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ABSTRACT 

 

 By quantifying antimalarial cytocidal activities (measured as LD50s) and comparing them 

to cytostatic activities (measured as IC50s), Paguio et al., 2011 showed a clear difference between 

some drug activities at different drug levels. This work showed that fold-resistance ratios are 

dramatically different at cytostatic vs. cytocidal drug levels as are multidrug resistance (MDR) 

patterns and verapamil (VPL) chemoreversal. These observations provide a fertile ground for 

research in elucidating drug targets and mechanisms at cytocidal levels. Ghosh et al., 2012 

elucidated an autophagy pathway involved in mitochondrial degradation in response to starvation 

in T. gondii, the organism most closely related to human malaria parasites outside of other 

Plasmodium species. Sequence analyses of the autophagy-related (Atg) proteins found in T. 

gondii reveal close homologues in P. falciparum. Atg protein homologues involved in every step 

of the canonical autophagy pathway were found. Vps34 (the catalytic subunit of the kinase 

complex responsible for phagophore nucleation) is highly homologous within conserved 

domains, though it is much larger due to repetitive sequences that exist between putative helical 

regions. Since chloroquine (CQ) is an established inhibitor of autophagy and autophagy appears 

to be a functional system in malaria parasites, I have investigated the function of this pathway in 

malaria parasites and any possible connections to CQ resistance (CQR). This work has produced 

important insights into the poorly understood role of Atg proteins in malaria parasites, their 
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regulation, and signaling pathways. Importantly, the data contained in this work suggest a 

relationship between autophagy and resistance to CQ. Moreover, differences between CQ 

sensitive (CQS) and CQR parasites suggest that Ca
2+

 transients may also play a role in 

resistance. 
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CHAPTER I 

INTRODUCTION 

1.1 General Background 

 Malaria is an infectious disease mainly affecting tropical and subtropical regions of the 

globe (Figure 1.1), with nearly one-third of the world’s population living in areas at risk for 

malaria transmission (WHO, 2010; Gething et al., 2010).  Malaria infection causes 300-500 

million clinical cases and approximately one million deaths annually, mostly in African children 

(WHO, 2010). 

 

Figure 1.1. Spatial distribution of P. falciparum malaria endemicity in 2010 (Gething et al., 

2010).  Mean point estimates of the age-standardized annual mean P. falciparum parasite rate in 

two to ten year olds (PfPR2-10) within the spatial limits of stable transmission. Areas of no risk 

and unstable risk (PfAPI < 0.1‰) are also shown.  © 2010 Malaria Atlas Project, available under 

the Creative Commons Attribution 3.0 Unported License. 
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It is a vector-borne disease caused by unicellular Apicomplexan parasites of the genus 

Plasmodia, of which five species are known to infect humans: P. falciparum, P. vivax, P. ovale, 

P. malariae, and P. knowlesi (zoonotic) (Roepe, 2009). P. falciparum is the most lethal form in 

humans, though incidence of P. vivax infection is actually greater. 

 P. falciparum is transmitted to its human host through the bite of an infected female 

Anopheles mosquito. Injected sporozoites invade and infect liver hepatocytes and mature into 

schizonts during the exo-erythrocytic cycle (Figure 1.2), which rupture to release merozoites. 

 

Figure 1.2.  Malaria parasite 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. 
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A female Anopheles mosquito becomes infected by ingesting blood from a malaria-laden host. 

Along with all blood components, intraerythrocytic stages of Plasmodium find their way to the 

lumen of the mosquito midgut. Of all intraerythrocytic stages, gametocytes are the only ones that 

can differentiate within a mosquito host. Upon sensing the distinct environment of the mosquito 

midgut, gametocytes will further differentiate into gametes. Two haploid gametes (one 

flagellated male and one non-motile female) will fuse into a diploid zygote. The zygote will 

mature into an ookinete, which can invade the epithelium of the mosquito midgut in order to yet 

again differentiate into an oocyst. The midgut epithelium is enveloped in a chitin-containing wall 

which the ookinete must traverse in order to reach the basal lamina where differentiation will 

take place. As the ookinete traverses the midgut epithelium, epithelial cells become apoptotic 

and die soon after transmigration. Upon reaching the basal lamina, differentiation will take place 

within the intercellular space of the midgut epithelium; several rounds of sequential DNA 

(deoxyribonucleic acid) replication and division will result in the formation of sporozoites. 

Membrane invaginations will drive the formation of sporoblasts from which sporozoites bud off. 

