial potency that were originally designed to target the human 

PI3Ks [Mott et al., 2015].  To effectively characterize the target of these drugs, an assay must be 

developed to quantitatively measure product formed by the enzyme per unit time, under defined 

conditions.  Commercially available purified human PI3K isoforms with different enzymatic 

activities against a panel of known PI3K drugs provides the perfect validation of this assay for 

future use in characterizing PfPI3K. 

Phosphorylated PI derivatives are involved in many different cell signaling pathways, 

including vesicle trafficking, DNA synthesis, autophagy, and apoptosis [Rusten et al., 2006; 

Vanhaesebroeck et al., 2001; Martin, 1998; Blomaart et al., 1997]. Defects in the metabolism of 

PI 3' phosphorylated derivatives have been implicated in human cancers and other diseases, and 

not coincidentally there are a variety of chemotherapy strategies that envision the use of PI3K 

inhibitors [Pendaries et al., 2003; Luo et ali, 2003; Vivanco et al., 2002].  PI3K enzymes are 

classified as class I, II, or III based largely on substrate preference and the nature of the 
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phosphorylated PI products produced, and they can also be distinguished based upon domain 

structure and cofactor dependencies [Vanhaesebroeck et al., 2001; Martin, 1998; 

Vanhaesebroeck et al., 2012; Volinia et al., 1995; Stack et al., 1994; Linassier et al., 1997; 

Woscholski et al., 1995]. 

The three PI3K classes also differ with respect to their role in cellular physiology 

[Vanhaesebroeck et al., 2012]. For example, dysfunctional class I PI3K-mediated AKT signaling 

has been observed in a variety of human cancers whereas the yeast class III PI3K, Vps34, plays a 

vital role in vesicle trafficking and autophagy [Stack et al., 1994; Herman et al., 1990; Schu et 

al., 1993; Kihara et al., 2001].  Volinia et al. first identified the yeast Vps34 human homolog and 

Petiot et al. confirmed this enzyme's role in activating autophagy, as well as a contrasting 

autophagy inhibitory effect for the class I PI3Ks [Volinia et al., 1995; Petiot et al., 2000].  While 

class I and II PI3K enzymes can both produce PI(3)P, formation of the majority of cellular 

PI(3)P is attributed to Vps34 activity [Stephens et al., 1994].  Vps34 is the only known class III 

PI3K and is potentially a specific and unique drug target [Vanhaesebroeck et al., 2001; 

Vanhaesebroeck et al., 2012].  

Initial biochemical studies have revealed important distinctions between human PI3K 

enzymes. Beeton et al. compared lipid kinase activities of two purified recombinant class I PI3K 

enzymes which utilize multiple substrates, including PI and PI(4,5)P2 [Beeton et al., 2000]. At 

500 µM, the p110β (PI3Kβ) isoform had consistently lower lipid kinase activities, however, 

upon titration of substrate, the authors found that PI3Kβ is more than twice as active as the 

p110α (PI3Kα) isoform at low substrate concentrations [Beeton et al., 2000].  For human Vps34, 

which utilizes only PI, Volinia et al. found enhanced activity in the presence of a Mn2+ cofactor 
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relative to Mg2+, which is not observed for other PI3K isoforms [Volinia et al., 1995]. Based on 

these differences, and because of their considerable potential medical value, numerous small 

molecule PI3K inhibitors have been developed in the hopes of perfecting PI3K isoform specific 

drugs.    

However, despite considerable previous work identifying and developing PI3K 

inhibitors, very few studies have directly compared potency vs. multiple enzyme isoforms under 

the same assay conditions.  In particular, no studies to our knowledge have directly compared 

drug inhibition of the activities of human class I vs. class III PI3K enzymes using the same 

quantitative assay and PI as substrate. Rusten and Stenmark previously reviewed the various 

assays that have been used to measure PI kinase activity [Rusten and Stenmark, 2006].  While 

several approaches for assaying PI kinase activity have been developed, not all can be used 

quantitatively. The most common assays for PI3K activity utilize either radiolabeled-ATP or 

various ADP / ATP dependent spectrophotometric reporters to quantify consumption of ATP or 

release of ADP.  They essentially measure depletion of ATP, which acts as phosphate donor.  

Although useful, these approaches do not directly measure PI(3)P production and in some cases 

they can be an inaccurate measure of PI3K activity since some PI3Ks possess basal ATPase 

activity [Miller et al., 2010].   

A few studies have characterized PI3K mediated PI(3)P production using radiotracer 

methods, but these are time-consuming, expensive, and complex [Rusten and Stenmark, 2006]. 

Echelon Biosciences (Salt Lake City, UT) offers PI3K assay kits that measure PI(3)P production 

in 96-well ELISA format using PI(3)P specific antibody [Class III ELISA manual; PI3-Kinase 

ELISA manual], however, the data that are generated via these kits are qualitative with regard to 
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definition of enzyme parameters and molar quantification of drug inhibition.  Using available 

Echelon anti-PI(3)P antibody, I developed a modified PI3K activity enzyme-linked 

immunosorbent assay (ELISA) that directly quantifies enzyme mediated PI(3)P production 

through competitive antibody binding. Characterization and direct, side-by-side comparison of 

the human class I (p110β/p85α) and class III (Vps34) PI3K enzymes using this modified assay 

defines the class specificity of important PI3K inhibitors.  I find discrepancies in reported 

specificity of some PI3K drugs.  I also characterize the inhibition of the human class I 

(p110β/p85α) and class III (Vps34) PI3K enzymes using PI3K drugs for which no published data 

was available for the PI3K class. 

6.2 Results  

 Development of ELISA - based methods for detecting PI(3)P has been a significant 

advance [Class III ELISA manual] and these assays are quite useful for empirical quantification 

of relative amounts of PI(3)P. In order to directly quantify and compare the specificity and 

potencies of PI3K inhibitors vs. multiple PI3K isoforms, I wished to further optimize an ELISA 

to quantify moles PI(3)P produced per mole enzyme per unit time, which is not immediately 

possible with commercially available kits. As confirmed below, I suspected that commercial anti 

PI(3)P antibody might show lower affinity binding to PI substrate, potentially complicating 

interpretation without proper calibration and control experiments.  

 Fig. 43 is a schematic representation of the PI(3)P competition ELISA. As described in 

Methods, biotinylated PI(3)P (grey triangles) is first bound to avidin (dark circles) coated 96 - 

well polystyrene plates. Variable PI(3)P (white triangles) is added exogenously (either as pure 

PI(3)P to calibrate the assay, or as PI(3)P produced via a PI3K catalyzed reaction, see below) 
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(Fig. 43, panel A, B). Anti PI(3)P antibody (black "Y") is then added, and both bound vs. free 

PI(3)P then compete for antibody, such that greater PI(3)P in solution outcompetes antibody 

binding to PI(3)P that is bound to the plate (compare panel A vs. B). Solution PI(3)P / antibody 

complex is then washed away, and antibody bound to the plate is detected as described in 

Methods. Higher signal corresponds to less PI(3)P produced, since there is less soluble PI(3)P to 

compete for anti-PI(3)P antibody binding to the PI(3)P that is attached to the plate (that is, the 

signal generated is inversely proportional to the amount of PI(3)P formed by the enzyme, 

compare panel A’ vs. B’).  However, precise quantification of enzyme activity via this method 

relies on careful quantification of substrate [PI], [biotinylated PI(3)P] coated to the wells, and 

other variables as described below.  

 
Figure 43. Optimization of ELISA.  ELISA adapted from the Echelon class III PI3K kinase kit 
was intended to be able to accurately measure product formed per unit time.  In A, biotinylated 
PI(3)P (grey triangles) is attached to a streptavidin coated well (black circles).  Differing 
amounts of exogenous PI(3)P (white triangles) is added to the wells corresponding to activity of 
the enzyme, or during standard curve production.  Panel B shows more exogenous PI(3)P than A.  
Depending on amount of exogenous PI(3)P, a PI(3)P antibody (black lines) can compete with 
biotinylated PI(3)P bound to the plate or exogenously produced PI(3)P.  Panel B shows high 
levels exogenous PI(3)P meaning more antibody binds to biotinylated PI(3)P stuck to the plate.  
Panel A shows less antibody bound to exogenous PI(3)P.  A secondary antibody (*) is added for 
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chemiluminescent detection.  Wells with more antibody bound to biotinylated PI(3)P (A’) 
produces a higher signal than wells with less antibody (B’).   
 I titrated known [PI(3)P] added exogenously vs. known [PI] added exogenously, to test 

specificity of the anti PI(3)P antibody. As shown in Fig. 44A (left), when plates are coated with 

10 pmoles of biotinylated PI(3)P per well (see Methods), antibody signal is progressively lost as 

added [PI(3)P] is increased (solid black symbols), and as expected is lost completely when 

exogenous PI(3)P is increased from 10 to 100 pmoles (solid symbols, Fig. 44A). When PI is 

added exogenously, there is no decrease in signal for added [PI] ≤ 100 pmoles, but antibody 

competition is clearly apparent at > 100 pmoles of PI (open symbols, Fig. 44A). At [PI] ≥ 200 

pmoles, very significant signal is lost, demonstrating that at these higher concentrations PI 

competes effectively vs. bound PI(3)P for available anti PI(3)P antibody, and would therefore 

affect quantification of exogenous (unbound) PI(3)P. This is shown more clearly in Fig. 44B 

(right) where bound PI(3)P is kept fixed at 10 pmole / well and exogenous PI(3)P is added in the 

absence (closed circles) vs. presence of variable concentrations of PI. In the presence of 50 

pmoles PI (open circles / dotted line, Fig. 44B) or 100 pmoles PI (closed triangles, dashed line) 

titration curves vs. added exogenous PI(3)P (x axis) are nearly identical to the curve obtained for 

exogenous PI(3)P titration in the complete absence of PI (closed circles / solid line Fig. 44B). 

However, as [PI] is increased further (open triangles, closed squares, open squares, see caption), 

signal - to - noise is progressively lost due to progressively increased competition between PI 

and PI(3)P for available antibody. Based on these data, I standardized assay conditions such that 

the concentration of PI substrate was fixed at 100 pmoles/well (corresponding to 16 µM, see 

Methods) and bound (biotinylated) PI(3)P was fixed at 10 pmole / well. At this ratio, we find that 

the balance between assay signal - to - noise and the rate of enzymatic PI(3)P production (see 
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below) is optimized. This is fortuitous since 16 µM is near estimates of PI substrate Km for 

human PI3K isoforms [Stephens et al., 1994; Morgan et al., 1990] permitting analysis under 

initial rate conditions and clear quantification of drug inhibition. I find that increasing amounts 

of bound PI(3)P further at fixed competing PI lowers assay signal to noise, whereas lowering PI 

at fixed bound PI(3)P not surprisingly decreases enzyme activity as [PI] moves farther from Km 

(not shown). 

 
Figure 44. Titration of PI substrate and specificity of PI(3)P antibody.  A) A titration of 
PI(3)P (black circles) vs. PI (open circles).  Reactivity vs. PI(3)P is approximately 10x more 
pronounced, since antibody also recognizes PI with reduced affinity (see text). (B) PI competes 
with PI(3)P for antibody binding.  Constant amounts of PI added to PI(3)P calibration curves 
dampens absorbance signal of respective PI(3)P standard curve values and mimics the amount of 
PI used in assay wells.  Constant values of PI added to each PI(3)P standard curve from top 
(black circles) to bottom (white squares) are 0, 50, 100, 150, 200, and 400 pmoles.  Initial values 
of PI that are too high dampen the signal.  I find 100 pmol of PI yields the largest dynamic range 
without sacrificing enzyme activity.  
 

 With antibody signal at ratios of substrate PI vs. bound PI(3)P calibrated, I standardized 

assay conditions and investigated the kinetics of PI(3)P production from PI via purified Hs class 

I (p110β/p85α) and Hs class III (Vps34) PI3K enzymes (Fig. 45). As shown (Fig 45A left panel 

vs. Fig. 45B left panel, see also Table 10), with 100 pM (16 µM) PI and 50 µM ATP (near Km, 
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see below), the rate of HsVps34 mediated production of PI(3)P is at least 3 - fold faster relative 

to p110β/p85α (approximately 33 vs. 104 nM / min / mg, respectively).  

 ATP was then titrated for each enzyme at these initial rate conditions and data revealed 

apparent Km for ATP near 210 µM and 40 µM for class I and class III human enzymes, 

respectively (compare Fig 45A middle panel vs. Fig. 45B middle panel; see also Table 10 for a 

summary).  Our calculation of the ATP Km for HsVps34 is similar to the Km previously reported 

using commercial "ADP - Glo" kit optimization [ADP-Glo Manual] whereas the Km for the class 

I enzyme is slightly higher than the range reported previously [ADP-Glo Manual; Adapta 

Screening Protocol] via assays that quantify enzyme activity by ADP production monitored from 

ATP luminescence, loss of FRET signal, or radio tracer methods [ADP-Glo Manual; Adapta 

Screening Protocol, Van Aller et al., 2008].  I also varied pH under these initial rate conditions 

and observed pH optima near 6.8 and 7.9 for class I and class III HsPI3K enzyme, respectively 

(Fig 45A right panel vs. Fig. 45B right panel, and Table 10).   



146 
 

 

Figure 45. Characterization of human PI3K isoforms.  Kinetic characterization of human 
PI3Ks HsPI3Kβ (A) and HsVps34 (B) using the modified PI3K activity ELISA described in the 
text. 50 ng of PI3K enzyme was reacted with PI and ATP as described in the methods. 
Representative kinetic data for each enzyme are shown. (A: HsPI3Kβ kinetics (19.2 
nmol/min/mg), ATP titration (Km,app (ATP) 196 µM), pH titration (optimal pH 6.0), B: HsVps34 
kinetics (109 nmol/min/mg), ATP titration (Km,app (ATP) 34.4 µM), pH titration (optimal pH 
9.0))  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 

B 
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Table 10. ELISA validation using human PI3Ks. The modified PI3K activity ELISA 
optimized for in vitro PI3K analysis was validated with class I and class III human PI3Ks 
(PI3Kβ and Vps34) respectively. Averaged data from multiple independent trials with pure PI as 
substrate (each trial in triplicate) are shown vs. previously published values (with citation; note 
some earlier measurements may use a mixture of substrates and quantify activity via ATP 
consumption, not production of PI(3)P). pH and Km, app (ATP) values are extracted from studies 
or manufacturer protocols analyzing immunopurified or recombinant human PI3Ks in vitro.  

HsPI3Kβ 

 This Study SEM Previously Published 

Specific Activity 32.6 nmol/min/mg 4.9 17 nmol/min/mg [Life 
Techologies PI3K manual] 

Optimal pH pH 6.8 0.6 pH 6.5-6.7 [Van Aller et al., 
2008] 

Km,app (ATP) 209 µM 18.5 

26-166 µM [ADP-Glo 
manual; Adapta Seening 
manual; Van Aller et al., 

2008] 

HsVps34 

 This Study SEM Previously Published 

Specific Activity 104 nmol/min/mg 12.0 78-216 nmol/min/mg [Sigma 
Vps34 manual] 

Optimal pH pH 7.9 0.1 

pH 7-8 [Volinia et al., 1995; 
ADP-Glo manual; Adapta 

Seening manual; Dowdle et 
al., 2014] 

Km,app (ATP) 41.7 µM 5.8 
9.3-120 µM [Stephens et al., 

1994; ADP-Glo manual; 
Adapta Seening manual] 

 

 Only one study [Dowdle et al., 2014] has previously compared the potency and 

specificity of PI3K inhibitors for human class I vs. class III PI3K enzymes side - by - side with 

the same quantitative assay, and no previous studies to our knowledge have directly quantified 

inhibition by measuring moles PI(3)P produced from PI in the presence vs. absence of drug for 
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multiple drugs and multiple classes of enzymes.  Table 11 summarizes drug inhibition data 

culled from the literature for mTOR, class I, II, and III PI3Ks, as well as HsPI4K and HsPIPK 

(see caption, see Fig. 46 for structures). In all but three of these reports, drug inhibition is 

measured via a decrease in ATP consumption or increased production of ADP; exceptions being 

[Liu et al., 2013] which measures competition for binding of substrate, and [Hsieh et al., 2012; 

Knight et al., 2010] which measure PIP3 production via loss of fluorescence.   

 

 

Figure 46.  Chemical structures of PI3K inhibitors. 
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Table 11. PI3K drug specificity. Previously published EC50 values for a variety of PI3K 
inhibitors are shown. Studies from which the values originated reported inhibitor activities 
against immuno-purified or recombinant enzyme in vitro. EC50 values for specific isoforms are 
denoted in parentheses. 
Inhibitor 

Target Inhibitor mTOR Class I 
PI3K 

Class II 
PI3K 

Class III 
PI3K PI4K PIPK 

mTOR 

Torin1 
(ATP 
competitor) 

1-4.3 
nM 

250 nM (α) 
~200 nM 
(β) 
171 nM (γ) 

176 nM 
(α) 
549 nM 
(2β) 

533 nM 6.68 µM 
(β)  

Torin2 
(ATP 
competitor) 

2.81 
nM 

4.68 nM 
(α) 
5.67 nM (γ) 

28.1 
nM (α) 
24.5 
nM (β) 

8.58 nM 18.3 nM 
(PI4Kβ)  

INK128 
(ATP 
competitor) 

1.0 nM 

219 nM (α) 
5.29 µM 
(β) 
221 nM (γ) 

> 100 
nM (α) 
> 1 µM 
(β) 

> 1 µM > 1 µM  

mTOR/ 
PI3K 

GSK21264
58 
(ATP 
competitor) 

6 nM 

0.04-1 nM 
(α) 
2 nM (β) 
1 nM (γ) 

 3 nM 0.04 nM   

NVP-
BGT226 
(ATP 
competitor) 

 

4 nM (α) 
63 nM  (β) 
38 nM (γ)     

Vps34 

PIK-III 
(ATP 
competitor) 

> 9.1 
µM 

3.96 µM 
(α) 
> 9.1 µM 
(β) 
3.04 µM 
(γ) 

 18 nM 4.43 µM 
(β)  

SAR405 
(ATP 
competitor) 

> 10 
µM > 10 µM > 10 

µM 1.2 nM   

PI4K 
PIK93 
(ATP 
competitor) 

1.38 
µM 

39 nM (α) 
590 nM (β) 
4-16 nM 
(γ) 

16 µM 
(α) 
140 nM 
(β) 

0.32-1.19 
µM 

1.1 µM 
(α) 
6.06-19 
nM (β) 

> 100 
µM 



150 
 

 I quantified drug inhibition of purified class I vs. class III PI3K enzymes side - by - side 

by quantifying moles PI(3)P produced from PI at varied [drug] (Fig. 47 and Table 12).  A panel 

of 8 drugs was chosen due to the range of activity and PI3K isoform specificity previously 

reported.  Examples of raw data are shown in Fig. 47 for inhibition of class I vs. class III enzyme 

by GSK2126458 which has been reported to be specific to class I PI3K activity [Knight et al., 

2010]. I indeed find effective GSK2126458 EC50 of approximately 1.34 nM vs. 364 nM for the 

two enzymes, respectively (Table 12), consistent with previously reported isoform specificity of 

this drug.  Similarly, I measure class III specificity for drug inhibition by SAR405 and several 

other PI3K drugs similar to that which can be estimated from previous studies (summarized in 

Table 12).  However, I find that potency and isoform specificity for some PI3K inhibitors differs 

slightly compared to previous reports.  For example, I find PIK93 to be more potent vs. the class 

III PI3K, and I find lower potency vs. class I PI3K for Torin1 and Torin2.   I also note nM level 

potency of NVPBGT226 vs. the class III PI3K that to our knowledge has not previously been 

reported.  
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Figure 47. Enzyme inhibition using PI3K inhibitors. Inhibition of HsPI3Kβ (A-B) and 
HsVps34 (C-D) enzymatic activity in the presence of various PI3K inhibitors. 50 ng of PI3K 
enzyme was pre-incubated with varying concentrations of drug before reactions were initiated as 
described in methods. Representative inhibition curves for each enzyme are shown. A: HsPI3Kβ 
+ PIK-III (no significant inhibition below 10 uM), B: HsPI3Kβ + GSK2126458 (EC50 1.6 nM), 
C: HsVps34 + PIK-III (EC50 9.4 nM), D: HsVps34 + GSK2126458 (EC50 460 nM)  
 

 

 

 

 

 