Upon release, sporozoites will make their way to the salivary glands. Only sporozoites that glide 

into the secretory ducts can be injected into a vertebrate host during a mosquito feed. Most 

sporozoites within the salivary glands will be lost, but the few that are successfully injected will 

suffice to establish a major infection in the new host. Mosquitoes probe the skin of their victim in 

search of blood from a broken capillary or a subcutaneous blood vessel. Upon probing, the 

mosquito releases saliva along with a few sporozoites that have developed within the salivary 

glands. Sporozoites do not necessitate being injected directly into the blood stream. A deposited 

sporozoite will glide through the dermis, enter the bloodstream, and reach the liver in a matter of 
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minutes. After entering the liver sinusoids and gliding along the epithelia, the sporozoite will 

migrate into the liver through a Kupffer cell. As they traverse Kupffer cells, sporozoites induce 

apoptosis, leaving a trail of dead cells in their wake. They will similarly transmigrate through 

several hepatocytes before establishing residence in any particular one. This last site of infection 

will harbor the differentiating parasite that will grow into a schizont containing thousands of 

merozoites. In P. vivax and P. ovale, the infection can remain dormant in the liver as hypnozoites 

for weeks or even years, causing relapse upon bloodstream invasion. By the time the merozoites 

are ready to burst into the bloodstream, the infected cell will have grown to three times its 

normal size. Merozoites are released into the bloodstream in packages called merosomes. 

Merozoites that are released from merosomes will be primed to infect red blood cells (RBCs) 

and begin the intraerythrocytic phase of the malaria life-cycle. This cycle is responsible for 

clinical manifestations of malaria infection. Specific details of the life stages of malaria are well 

documented thanks in great part to data produced by different modalities of live imaging. 



 

5 

 

 

Figure 1.3.  Invasion of liver by Plasmodium sporozoites, transmigration through hepatocytes, 

and merosome release. Reprinted with permission from Macmillan Publishers Ltd; Nature 

Reviews Microbiology 4: 849-856, Copyritght © 2006, with permission. 

 

1.2 Imaging of Intraerythrocytic Stages 

The first solid insight into the cause of malaria came via microscopic analysis. It is fair to 

say that imaging has been part of malaria research since the very beginning; in addition, 

advances in malaria research correlate with the development of more sophisticated imaging 

instruments and techniques. By the beginning of the 20
th

 century, it had been established that 

malaria was a parasitic disease and that it also affected other species besides humans; these 
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discoveries were fueled and made possible by further developments in microscopy such as the 

advent of chemical dyes and oil immersion objectives. A description of the overall life cycle of 

malaria was completed at the end of the 19
th

 century with the observation of sporozoites in 

salivary glands of mosquitoes that had been allowed to feed on infected birds (Ross, 1898) and 

blood stages in patients fed on by infected mosquitoes (Grassi et al., 1899). Through the 1960s, 

histology played a prominent role in elucidating further details of malaria infection. Surgical 

excision and staining of various tissues provided further insights into parasite development and 

differentiation. This body of work, however, also produced conundrums that could not be 

reconciled with observations from fixed samples. Particularly, the journey from mosquito bite to 

red blood cell remained obscure. Exoerythrocytic stages were not observed until 1948 (Shortt et 

al., 1948), and hypnozoites in P. vivax were unknown until 1982 (Krotoski et al., 1982). Since 

then, technological advances in microscopy have fueled advances in malaria research. It is now 

possible to trace developmental stages and migration within an infected host. It is also possible to 

discern minuscule structures that offer novel insights into microbiological form and function. It 

is even possible to quantify subcellular concentration of ions, though further development is 

required in order to reconcile some initial observations. 
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Figure 1.4.  Confocal imaging of the intraerythrocytic stages of P. falciparum. From left to right: 

ring stage (R) during the first 16 hrs post invasion; early, mid, and late stage trophozoites (ET, 

MT, LT); schizonts (S), and a bursting schizont releasing merozoites (M).  © 2009 Mynthia A. 

Cabrera. 

 

Live imaging of intraerythrocytic stages differs from exoerythrocytic stages in that it 

requires higher resolution techniques and equipment capable of faster data acquisition. This is 

due to the fact that rather than organs or whole organisms, intraerythrocytic stages are imaged 

one cell at a time. It is true that intravital imaging of liver stages traces infections of individual 

cells, but these types of data (e.g. tracing invading sporozoites as they traverse hepatocytes) are 

more qualitative than is required of intraerythrocytic imaging. Live imaging of infected red blood 

cells probes molecular events and steady states that underlie major processes such as 

differentiation and underlying characteristics of clones such as drug sensitivities. This imaging 

modality requires the ability to detect signals within extremely small parasite compartments at 

fluorescence excitation levels that do not harm the extremely photosensitive parasites. Since 

infected red blood cells cannot be imaged as they course through the bloodstream, they must be 

immobilized on a microscope stage while maintaining conditions comparable to their native 

environment. This adds major complexities in the form of balancing physiological parameters 

while minimizing phototoxicity without sacrificing the output. The signals acquired by live 

imaging are often distortions of outputs (either concentrations of ions or shapes and distributions 

of intracellular components). Calibration, deconvolution, and reconstruction are thus 
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instrumental in modifying the raw data to reflect its original state and aid in interpretation. 