A B 

C D 
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Table 12. Evaluation of PI3K inhibitor class specificity. Effective concentrations for half-
maximal inhibition (EC50) were measured for a panel of PI3K inhibitors against HsPI3Kβ and 
HsVps34. Average data from at least 3 independent trials performed in triplicate for each drug 
against each PI3K enzyme are shown and compared to previously published values (with 
citation). Values highlighted in red disagree with previously observed, values in blue have not 
previously been measured. 
 HsPI3Kβ HsVps34 Fold Specificity for 

HsVps34 

Drug EC50 SEM Published 
EC50 

EC50 SEM Published 
EC50 

Measured Published 

SAR405 > 10 µM -- > 10 µM 
[Ronan et al., 
2014] 

1.11 nM 0.14 1.2 nM [Ronan 
et al., 2014] 

> 9000 > 8000 

PIK-III > 10 µM -- > 9.1 µM 
[Dowdle et al., 
2014] 

13.4 nM 1.31 18 nM 
[Dowdle et al., 
2014] 

> 746 > 500 

Torin2 400 nM 30.2 180 nM [Liu et 
al., 2013] 

11.5 nM 0.70 8.58-14 nM 
[Liu et al., 
2013; Liu et 
al., 2011] 

35 21 

Torin1 > 10 µM -- 0.2-4.9 µM 
[Liu et al., 
2012; Liu et 
al., 2013; 
Thoreen et al., 
2009] 

784 nM 29.8 0.533-3 µM 
[Liu et al., 
2012; Liu et 
al., 2013; 
Thoreen et al., 
2009; Liu et 
al., 2010] 

> 12.8 0.375 

NVP-
BGT22
6 

55.8 nM 15.4 63 nM 
[Markman et 
al., 2012] 

7.03 nM 1.96 -- 7.9 - 

PIK93 539 nM 55.8 590 nM 
[Miller et al., 
2010; Knight 
et al., 2006] 

220 nM 25.8 307-617 nM 
[Miller et al., 
2010; Knight 
et al., 2006; 
Knight et al., 
2007; 
Rutaganira et 
al., 2016] 

2.5 1.9 

INK128 6.84 µM 0.37 5.29 µM 
[Hsieh et al., 
2012] 

5.62 µM 0.63 > 1 µM [Hsieh 
et al., 2012] 

1.2 5.3 

GSK21
26458 

1.34 nM 0.14 0.13 nM (app 
Ki) [Knight et 
al., 2010] 

364 nM 39.8 -- 0.004 -- 



153 
 

6.3 Discussion 

 In this chapter I have optimized ELISA - based approaches for directly quantifying PI3K 

enzyme activity in terms of moles PI(3)P produced per moles PI substrate. Earlier studies using 

ELISA methods typically report enzyme activity as "percent control" or some other qualitative or 

empirical means, however, direct quantification of drug potency or the nature of drug 

combination inhibition (synergistic, additive, or antagonistic) of enzymes requires the ability to 

quantify activity in terms of moles product produced per unit time from known moles substrate. 

Such quantification is indeed possible via the ELISA approach, but requires careful titration of 

antibody specificity for PI substrate vs. PI(3)P product.  Since class I and class II PI3Ks can also 

utilize additional substrates (for example PI, PI(4)P, and PI(4,5)P2 [Vanhaesebroeck et al., 2001; 

Martin, 1998]) careful systematic titration of any antibody used in the ELISA vs. these other 

substrates would also need to be done if quantification of these other enzymatic activities is 

desired.   

 I have validated the optimized assay by comparing two different human PI3K enzyme 

isoforms, including inhibition of each isoform by a panel of PI3K drugs.  These drugs have 

previously been tested vs. at least one of the two isoforms, but in all published examples to our 

knowledge drug inhibition measurements were done in qualitative fashion via monitoring ATP 

consumption or ADP production.  Since PI3K enzymes are known to have basal ATPase activity 

in the absence of substrate, and since some consume multiple substrates, enzyme activity 

measurements via ATP consumption can formally have multiple interpretations. 

 Similar to many previous suggestions, I suggest that directly quantifying product 

formation is the most accurate way to measure enzyme activity. This optimized PI(3)P assay is a 
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relatively fast and inexpensive semi high-throughput method that reduces the costs associated 

with other plate - based PI3K enzyme assays.   Our initial studies of PI3K inhibitors using this 

quantitative PI(3)P assay both verifies previous observations with ATP consumption assays and 

highlights new conclusions.   

 Drugs described as class specific are most potent against that specific class.  However, 

few kinase drugs have been found to be potently class specific. The first generation Torin drug 

(Torin1) is class specific vs. mTOR kinase activity [Liu et al., 2012].  The second generation 

Torin (Torin2) shows increased potency against mTOR, however, also shows decreased 

specificity [Liu et al., 2011].  Class I PI3K specific drugs, GSK2126458 and NVP-BGT226, 

have previously been measured to be potent across a wide range of PI3K classes. In all these 

cases however, basal ATPase activity of PI3K enzymes may complicate quantitation of potency 

and specificity, whereas direct measurement of PI(3)P production eliminates those complexities.  

 SAR405 and PIK-III have previously been reported to be Vps34 (class III) specific 

inhibitors [Dowdle et al., 2014; Ronan et al., 2014]. PIK93, NVP-BGT226, and GSK2126458 

have been reported to be selective class I PI3K inhibitors via ATP consumption assays [Knight et 

al., 2010; Markman et al., 2012; Knight et al., 2006] however, although they have previously 

been deemed class I PI3K specific, these PI3K inhibitors also possess potent activity vs. 

HsVps34.  Torin1, Torin2, and INK128 are reported to be selective mTOR inhibitors [Liu et al., 

2012; Thoreen et al., 2009; Liu et al., 2011; Hsieh at al., 2012] and previous studies have 

reported Torin1 and Torin2 potency against PI3Ks as well. Despite some conflicting 

classification of these inhibitors using ATP consumption vs. PIP3 production, our results are 
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largely in agreement with those from the literature. Additional work focusing on multiple 

substrates for some PI3K isoforms should further quantify class specificity of PI3K inhibitors. 
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7.1 Introduction 

 A recently optimized ELISA has allowed for the quantitative calculation of PI3K 

enzymatic activity [Hassett et al., 2017- Chapter 6].  As previously mentioned, PfPI3K has been 

proposed to be an optimal target for the next generation of antimalarial drugs [Gaviria et al., 

2013; Mott et al., 2015].  PfPI3K was also identified to be a target of certain artemisinins and to 

be the source of increased resistance to artemisinin therapy due to its production of PI(3)P.  

However, the proposed function of PfPI3K in ARTR is not well understood.  The newly 

optimized ELISA now makes a comprehensive functional analysis of PfPI3K possible.  

 Currently, artemisinin-based combination therapy (ACT), which has been used since the 

mid 2000s, is the front-line therapy recommended for the treatment of P. falciparum infections 

by the World Health Organization (WHO).  Artemisinin-based drugs in general have very short 

half-lives, but can reduce parasite burden by orders of magnitude in a few hours.  In ACTs, an 

artemisinin-based drug is typically partnered with a drug that has a different mechanism of action 

(MOA) and longer half-life to both reduce likelihood of resistance and to prevent recrudescence.  

There are two theories that attempt to explain artemisinin MOA, and both rely on cleavage of the 

drugs' endoperoxide bridge [Meunier et al., 2010].  The cleavage of the endoperoxide bridge 

either results in production of reactive oxygen species, or formation of covalent adducts upon 

attack of C - or O - centered artemisinin radicals towards one or more of many possible target(s). 

Studies with artemisinin probes have provided direct evidence that the drug can form covalent 

interactions with over 100 different targets including lipid bodies [Wang et al., 2015; Ismail et 

al., 2016; Hartwig et al., 2009].  
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 The reactive oxygen species theory predicts cleavage of the endoperoxide bridge from Hb 

degradation products resulting in oxidative stress and potential membrane depolarization [Klonis 

et al., 2011; O’Neill et al., 2010; Xie et al., 2016].  Heme released upon parasite Hb catabolism 

has been hypothesized to be an activator of artemisinin drugs during either the ring stage (where 

DCP is most noticeable) or trophozoite stage of parasite development.  Additional evidence in 

favor of this model includes the observation that some hemoglobinase inhibitors appear to 

abrogate artemisinin potency, whereas iron chelators have a more modest effect [Xie et al., 

2016].  

 Unfortunately, the first cases of a DCP associated with reduced efficacy of artemisinin 

therapy appeared in 2006-2007 in Southeast Asia [Noedl et al., 2009].  It was not until 2014 that 

the molecular marker for artemisinin DCP was isolated and found to coincide with mutations in 

the propeller region of what is called the Kelch 13 (K13) protein [Ariey et al., 2014; Ashley et 

al., 2014].  PfK13 has a weak human orthologue, the kelch-like ECH-associated protein 1 

(KEAP1), which is a negative regulator of the antioxidant response [Ariey et al., 2014].  Various 

K13 propeller point mutations introduced into an artemisinin-sensitive, but CQR strain increased 

ring stage survival upon artemisinin exposure as measured by the "RSA" (ring stage assay) 

[Straimer et al., 2015; Witkowski et al., 2013].  Interestingly, introducing the same K13 

propeller mutation into different genetic backgrounds resulted in variable levels of DCP 

suggesting that K13 mutations play a partial or variable role in conferring reduced susceptibility 

to artemisinins [Straimer et al., 2015]. In some areas of Southeast Asia, the prevalence of K13 

mutations unquestionably linked to P. falciparum DCP numbers is staggering.  Reports of over 

93% prevalence have been observed in regions of Cambodia and Thailand [Ménard et al., 2016; 
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Imwong et al., 2015]. Elucidating the molecular mechanism of how K13 mutations confer DCP 

is of enormous importance yet also a controversial topic, and much remains to be discovered. 

 In 2015, a molecular model linking the function of mutant vs. wild type K13 to P. 

falciparum DCP was proposed, one that links K13 function to the activity of the parasite's sole 

PI3K [Mbengue et al., 2015].  PfPI3K has been identified as being localized to multiple sites, 

including the parasite DV, the parasite plasma membrane, other vesicular compartments, and the 

host erythrocyte [Vaid et al., 2010].  The PI3K pan inhibitor wortmannin showed that inhibition 

of PI3K causes accumulation of un-catabolized Hb, suggesting that PI3K inhibitors can either 

energize Hb endocytosis from the host cell, or antagonize Hb digestion [Vaid et al., 2010].  

Several investigations into the classification of PfPI3K have suggested that it most closely 

resembles Vps34, the sole class III PI3K [Vaid et al., 2010; Tawk et al., 2010], but no direct 

measurements of activity to test this have yet been performed.  PfPI3K (hereafter referred to as 

PfVps34) lacks pleckstrin homology domains and Ras binding sites that are characteristic of 

class I and II PI3Ks.  PfVps34 is likely an essential protein, since construction of PfVps34 gene 

knockouts have been unsuccessful [Tawk et al., 2010].  In vitro experiments with cell extracts 

have suggested that PfVps34 can produce PI(3)P, PI(3,4)P2, and PI(3,4,5)P3 [Vaid et al., 2010].  

Interestingly, treatment of parasites with 100 nM wortmannin only decreased cellular PI(3)P 

levels, suggesting that PfVps34 may only be responsible for PI(3)P production in vivo and that 

other PIKs are the sources of the other lipids identified in P. falciparum [Tawk et al., 2010].  The 

putative essentiality of PfVps34 indicates its importance in one or more cellular processes.  

PfVps34 has been hypothesized to be a key regulatory checkpoint in the autophagic cascade of 

P. falciparum [Gaviria et al., 2013; Hain et al., 2013].  Autophagy can be a response to 
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starvation or oxidative stress in the parasite whereby cellular material is eventually digested 

within the DV or other organelles. PfVps34 may be a particularly key component of the P. 

falciparum autophagic cascade, since TOR kinase activity is typically a key regulator of 

autophagy but no obvious TOR homologue has been identified with the P. falciparum genome 

[Gaviria et al., 2013; Brennand et al., 2011]. 

 In the model linking K13 and PfVps34 to DCP, PfVps34 is envisioned to be degraded via 

a K13 mediated process wherein PfK13 essentially acts as a scaffold for PfVps34 that can 

influence polyubiquitination and degradation of PfVps34 [Mbengue et al., 2015].  Mutations in 

PfK13 appear to disrupt association of PfVps34 and PfK13, increasing the lifetime of PfVps34 

[Mbengue et al., 2015].  The increased lifetime is reported to result in higher levels of PI(3)P, 

which then leads to increased parasite survival by an as yet unknown process [Mbengue et al., 

2015].  DHA, which is the active metabolite of artemisinin and several artemisinin derivatives, 

was hypothesized to inhibit PfVps34 through polar interactions with two residues [Mbengue et 

al., 2015].  These interactions were hypothesized to be reliant on an intact drug endoperoxide 

bridge, as similar effects using deoxyartemisinin (an artemisinin analogue lacking the 

endoperoxide bridge) were not seen [Mbengue et al., 2015].  Additionally, artemisinins such as 

artelenic acid and artemisone, which do not posses the hydroxyl moiety of DHA, appeared to 

lack inhibitory properties.  However, if this was indeed the case, DCP parasites would be 

predicted to not show cross resistance to artemisone or artelenic acid.  However, contrary to this 

proposed model, DCP parasites with solely mutant K13 - mediated DCP were recently found to 

exhibit cross-resistance to artemisone [Siriwardana et al., 2016].   
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 All known PI3K inhibitors have at least one canonical bond to the hinge region of Vps34 

enzyme, which enables a closed-to-open conformational change of the enzyme [Miller et al., 

2010]. The exact mechanism by which PfVps34 is implicated in ARTR remains uncertain, but it 

is clear that PfVps34 remains an attractive drug target for drug resistant malaria [Gaviria et al., 

2013].  Recent high-throughput screening efforts have identified PI3K inhibitors as very potent 

antimalarial drugs, and as clinically actionable partner drugs for next generation artemisinin 

combination therapy (ACT) [Mott at al., 2015]. 2317 FDA approved drugs were recently 

screened for potency against CQS vs. CQR P. falciparum, both as single agents and as 

combinations with known antimalarials [Mott at al., 2015]. Interestingly, small molecules 

targeting the human PI3K were among the most potent agents tested (e.g. NVP-BGT226; IC50 < 

1 nM, and highly synergistic with artemisinins).  An identification of the putative PI3K drug 

target in P. falciparum can lead to further optimization of these PI3K inhibitor – ACTs and is 

therefore a valuable strategy for the design of next generation antimalarial drug combination 

therapy. 

7.2 Results 

 Previous work has shown that the P. falciparum genome contains only one PI3'-kinase 

(PI3K) and that the sequence is most consistent with classification of the enzyme as a class III or 

"Vps34" type PI3K [Vaid et al., 2010; Tawk et al., 2010]. This strongly suggests that PfPI3K 

(PfVps34) catalyzes the formation of PI(3)P from PI, but such activity has not yet been directly 

quantified.  To quantify activity, purification of proteins encoding catalytic and regulatory 

domains of PfVps34 would be helpful.   
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 The amino acid sequence of PfPI3K (PfVps34; PF3D7_0515300) was analyzed for 

putative domain architecture using both well characterized human or yeast Vps34 enzyme 

sequences as template (HsVps34: UniProt- Q8NEB9; ScVps34: UniProt- P22543).  However, as 

is the case for many P. falciparum genes, due to an anomalously high genome AT content, the 

presence of multiple inter-dispersed AT rich sequences in the Pfvps34 gene leads to insertion of 

multiple "low complexity" amino acid sequences in the encoded protein that are rich in basic 

amino acids (Fig. 48, caption).  These low complexity regions can lead to some ambiguity when 

assigning domain structure via comparison to higher eukaryotic orthologues.  Such is the case for 

PfVps34.  EMBL Clustal W2 alignment vs. human (Hs) or vs. S. cerevisiae yeast (Sc) Vps34 

sequences generate distinct identity matrices such that multiple assignments of previously well 

characterized PI3K enzyme domains [Miller et al., 2010] are possible.   

 As shown in Fig. 48, assignment of the catalytic domain of PfVps34 is straightforward 

and similar regardless whether HsVps34 or ScVps34 is used as the query template.  PfVps34 

appears to have a 202 residue catalytic domain (yellow, Fig. 48) that is highly homologous to 

both HsVps34 and ScVps3 catalytic domains [Miller et al., 2010].  However, precise definition 

of the "N-lobe" and "helical domain" Vps34 domains (red and green colored regions, 

respectively) depends on whether human or yeast Vps34 sequences are used as template. When 

HsVps34 is used as template, Clustal W2 analysis at various stringencies assigns a 200 residue 

region immediately N terminal to the catalytic domain as the "N-lobe" domain (Fig. 48A, red) 

whereas aligning vs. ScVps34 suggests a 377 residue region (Fig. 48B, red). Assignment of the 

"helical region" (green) "linker region" (dark grey), and "C2" domain (light grey) characteristic 

of Vps34 protein structure is also somewhat ambiguous due to the presence of a long low 
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complexity domain at the very N terminus of PfVps34 (white) that does not show any obvious 

homology to any sequences in any other eukaryotic Vps34 enzymes (data not shown).  Since the 

N-lobe region can impact upon Vps34 catalytic enzyme activity [Miller et al., 2010] multiple 

PfVps34 domain constructs were constructed to control for ambiguity in N-lobe assignment and 

these proteins purified.  

 
Figure 48. Cartoon schematic of Vps34 alignments, PfVps34 construct description, and 
PfVps34 152N-cat ORF.  (A) Domain assignments of PfVps34 were based on H. sapiens and S. 
cerevisiae Vps34 protein alignments, after alignment of H. sapiens and S. cerevisiae Vps34 vs. 
D. melanogaster as described (22, and see text).  Alignments of PfVps34 with either Vps34 
produce different assignments for some domains.  Lengths of the C2 domain (grey), helical 
domain (green), N-lobe (red), catalytic domain (yellow) are indicated.  PfVps34 also houses an 
N-terminal low complexity region consisting of R and K repeats typical of many P. falciparum 
proteins.  (C) A closer look at the N-lobe and catalytic domain of Vps34 constructs expressed in 
this study (color scheme remains the same).  See text. (D) Diagram of the open reading frame of 
PfVps34.  The AOX1 promoter controls induction of Vps34, which is also tagged C terminally 
by a TEV protease site, 6XHis tag, Factor Xa protease site, biotin acceptor domain, and a V5 
epitope (tags shown in orange).   
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 Fig. 48C illustrates the three PfVps34 constructs that were heterologously expressed and 

purified in this study. The first, "CAT" harbors solely the 202 residue catalytic domain as 

defined by Miller et al. [Miller et al., 2010] and that is easily defined by alignment vs. both 

HsVps34 and ScVps34 proteins (Fig. 48A,B).  The second, "Pf337N-cat" adds 337 residues that 

are immediately N terminal to the PfVps34 catalytic domain.  These 337 residues encompass all 

the predicted human Vps34 "N-lobe" and 90% of the yeast "N-lobe".  A third construct, 

"Pf152N-cat" removes low complexity regions within these N terminal 337 residues that show 

very low homology to both HsVps34and ScVps34.  Removal of these low complexity regions 

conserves α, β, δ domains that, when linked in tandem, are highly homologous to the 154 residue 

N lobe domain defined for HsVps34 (Fig. 48A top, red).   

 Based on previous work with catalytic domain constructs for other class III PI3K 

enzymes [Miller et al., 2010] the 152N-cat PfVps34 construct is expected to retain full activity 

whereas the CAT construct is expected to show reduced or partial activity.  To test whether these 

truncated PfPI3K constructs were active, I first screened for phenotypic complementation in a 

ΔVps34 strain of S. cerevisiae.  Fig. 49 shows that all three constructs are heterologously 

expressed to similar levels.   
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Figure 49: V5 western blot of PfVps34 protein expression.  Equivalent expression of different 
PfVps34 constructs and mutants in CM fractions.  Lane 1; MW standards, lane 2, mock purified 
fraction from cells expressing empty vector. (A) The size of Cat (3), 337N-cat (4), and 152N-cat 
(6) constructs are 35.3, 74.7, and 52.9 kDa, respectively. D1990N 337N-cat (5), D1990N 152N-
cat (7), and a double mutant (8) (D1889N and Y1915F, removes residues thought to be necessary 
for binding DHA [Mbengue et al., 2015]) are also expressed equally.  * indicates potential 
proteolysis byproducts (note absence in lanes 2, 3). 
 