Calibrations must closely account for sources of variation; therefore, they must be performed 

under identical conditions as live cell measurements. Work in our laboratory focuses on 

intraerythrocytic stages of P. falciparum, so a more technical approach to this aspect of live 

imaging will be provided. 

 

Figure 1.5: Compartments within P. falciparum-infected erythrocytes. 

 

1.3 Technical Aspects of Live Imaging in P. falciparum 

1.3.1 Physiological Parameters 

Single-cell live imaging can show how cells function and respond to stimuli under 

controlled environments. It is desirable to mimic as closely as possible the natural environment 

of the cell type in question (temperature, pH, osmotic pressure, extracellular nutrients, cofactors, 

etc.). Otherwise, the data collected may not reflect a controlled response from cells growing 

normally or exhibiting responses from a specific insult, but may be instead a mixture of unrelated 

Parasite cytosol

RBC cytosol
PVM

DV
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stress responses. When investigators overlook potential sources of variability, results can be 

ambiguous or downright contradictory. A prime example of this is the determination of pH in 

compartments of P. falciparum. Malaria parasites grow in a highly controlled pH environment; 

the buffering of the medium (human blood) is dependent on a delicate equilibrium between 

bicarbonate (HCO3
-
), carbon dioxide (CO2), and carbonic acid (H2CO3). Small deviations from 

the slightly alkaline pH (0.2 units or more) have a profound impact in the pH environments of 

organelles and compartments within the parasite. The determination of pH (or activity of any 

ion) within compartments presents a challenge that is only aggravated by additional variables 

introduced by non-physiological conditions. For P. falciparum in particular, the pH within the 

digestive vacuole (DV) has been a source of controversy in the field (Dzekunov et al., 2000; 

Bray et al., 2002a; Dzekunov et al., 2002; Bray et al., 2002b). A range of values has been 

reported, and data about pH differences between CQS and CQR parasites differs from one group 

to another (see Rohrbach, 2009 for a recent review). Data from our group suggest that the pH in 

the vacuole of CQR parasites is approximately 0.4 pH units lower than that of CQS parasites (5.2 

vs. 5.6 Dzekunov et al., 2000); other groups report opposite results, and some papers report no 

significant difference between CQS and CQR DV pH. It is difficult to make a comparison when 

the techniques used vary so widely and do not have all possible variables under consideration. 

By closely evaluating the limitations of each technique used, one can discern the source of the 

controversy and reconcile conflicting data. 

Live-cell photometry data are acquired by strictly adhering to physiologically relevant 

conditions and limiting the introduction of new variables. The advantages of live-cell photometry 

over mass population techniques (spectrofluorometry and fluorescence-activated cell sorting 
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[FACS]) become apparent when variables from non-physiological conditions and limited 

resolution issues are considered. In spectrofluorometry, data are acquired from samples in a 

cuvette by using a fluorometer to measure total fluorescence from suspensions of labeled 

parasites (Krogstad et al., 1985 for example and, more recently, Hayward et al., 2005). There are 

both obvious and subtle issues with this approach that compromise viability and resolution. First, 

parasites are isolated from RBCs with saponin treatment, washed, and resuspended in buffer. 

This is clearly a crude preparation that subjects the parasites to enormous stress; the RBC 

membrane encloses the niche where the parasite develops. This is the optimum environment that 

promotes parasite growth and provides homeostasis. Once it is removed, the parasite will sense a 

change in the environment and will have to respond by regulating transport of solutes, among 

other things. Particularly, it will have to reset its pH in order to maintain the gradient going from 

RBC cytosol to parasite cytosol to DV. Moreover, cuvette preparations (Krogstad et al., 1985; 

Hayward et al., 2005) rely on HEPES buffering to maintain a balanced pH, but overlook the 

most physiologically relevant parameters in pH regulation: HCO3
-
 and CO2. The chemical 

equilibrium in the blood, like any other, is shifted in response to removal or addition of protons 

in order to buffer such events. Parasites in culture require a certain concentration of HCO3
-
 in the 

medium as well as CO2 in order to grow properly; it is only logical that a carefully designed 

experiment will take this variable into consideration, more so when the objective of the 

experiment is to measure physiological pH. Photometry experiments in Dzekunov et al., 2000; 