As shown previously [Banuelos et al., 2010] yeast lacking endogenous Vps34 both grow more 

slowly relative to control yeast strains and are also hypersensitive to caffeine.   Fig. 50 shows 

that strain BY4741/ΔVps34 (grey line, Fig. 50A) does indeed grow more slowly relative to the 

Vps34+ isogenic parental strain (BY4741) (solid black line, Fig. 50A) and that expression of 

152N-cat PfVps34 (dashed line) nearly completely complements the growth defect.  Similarly, as 

shown in Fig. 50B the presence of 12 mM caffeine nearly completely inhibits growth of the 

ΔVps34 strain (grey line) relative to isogenic parent (solid black line), and expression of 152N-

cat PfVps34 (dashed line) again strongly complements the caffeine sensitivity defect.  Similar 

experiments with "CAT" and "337N-cat" PfVps34 constructs shows that "cat" complements loss 

of S. cerevisiae Vps34 poorly, and that "337N-cat" complements similarly to "152N-cat" 

PfVps34 (data not shown).   
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Figure 50. Complementation of Δvps34 phenotype in yeast by 152N-cat PfVps34.  The sole 
PI3K in yeast is Vps34, and is non-essential under rich growth conditions.  However, (A) there is 
a growth defect associated with Δvps34 strain (grey) when compared to the isogenic parent 
(black).  Expression of our Pf constructs (152N-cat, black dotted) complements the slow growth 
phenotype, as described in the text.  Slow growth of the Δvps34 strain is exacerbated by caffeine 
(B right), which can cause a near lethal phenotype (grey line, B).  Again, expression of 152N-cat 
complements the knockout phenotype (see text). 
 
 Rapid purification of "CAT", "152N-cat" and "337N-cat" PfVps34 constructs was 

accomplished as described in "Methods".  In essence, a TEV protease site and hexa his domain 

sequence placed in tandem at the C terminus of all three constructs (Fig. 48D) facilitated rapid 

positive hexa - his vs. negative hexa - his (after TEV protease cleavage of the hexa his domain) 

two column purification.  Fig. 51A,B shows SDS / PAGE gel analysis of a representative 

purification of "152N-cat" and reveals that a single band at the correct mass, lacking the hexa his 

domain, is obtained after silver staining of the dialyzed and concentrated purified protein (Fig. 

51B, lane 4).   
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Figure 51. Purification of PfVps34.  An α-V5 blot (A) was used to monitor purification.  
Protein ladder is shown in lane 1.  Yeast empty vector (EV, 2) control harboring no Vps34 was 
used as a negative control.  Positive control (3) was 15 µg of yeast membranes harboring 152N-
cat PfVps34.  Urea was used to solubilize (4) Vps34 from crude membrane fractions.  Wash (5), 
elution (6), post TEV treatment (7) and post second Ni2+ column flow through fractions (8) are 
also shown.  Silver Stain (B) depicts the protein ladder (lane 1), EV (2), control (3), and spin 
concentrated purified 152N-PfVps34 (4) (see text). 
 
 Production of PI(3)P from PI substrate was quantified for these purified PfVps34 

proteins.  As shown previously [Hassett et al., 2017- Chapter 5] I have optimized substrate PI to 

competitor PI(3)P ratios in ELISA format such that PI3K activity can be reliably quantified in 

terms of mol PI(3)P per mol enzyme per unit time.  Fig. 52A shows production of PI(3)P from PI 

substrate per unit time, catalyzed by 152N-cat PfVps34 under standard assay conditions (see 

Methods), and Fig. 52C summarizes similar data for CAT and 337N-cat constructs, as well as 

purified HsVps34 and a purified HsPI3K class I enzyme, as described previously (Hassett et al., 

2017- Chapter 6).  As expected based on the yeast complementation studies, the 152N-cat 

construct appears fully functional with initial rates of PI(3)P production very near those expected 

for a eukaryotic class III PI3K, and distinctly faster than what is expected for a class I PI3K 

enzyme (Fig. 52C). I also find that "CAT" without any N lobe residues attached retains 

approximately 50% of catalytic ability, and that 337N-cat PfVps34 has nearly identical activity 
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relative to 152N-cat PfVps34, suggesting that low complexity regions immediately N terminal to 

the catalytic domain are unnecessary for function (Fig. 52C).  Under initial rate conditions I also 

varied [ATP] (Fig. 52B) and find apparent Km for ATP near 60 µM, again as expected for a 

eukaryotic class III PI3K (see also Table 10, previous chapter).  

 
Figure 52. Biochemical characterization of PfVps34.  Kinetics of PI(3)P production by 
PfVps34 proteins vs. Hs class III (Vps34) vs. class I PI3K.  Amount of substrate produced vs. 
time is shown for 152NPfVps34 (A).  (B) Enzyme activity vs. [ATP] (phosphate donor) 
estimates Km of 63.7 µM. (C) Activity of the different PfVps34 constructs and mutants vs. 
human PI3Ks (see text).  Activities labeled with an * are not statistically different from each 
other (p > 0.4 in each case) but all are statistically different from all other activities shown (p 
<0.05 in each case).  
 

 Following observations made for human class III PI3K [Miller et al., 2010] I also 

constructed D1990N 152N-cat and 337N-cat mutants, purified the proteins, and examined them 
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for activity.  Alignment with human Vps34 (not shown) predicts that D1990 in the P. falciparum 

enzyme is the key catalytic loop aspartic acid that is well positioned to neutralize the negative 

charge in the transition state by acting as a metal ligand (see [Miller et al., 2010]); thus, loss of 

this aspartic acid for HsVps34 is known to abolish activity [Miller et al., 2010]. As predicted, via 

either yeast complementation (not shown) or via direct PI(3)P quantification (Fig. 52C), D1990N 

152N-cat and D1990N 337N-cat constructs are completely inactive.  

 Other recent work has suggested that Pf Vps34 may be a target of artemisinin - based 

antimalarial drugs [Mbengue et al., 2015].  In this work, it is implied that cleavage of the 

artemisinin endoperoxide bridge is unnecessary for drug binding and inhibition of the enzyme, 

since it is concluded that an intact peroxide bond is necessary for reversible PfVps34 inhibition 

via the peroxide oxygens acting as hydrogen bond donors (for structures see Fig. 53) [Mbengue 

et al., 2015]. As shown in Fig. 54, I find that artemisinin drugs do indeed inhibit PfVps34, but 

only in the presence of catalytic Fe2+ necessary for cleavage of the drugs' endoperoxide bridge 

and subsequent activation of ART radical alkylation activity [Posner et al., 1992; Robert et al., 

1997; Posner et al., 1994] (Fig. 54). Both DHA and artemisone (AMS) show no inhibition of 

152N-cat PfVps34 up to 10 µM concentration in the absence of Fe2+ (Fig. 54A, C), but quite 

potent, dose dependent inhibition of enzyme in the presence of catalytic Fe2+ (Fig. 54B,D).  As 

expected based on these data, the derivative deoxyartemisinin, which lacks the artemisinin drug 

endoperoxide bridge, shows no inhibition of the enzyme in either the presence or absence of Fe2+ 

(Fig. 54E,F). Table 13 summarizes these inhibition data as well as similar data for other common 

artemisinin drugs currently used vs. P. falciparum malaria (Artesunate [ATS], Artemether 
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[ATM], Artemisone [AMS]) and synthetic endoperoxide drugs [OZ277, OZ439] currently in 

clinical development).   

Table 13.  PfVps34 inhibition by endoperoxide drugs 
Drug EC50 (nM) SEM 
ART 1345.3 222.4 

ATM 145.0 24.4 

ATS 299.4 50.8 
AMS 20.0 3.8 
DHA 4.1 0.9 

OZ439 6.5 2.3 
OZ277 90.5 17.3 

 

A plot of in vitro potency vs. the enzyme (Fig. 55; EC50, x axis) vs. antiparasitic activity (drug 

IC50, Y axis) for these drugs shows some correlation between the two properties, but only when 

Fe2+ is present in in vitro enzyme activity assays.  Importantly, it is well known that ATM and 

ATS both metabolize to DHA (even in cell culture) whereas AMS and the synthetic 

endoperoxide drugs do not, which may affect correlation analysis results.  

 

Figure 53.  Chemical structures of endoperoxide drugs.  Reproduced with permission from 
[Siriwardana et al., 2016]. 
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Figure 54. PfVps34 152N-cat inhibition by endoperoxide drugs +/- Fe2+.  Figures A, C, and E 
show data for different endoperoxide drugs vs. PfVps34 in the absence of catalytic Fe2+.  Figures 
B, D, and E show data for the same drugs in the presence of Fe2+

, which cleaves the 
endoperoxide bridge of the artemisinin drugs.  Deoxyartemisinin does not possess an 
endoperoxide bridge, and therefore has no inhibitory properties either in the absence or presence 
of Fe2+ (E,F).   
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Figure 55. Correlation plot of endoperoxide drugs.  Log vs. log plot of in vivo IC50 value vs. 
in vitro EC50 values for 7 different artemisinin drugs, as described in text, showing modest 
correlation between the two measured values (curve not shown; computed R2= 0.54). 
 
 Fig. 56A shows relative inhibition of enzyme obtained upon titrating [Fe2+], and Fig. 57 

shows that dialysis of enzyme previously treated with drug alone vs. drug + Fe2+ results in 

functional vs. completely inhibited enzyme, respectively.  These data further support the notion 

that inhibition of PfVps34 by artemisinin drugs depends on Fe2+- dependent covalent association 

of the drug to the enzyme, presumably via formation of C or O centered radicals capable of 

enzyme alkylation [see: Posner et al., 1992; Robert et al., 1997; Posner et al., 1994].   
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Figure 56. Heme vs. Fe2+ enzymatic inhibition.  Inhibition of PfVps34 by DHA is iron 
dependent. Activity of enzyme is quantified as nmol/min/mg.  A and B have varying DHA 
concentration and constant iron (3X excess).  C and D have constant DHA concentration (2X 
EC50) with varying iron concentration.  A and C are using heme as the iron source and B and D 
are iron (II) sulfate as iron source.  Titration of iron concentration at fixed [DHA] decreases 
potency of DHA.  Titration to lower Fe2+ concentrations reduces inhibitory effects of the drug.  
(C) PfVps34 inhibition with iron from heme with equimolar glutathione with an estimated iron 
EC50 of 0.73 mole ratio with respect to DHA and (D) inhibition with free iron in the form of iron 
(II) sulfate with an estimated iron EC50 of 0.23 mole ratio with respect to DHA 
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Figure 57. DHA inhibits PfVps34 upon formation of a covalent drug-enzyme interaction.  
Activity of enzyme is quantified as nmol/min/mg.  PfVps34 was treated with 2x EC50 dose of 
DHA under standard assay conditions +/- 3x molar excess iron.  Samples were then dialyzed to 
remove drug and iron and assayed for activity.  A non dialyzed control (1), 152N-cat + iron, - 
DHA and dialyzed (2), 152N-cat + DHA and dialyzed (3), 152N-cat + DHA. + iron and dialyzed 
(4).  * denotes statistical significant difference via T - test (p < 0.05).  
 

 Purified 152N-cat PfVps34 was incubated with DHA and catalytic Fe2+ for 30 min, 

digested with trypsin, and resultant fragments analyzed via mass spectrometry to further test 

DHA alkylation and determine the drug binding site(s).  Analysis of mass spectrometry m/z 

peaks revealed that at least 8 different 152N - derived peptides were efficiently alkylated by 

DHA in the presence of Fe2+, but not in the absence of Fe2+ (Fig. 58A).  Using the crystal 

structure of HsVps34 as template, I find that these 7 peptides are disposed throughout the 

enzyme in a topologically discontinuous fashion, suggesting that multiple drug binding sites 

exist (Fig. 58B).  
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Figure 58. Trypsin digestion and peptide labeling of PfVps34 152N-cat by DHA.  (A) 
Trypsin digestion of 152N-cat PfVps34 generates 22 different peptides (ProteinProspector), 7 of 
which are labeled with DHA after iron induced activation of the endoperoxide bridge.  Peptides 
1, 2, 6, 8, 9, 11, 16, 19, and 21 are labeled (bold and underlined).  The Y1915 residue previously 
suggested to be influential for DHA binding [Mbengue et al., 2015] is present in peptide 9. (B) 
Using alignment between the HsVps34 PfVps34 sequences, positions of the underlined (labeled) 
peptides in (A) are superimposed (in yellow, and denoted with peptide number(s)) on the 
HsVps34 crystal structure.  
 

 PI3K drug inhibition of PfVps34 was measured for 6 drugs against both the PfVps34 

152N-cat and 337N-cat constructs. PI3K drug inhibition of both constructs produced similar 

EC50 values, despite the removal of the low complexity regions in the 152N-cat construct (Table 

14), which is not surprising because this phenomenon has been seen before [Muralidharan et al., 

2011; Muralidharan et al., 2013].  A number of different PI3K drugs were used, with 

specificities for different kinase classes including class I PI3K, mTOR, and PI3K/PI4K pan 

inhibitors (Table 14).       
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Table 14. PfVps34 inhibition by PI3K drugs. 

Drug 
152N-cat EC50 

(nM) SEM 
337N-cat EC50 

(nM) SEM 
NVP-BGT226 0.6 0.2 0.6 0.3 
GSK2126458 139.4 15.4 204.2 2.2 
Torin2 0.6 0.1 0.7 0.2 
INK128 22.0 5.3 56.0 16.6 
Torin1 87.0 7.1 74.3 11.4 
PIK93 190.1 24.8 211.7 25.3 

 

These drug specificities towards different PI3K classes of human enzymes have been analyzed 

previously [Hassett et al., 2017, chapter 6 this thesis]. Over almost three logs of magnitude, a 

strong correlation between in vivo HB3 IC50 (x-axis; growth inhibitory concentration) vs. in vitro 

EC50 was seen for both constructs against the 6 different PI3K drugs shown to be potent in 

combination with artemisinin drugs. Linear correlations of 0.98 and 0.87 were seen for 152N-cat 

and 337N-cat, respectively.  When the x and y axis are plotted as a log function, the power fit of 

this line becomes 0.99 and 0.98 for the 152N-cat and 337N-cat, respectively (Fig. 59). 

 
Figure 59. PI3K drug correlation between in vivo and in vitro potency.  Correlation plots of 
log HB3 IC50 vs. log PfVps34 EC50 for 152N-cat PfVps34 (A) and 337N-cat (B).  Correlations of 
0.99 and 0.98 were seen for 152N-cat and 337N-cat, respectively. 
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 While PI3K drug EC50 correlates well with in vivo IC50, I wanted to examine whether 

cytocidal effects of drug (LD50; parasite killing concentrations) also correlated with in vitro EC50 

analysis.  Cytocidal potencies of PI3K drugs against CQS strain HB3 were discussed elsewhere 

[Mott et al., 2015].  Plots containing all 6 drug LD50 and EC50 values indicate that there is a poor 

linear correlation of the data (Fig. 60A, B).  The removal of a single drug, PIK93, which is a 

PI3K/PI4K inhibitor, creates a much stronger linear correlation (Fig. 60C, D).  Interestingly, a 

stronger correlation is seen in PfVps34 337N-cat EC50 data.  Linear correlations for LD50 vs. 

EC50 are 0.74 and 0.92 for the 152N-cat and 337N-cat constructs, respectively.  The slight 

difference appears to be in the potency of Torin1 to both constructs. 

 
Figure 60. PI3K drug correlation between cytocidal and EC50 activity.  PfVps34 152N-cat 
construct is shown in panels A and C, while 337N-cat is shown in B and D.  Panels A and B 
show correlation plots with PIK93 included (top left data point).  Panels C and D show 
correlation plots with PIK93 removed and show linear correlations of 0.74 and 0.92 for 152N-cat 
and 337N-cat, respectively.   
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7.3 Discussion 

Results in this paper can be summarized as follows:  

 1) Efficient heterologous expression of truncated PfVps34 is possible in yeast after gene 

codon - optimization, as previously found for PfCRT and PfMDR1 proteins [Zhang et al., 2002; 

Amoah et al., 2007].  Upon purification and quantitative measure of PI(3)P production from PI, 

high activity is measured for the catalytic domain of PfVps34, as well as N lobe catalytic domain 

fusion proteins.  

  2) Class III vs. class I PI3K enzymes can be distinguished by the kinetics of PI(3)P 

formation from PI (Hassett et al 2017-Chapeter 5; Life Technologies PI3K manual; Sigma 

HsVps34 manual). As confirmed in the present work, the PfPI3K enzyme is clearly a class III 

PI3K, as previously suggested by Vaid and colleagues based on domain alignment analysis [Vaid 

et al., 2010].  As discussed [Vaid et al., 2010] the absence of regulatory domains typically seen 

in class I or class II PI3K enzymes (Ras binding or pleckstrin homology domains) as well as 

amino acid sequence and overall domain organization shows that PfPI3K is a class III (Vps34) 

enzyme. Vps34 enzymes (Fig. 48) also show similar catalytic loops and activation loops, as I 

find in alignment of PfVps34, HsVps34, and ScVps34 sequences (Fig. 48). Previously Tawk et 

al. [Tawk et al., 2010] also examined alignment of PfPI3K vs. other class III PI3Ks and noted 

that activation loops were nearly identical. Previous work comparing PfVps34 to HsVps34 [Vaid 

et al., 2010; Tawk et al., 2010] also defined domain architecture very similar to that presented 

here.  

 PI3K classes can also be distinguished by substrate specificities, since class III enzymes 

use only PI to make PI(3)P, whereas class I and II enzymes can use PI4P as substrate to make 
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PI3,4P2.  Currently our ELISA approach does not permit analysis of PI3,4P2 production from 

PI4P substrate.  Previous work by Vaid and colleagues [Vaid et al., 2010] suggested that 

PfVps34 may be capable of producing PI(3)P, PI(3,4)P2, and PI(3,4,5)P3, however, interestingly, 

in vivo treatment with the pan PI3K inhibitior wortmanin only decreased cellular PI(3)P levels, 

suggesting that in vivo PfVps34 may only be responsible for PI(3)P production and that other 

PIKs may be the sources of other lipids identified in P. falciparum.).    

 3) As previously reported, [Mbengue et al., 2015], artemisinin - based drugs do indeed 

inhibit PfVps34.  However, inhibition is entirely dependent on cleavage of the drug 

endoperoxide bridge as shown by complete lack of inhibition in the absence of catalytic Fe2+ vs. 

quite potent inhibition in the presence, a conclusion that contrasts with a proposal for the 

molecular nature of inhibition presented previously [Mbengue et al., 2015].   I also find 

interesting differences in the apparent EC50 for enzyme inhibition across a panel of artemisinin 

drugs, including synthetic endoperoxide drugs currently in development.  DHA appears to the 

most potent at inhibiting PfVps34, with the parent drug artemisinin being more than 100 - fold 

less potent.  Interestingly however, ART and DHA show similar differences in potency for ART 

sensitive vs. ART resistant parasites [Siriwardana et al., 2016].  Thus the differences in PfVps34 

enzyme inhibition potency noted here are likely not relevant for changes in pharmacologic 

potency for ARTS vs. ARTR malarial parasites.  I suggest that other molecular targets within the 

P. falciparum parasite must also be relevant for ART action and ART resistance.  

 4) With regard to DHA inhibition of PfVps34, presumably via alkylation of PfVps34 by 

reactive C centered radical DHA [Posner et al., 1992; Robert et al., 1997; Posner et al., 1994], I 

note that 4 of 7 DHA - labeled peptides are found within the catalytic domain, while the other 3 
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labeled peptides are found in the "N lobe" [Miller et al., 2010].  Of two residues previously 

proposed to coordinate to the unactivated endoperoxide bridge of DHA, one (Y1915) is found 

within a labeled peptide, the other (D1889) is not (red circles, Fig. 58B).   

 In previous work [Mbengue et al., 2015] PfVps34 was reported to be inhibited > 80 % by 

4 nM DHA, with inhibition modeled to be via the non-activated (intact endoperoxide bridge) 

form of the drug binding (reversibly) to the catalytic domain and involving polar contacts with 

residues D1889 and Y1915.  In our work, only activated DHA (Fe2+- catalyzed cleavage of DHA 

endoperoxide) inhibits PfVps34 (EC50 4.1 nM); the non-activated drug does not inhibit.  One 

explanation for the differences between the two studies may be that activity of PfVps34 is 

measured in [Mbengue et al., 2015] while the enzyme is tethered to anti PfVps34 antibody.  

(note: Ab epitope overlaps catalytic domain).  

 Previously it was reported that deoxyartemisinin (DOA) does not inhibit PfVps34 due to 

H - bond dependent reorientation of DOA within a hypothesized PfVps34 catalytic domain 

binding site. I also find that DOA does not inhibit PfVps34 activity, however, since DHA 

inhibition is dependent upon Fe2+ activation of the prodrug, I interpret these results to indicate 

that DOA does not inhibit because DOA is incapable of Fe2+ activated endoperoxide cleavage to 

generate O or C centered radicals that would then alkylate PfVps34.  This is consistent with lack 

of MS evidence for DOA - PfVps34 adduct formation.   

 Similar enzyme activity profiles and PI3K drug EC50s suggests that low complexity 

regions are not necessary for function in P. falciparum proteins.  This phenomenon has been 

examined before [Muralidharan et al., 2011; Muralidharan et al., 2013].  The only slight drug 

EC50 difference that may have impacted the in vivo IC50 correlation was in the potency of Torin1 
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and GSK2126458.  Torin1 was slightly more potent against PfVps34 337N-cat (74.2 nM vs. 87.0 

nM), and GSK2126458 was slightly more potent against the 152N-cat (139.4 nM vs. 204.2 nM).  

This slight difference was enough to impact the linear correlation.  Molecularly, the differences 

can be potentially explained by amino acid interactions with the drugs.  For mTOR, residue 

K2126 in the P-loop is believed to form a hydrogen bond with the amide moiety in the Torin1 

piperazine side chain [Liu et al. 2012].  For the 337N-cat construct, this residue would be a 

histidine, but in the 152N-cat construct it would be replaced by a serine (due to the removal of 

low complexity regions), which could still theoretically be involved in this interaction.  For the 

difference in potencies of GSK2126458, the sulfonamide interacts with residue K833 in human 

PI3Kγ, making a charged interaction [Knight et al., 2010].  This corresponding residue (also a 

lysine) is found in both the 152N-cat and 337N-cat, but it is 4 amino acids before low complexity 

regions start to be removed from the 152N-cat construct.  It is possible the binding pocket 

formed by the 152N-cat construct facilitates a more robust interaction with GSK2126458. 

 The correlation of in vivo LD50 and in vitro EC50 is also very exciting.  It suggests that 

PI3K drugs exert both a cytostatic and cytocidal effect.  The role of PIK93 in this correlation plot 

suggests that while cytostatic doses of PIK93 and its activity in vivo may correlate with PfVps34 

EC50, cytocidal doses of PIK93 may have additional targets.  Unlike the oher drugs, PIK93 is 

also known to be a potent PI4K inhibitor, but shows potency against PI3Ks in vitro [Miller et al., 

2010].  The P. falciparum genome codes for three possible PI4Ks.  One of them, a class III 

PI4K, has been identified as the target of imidazopyrazines [McNamara et al., 2013].  PIK93 

makes a hydrogen bond with residues V598 and K549 in human PI4KIIIβ [Burke et al., 2014].  

Residue Y583 also interacts with the thiazole and the phenyl moiety of PIK93 [Burke et al., 
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2014].  PfPI4K is the only kinase that has all three of these corresponding residues. PfVps34 is 

missing the corresponding V598; it is an isoleucine, and this is a potential reason why PIK93 is 

still an effective drug in vitro against PfVps34. PfPI4K may become the primary target of PIK93 

under cytocidal concentrations of drug [McNamara et al., 2014]. 

 A specific target for a new class of antimalarial drugs is an exciting discovery.  The 

human PI3K drugs examined here appear to target PfVps34 with cytostatic and cytocidal 

potency.  All of these drugs have previously been found to be potent drugs as single treatment, or 

as combination with already used artemisinin antimalarial drugs.  Importantly, similar levels of 

inhibition have previously been seen for these drugs against both CQS and CQR isoforms [Mott 

et al., 2015].  This suggests that the PfVps34 inhibition mechanism is not a casualty of the 

deregulated autophagic cascade in CQR parasites [Gaviria et al., 2013]. Careful optimization of 

these drugs for PfVps34 can lead to the next generation of ACTs and is a viable strategy to 

consider moving forward. 
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 Plasmodium falciparum and Plasmodium vivax infections claim close to a million lives 

every year.  Continually evolving drug resistance is making effective treatment of all individuals 

infected with Plasmodium difficult.  CQ was one of the first widely successful antimalarial drugs 

used to combat infection, and it was introduced around the Second World War.  Unfortunately, 

pockets of resistance developed within a few short decades, and the scientific community has 

been fighting an uphill battle ever since.  Artemisinin became popular as an effective 

antimalarial in the mid-2000s and was used in combination with other, longer-lasting 

antimalarial drugs to try and prevent the development of resistance.  To the surprise and dismay 

of members of the drug-resistance field, it was reported in 2009 that there was a statistically 

measureable difference in the time it took some patients from western Cambodia to reach 

parasite clearance after artemisinin treatment [Noedl et al., 2009].  The delayed parasite 

clearance phenotype identified here could be the first step towards ARTR. 

 As previously discussed, drug resistance arises in one of two broad ways.  The drug-

target interaction is either manipulated in some way, or the signal propagated from the drug-

target interaction is altered and no longer results in parasite death.  The identified cytostatic drug 

target for CQ is the product of Hb digestion, free heme.  Non-synonymous mutations in a gene 

that encoded a membrane protein in the parasite’s DV were found to segregate with the resistant 

phenotype [Fidock et al., 2000].  It is hypothesized that this protein, PfCRT facilitates an 

electrochemical downhill diffusion of CQ away from its site of action.  Mutant PfCRT, with an 

altered, yet-unknown, endogenous function was found to reduce the accumulation of CQ within 

the DV by transporting CQ out of the DV. Changes in DV pH and DV volume further reduced 
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target availaibility [Fidock et al., 2000; Bennett et al., 2004; Zhang et al., 2004; Paguio et al., 

2009].   

 Understanding CQR is still important for two key reasons.  The first is that a recent study 

suggested that artemisinin delayed clearance is more likely to develop in a parasite with a CQR 

background [Miotto et al., 2015].  The second is that many areas that have seen the elimination 

of CQ from the field have shown the reemergence of CQS parasites to the wild [Kublin et al., 

2003; Mwai et al., 2009; Kiarie et al., 2015; Mwanza et al., 2016].  If we molecularly understand 

what is happening in CQR parasites, it can help us understand the potential onset of ARTR.  

Understanding why a CQR genetic background may make a suitable starting point for ARTR, 

and exploring the continued use of other aminoquinolines as artemisinin partner drugs will go a 

long way in preventing potential drug resistance epidemics. 

 I have analyzed drug transport by PfCRT isoforms using an already well-established 

expression system in S. cerevisiae yeast [Baro, et al., 2011].  S. cerevisiae is a convenient model 

organism to examine the function of a heterologously expressed protein.  Expression of foreign 

eukaryotic proteins in a eukaryotic system such as S. cerevisiae is desired, and this eukaryotic 

machinery (coupled with inexpensive maintenance and a fully annotated genome) makes S. 

cerevisiae an ideal host.  A codon-optimized version of PfCRT has already been expressed in 

this system and CQ dependent growth delay of yeast expressing PfCRT has shown to be a 

surrogate for [3H]-CQ transport by PfCRT [Zhang et al., 2002; Baro et al., 2011; Baro et al., 

2013]. 

 In Chapter 3 of this thesis, I describe the continued work to characterize PfCRT isoforms 

from isolates around the globe.  45 isoforms of PfCRT were analyzed for their ability to transport 
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CQ and PQ.  One notable discovery of this analysis was that the CQR canonical mutation, K76T, 

might not be a sufficient marker for identifying CQR as previously thought.  Several isoforms 

that harbor the K76T mutation but do not transport CQ with greater efficiency than canonical 

CQS isoform HB3 were identified here.  Two likely theories were proposed to explain this 

discovery.  It is possible that these isoforms have evolved to diminish CQ transport efficiency in 

areas where there is no longer CQ pressure in order to reduce the apparent fitness burden of 

expressing mutant PfCRT.  Another hypothesis, which may be concurrent with the first 

hypothesis, is that additional mutations arose in order to facilitate increased transport of other 

aminoquinoline drugs that are being used (potentially the partner drugs of artemisinins).  This is 

highlighted by the observation that in Africa (where PQ use is almost non-existent) there has 

been a reemergence of CQS populations.  However, in Southeast Asia where different 

aminoquinolines (including PQ) have been used, the emergence of additional PfCRT isoforms 

with unusual mutations has been identified suggesting a response in the parasite (via mutations in 

PfCRT) to new drug pressure.  This chapter also highlighted the need for multiple mutations in 

PfCRT in order to induce CQR.   

 A continued analysis of some of the more unusual PfCRT isoforms was discussed in 

Chapter 4.  These additional 8 isoforms discussed there share the unique characteristic of slowed 

yeast growth even in the absence of CQ after PfCRT induction.  These isoforms were highlighted 

by an amino acid substitution at position 160 (endogenous leucine replaced by either a tyrosine 

or proline), which is suggested to be the determinant of this toxic phenotype.  Additional analysis 

suggested that dysregulation of the yeast vacuole by PfCRT expression via an alkalinization of 

the vacuole pH may be responsible for slowed yeast growth.  Implications of the effect of PfCRT 
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on the vacuole membrane were confirmed via expression of a PMA-fusion protein whereby 

PfCRT expression in yeast was directed to the yeast plasma membrane.  In these PMA-fusion 

proteins, the toxic effects exhibited by the PH1 and PH2 PfCRT isoforms were diminished.  

Further analysis of transfected parasite lines with PH1 and PH2 PfCRT showed an increased DV 

pH and a decreased DV volume suggesting increased transport of endogenous PfCRT substrates. 

 As discussed, the endogenous substrates of CRT remain a mystery.  Many studies have 

hypothesized possible substrates including of amino acids, Hb-derived peptides, and glutathione 

[Roepe, 2011; Lewis et al., 2014; Patzewitz et al., 2013].  Results seen in our yeast model can 

help clarify some of the discrepancies in PfCRT endogenous function.  Since a toxic effect of 

induction in yeast is seen in the absence of CQ, it is suggested that an endogenous substrate of 

PfCRT is found within yeast.  Since there is no Hb catabolism in yeast, it is unlikely that Hb-

derived peptides are the only substrate of PfCRT.  Chapter 4 illustrates the power of the yeast 

model for analyzing PfCRT function.  Not only can this system provide a rapid and inexpensive 

quantification of drug transport by PfCRT, it also can give insights into other cellular functions 

of PfCRT. 

 Another, albeit sometimes forgotten, area of drug resistance is CQR in P. vivax (PvCQR).  

Higher rates of mortality are typically associated with P. falciparum infections, so the bulk of 

drug resistance efforts are on that species of Plasmodium.  However, by volume, P. vivax 

infections are responsible for almost half of all infections outside of Africa and can still be fatal.  

CQ resistance in P. vivax developed nearly three decades after P. falciparum under similar drug 

exposures suggesting a different mechanism of resistance than P. falciparum.  Nonetheless, the 
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identification of a PfCRT orthologue in P. vivax gave an intriguing lead in identifying the 

determinant of PvCQR [Nomura et al., 2001]. 

 Wild type P. vivax CRT (PvCRT) had previously been shown to transport CQ more 

efficiently than even CQR PfCRT isoforms [Baro et al., 2011].   In Chapter 5, I endeavored to 

characterize the other 7 known PvCRT isoforms.  Using the same galactose-inducible system 

that monitored CQ transport by PfCRT, I expressed these 7 isoforms of PvCRT in S. cerevisiae 

yeast.  The conclusions from chapter 5 suggest that single amino acid substitutions in PvCRT can 

alter CQ transport by a statistically significant amount, which may be implicated in the overall 

CQR mechanism in P. vivax.  Interestingly, the two PvCRT isoforms that show the lowest levels 

of CQ transport were identified in isolates determined to be CQS.  The increased transport of CQ 

by the wild type isoform would also predict that P. vivax is more resistant to CQ than P. 

falciparum.  Indeed, in side-by-side analyses using single pass IC50 assays with P. vivax and P. 

falciparum, P. vivax consistently had higher IC50s [Hasugian et al., 2009; Russell et al., 2008].  

These same two studies also showed an increased AQ IC50 for P. vivax compared to P. 

falciparum. Consistent with this observation in the field, all PvCRT isoforms showed increased 

AQ transport relative to PfCRT.  The impact single amino acid mutations have on CQ transport 

by PvCRT, and its correlation with isolate drug susceptibility suggests that PvCRT may play a 

larger role in PvCQR than previously thought.   

 Understanding all cellular implications of CRT function can help build towards an 

understanding of ARTR.  ARTR, or more accurately defined as a delayed clearance phenotype, 

is defined as an increase in parasite clearance time (detectable parasites on day 3 after treatment 

with ACT), or treatment failure after an oral artemisinin-based monotherapy with an adequate 
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antimalarial drug concentration in the blood.  Possible reasons for the development of ARTR 

include incorrect dosages of drugs that are not adjusted for body weight, resistance to partner 

drugs before incorporation in combinational therapy, and monotheraphy of artemisinin, which 

has an half life of only a few hours [Dennis et al., 2006; Rogers et al., 2009; WHO report 2008].  

The molecular marker for delayed clearance was identified as the Kelch 13 protein (K13) [Ariey 

et al., 2014].  K13 was originally identified in a 2013 genome wide association study of 

artemisinin resistant vs. artemisinin sensitive field isolates as one of many genes that was 

potentially linked to ARTR [Takala-Harrison, et al., 2013].  Further studies using transfected 

lines showed an increased tolerance to artemisinins in the ring stage in parasites with mutations 

in the propeller domain of K13 [Straimer et al., 2015].  The effects of the same propeller domain 

mutation were variable, suggesting other factors were also involved in this mechanism.  In 2015, 

the sole P. falciparum PI3K was suggested to be part of the resistance mechanism [Mbengue et 

al., 2015], and a high throughput drug combination screen done in collaboration with NCATS 

revealed anti PI3K compounds were potent partner drugs for ACT [Mott et al., 2015].  Increased 

production of PI3Ks sole product, PI(3)P, has been suggested to be indicative of ARTR 

[Mbengue et al., 2015], however this result is currently being questioned by other groups.  

PfK13 dependent ubiquitination of PfPI3K was proposed to dictate its lifetime [Mbengue et al., 

2015].  An artemisinin metabolite, DHA, was suggested to inhibit PfPI3K via interaction with 

key residues in PfPI3K and the endoperoxide bridge of DHA [Mbengue et al., 2015].  Therefore, 

careful biochemical characterization of PfVps34 seemed to be of utmost importance on two 

fronts. In order to stop the spread of ARTR, the mechanism of action must be elucidated (of 
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which PfVps34 seems to be implicated), and also a careful examination of PfVps34 as a potential 

target of human PI3K inhibitors can lead to the development of a new class of antimalarial drugs. 

 I began to explore the role that PfVps34 might have in these mechanisms by first 

developing a quantitative way to measure the product of the PfVps34 mediated reaction.  In 

Chapter 6, I developed an ELISA for measuring PI(3)P production.  Most current assays measure 

the depletion of ATP in the Vps34 mediated reaction, however Vps34 has been shown to have a 

basal level of ATPase activity that can complicate measurements [Miller et al., 2010].  Other 

assays that measure PI(3)P production either use radiolabeled ATP to measure the transfer of the 

“hot” γ-phosphate from ATP to PI, or are too expensive for a high throughput analysis.   

 Careful titration of PI substrate with a commercially available PI(3)P-antibody led to the 

development of a quantitative plate based assay for the determination of Vps34 activity.  The 

first comprehensive side-by-side analysis of two different classes of PI3Ks with differing 

enzymatic activity against a panel of different PI3K inhibitors was conducted to effectively 

validate the ELISA.  I report in chapter 6 that published drug specificities for many drugs seem 

to be in agreement with my results, however, some key differences need to be discussed.  Torin1 

in particular was identified to be more potent towards the class Iβ isoform of PI3K compared to 

Vps34 (a class III PI3K).  My results indicate that it is almost 3 times more potent towards 

Vps34.  Additionally, the first comparison of enzyme specificity of NVP-BGT226 and 

GSK2126458 towards the two classes of PI3Ks studied (the class Iβ PI3K isoform and the class 

III Vps34) identifies that NVP-BGT226 is 8 times more potent towards Vps34 and GSK2126458 

is almost 300 times more potent towards the class I PI3K. 



191 
 

 With a validated and optimized ELISA for the detection of PI(3)P, my next endeavor was 

to examine the activity of PfVps34.  Chapter 7 details the process of codon optimizing the gene 

for expression and purification in yeast, as well as a functional characterization of the enzyme.  

PfVps34 was codon optimized to reflect the yeast codon usage and to reduce the notoriously AT 

rich content of most P. falciparum proteins [Zhang et al., 2002].  The endogenous sequence for 

PfVps34 is 77.5% AT.  Our yeast-optimized versions of the genes are 48.4%, 50.2% and 51.4% 

AT for the Cat, 152N-cat, and 337N-cat constructs, respectively.  PfVps34 was heterologously 

expressed and purified to homogeneity using a positive hexa-his column purification followed by 

a negative hexa-his column purification.  Functional analysis on the enzyme in the optimized 

ELISA validated what two previous studies asserted about PfVps34; that it was a class III PI3K 

[Vaid et al., 2010; Tawk et al., 2010].  This means enzymatic activity of PfVps34 most closely 

mimicked the HsVps34 rather than the class I PI3K.   

 Detailed analysis of the inhibition of PfVps34 by artemisinin-like drugs showed their 

activity was dependent upon endoperoxide bridge cleavage by Fe2+, as was previously predicted 

[Meunier et al., 2010].  This is contrary to what was proposed in Mbengue et al., [2015].  Drug 

that had not been activated could be dialyzed away and a functional enzyme still remained, while 

drug that was activated and covalently bonded to Vps34 could not be dialyzed away and showed 

decreased enzymatic activity of PfVps34.   A correlation of drug in vivo IC50 (growth inhibition) 

vs. drug in vitro EC50 suggested that the endoperoxide compounds, while potent, may not 

exclusively target Vps34.  Multiple 152N-cat derived peptides were alkylated by DHA and 

detected by mass spectrometry suggesting that drug attachment to PfVps34 was a random 

process. 
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 Conversely, the PI3K drugs examined showed an excellent in vivo IC50 correlation with 

both the 152N-cat and 337N-cat EC50 values.  This suggested that these drugs were specifically 

targeting Vps34.  A correlation over almost 3 logs of EC50 concentrations was seen for 6 

different PI3K drugs.  This was an exciting result because Vps34 seems to be an ideal target for 

the development of new antimalarials. Since construction of Vps34 gene knockouts has been 

unsuccessful and repeated drug pressure of parasite cultures with NVP-BGT226 has not yielded 

a resistant line, PfVps34 is most likely an essential gene [Tawk et al., 2010; unpublished results] 

Interestingly, if one of the drugs (PIK93) is excluded, the correlation between the lethal doses of 

drug (LD50) and enzyme in vitro EC50 also correlates well.  This suggests that the target for both 

growth inhibitory and parasite killing actions of these drugs is PfVps34.  Optimization for 

PfVps34 specificity over human PI3K orthologues could provide the next class of effective 

antimalarial drugs.  

 In total, this thesis characterizes: the CQ and PQ transport by 53 isoforms of PfCRT; the 

CQ, PQ, and AQ transport by 7 isoforms of PvCRT; and the inhibition of PfVps34 after codon 

optimization, expression, and purification in yeast by a panel of PI3K and endoperoxide drugs.  

Using a previously optimized system, I was able to compare the CQ transport efficiency by 

PfCRT of 53 different isoforms, and determine the potential impact of some novel mutations.  

The scope and magnitude of this analysis in terms of the amount of isoforms analyzed was 

unprecedented.  It illustrates the power and effectiveness of the PfCRT expression system in 

yeast.  Additionally, I examined the function of PfVps34, a protein hypothesized to be a target of 

artemisinins as well as a potent new class of antimalarials.  A newly designed and optimized 

ELISA assay allowed for a semi-high throughput analysis of enzymatic activity of various 
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PfVps34 constructs against different classes of PI3K and endoperoxide drugs.  Continued use of 

the ELISA is practical for further drug analysis. The ELISA will be indispensible for potential 

optimization of human PI3K drugs for P. falciparum specificity as well as functional 

characteristics of new PfVps34 constructs. 
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