Dzekunov et al., 2002; Bennett et al., 2004; Cabrera et al., 2009a were carried out in buffer that 

contains all components of culture media (including 24 mM NaHCO3) with the exception of 

serum. The buffer is continuously bubbled with 5% CO2 in order to maintain appropriate levels 
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of H2CO3/HCO3
-
. The buffer is not static; instead, buffer is continuously perfused over the cells, 

and used buffer is collected as fresh buffer is passed over the cells at an appropriate flow rate (3 

mL/min). 

Another issue with cuvette experiments is the relatively poor resolution. This approach, 

as well as the FACS approach (see Klonis et al., 2007), collects averaged data from large 

populations of parasites. A large population sample is indeed statistically advantageous when the 

parameters of the measurement are unambiguous (e.g. live vs. dead cells). However, when 

measuring signals from parasite compartments, such ambiguity is unavoidable in a large 

population. Not all parasites in a large population will meet the stringent criteria of an 

unambiguous pool (i.e. same stage of development, similar size and volume, intact membranes 

and compartments, etc.). For example, due to harsh treatments, a percentage of parasites will 

present damaged membranes and will be unable to maintain a normal proton gradient; these 

parasites will show values different from those of healthy parasites. Once averaged, these values 

will converge to a single number, thus masking any subtle differences. On the other hand, if 

parasites are kept under adequate phyisiological parameters (temperature, osmotic pressure, CO2 

tension) and are handled gently, the population will retain intact membranes and gradients for the 

most part. Moreover, the ability to select individual cells at the discretion of the investigator 

allows collection of data from a highly homogeneous pool where subtle differences will be 

apparent from one sample to the next. 

  The error associated with mass population techniques ranges from as low as 0.05 to as 

high as 0.15 pH units. Our photometry experiments consistently produce data with error ranging 

from 0.03 to 0.04 pH units. Therefore, a pH difference of 0.4 units as is described in Bennett et 
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al., 2004 can only be discerned if the technique used provides the needed resolution. If the error 

produced is as high as 0.15 pH units, the interpretation that a 0.4 difference does not exist (or is 

not significant for that matter) becomes ambiguous. Finally, mass population techniques do not 

discriminate between signals from different compartments. The output is, in fact, a combination 

of the desired signal, signal from other compartments, scatter, and background. Though 

background can be substracted, non-specific signals from other compartments are additive and 

cannot be resolved. Discrepancies are, therefore, not surprising when one considers non-

physiological variables that mass population techniques add unto each determination as well as 

the limited resolution associated with the error range. This does not mean that mass population 

techniques should not be used; they simply do not apply to all situations and are certainly not 

amenable to all physiological phenomena. If the response in question is unambiguous (e.g. live 

vs. dead cells) and subcellular resolution is not an issue, then these techniques can provide a 

large amount of data in a relatively short period. One caveat is to ensure that the number of cells 

in the sample is known as precisely as possible as the output will be directly proportional to 

quantities of cells. In this way, an average response per cell can be calculated in different 

samples.  

1.3.2 Phototoxicity  

Malaria parasites have delicate membranes that are easily damaged under continuous 

illumination. In particular, the DV membrane is rich in phospholipids containing polyunsaturated 

fatty acid chains that react readily with free radicals. A thorough study of the photosensitivity of 

P. falciparum membranes (Wissing et al., 2002) postulates the iron (II) present in hemoglobin 

(Hb) is a possible catalyst for a Fenton photoreaction that results in the production of high levels 
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of hydroxyl radicals. Since the DV membrane is rich in polyunsaturated fatty acids, 

permeabilization and leakage could ensue under continuous illumination. Some experiments are 

carried out under continuous illumination. In addition, few reports calculate the flux of photons 

per unit of time (also known as fluence). No assumptions should be made about the stability of 

membranes under any experimental conditions when working with photosensitive substrates 

such as malaria parasites. However, this is the case in many studies. Fortunately, it is easy to 

make fluence calculations under controlled conditions in order to stay below a phototoxic 

threshold. For our routine photometry experiments (see Bennett et al., 2004), we find that a 100-

200 ms exposure in the green region of the spectrum produces (under our setup and conditions) 

at most 32 μmol of photons per second. Knowing that approximately 200 kW/mol at 

wavelengths nearing the UV end of the spectrum are required for the iron (II)-catalyzed 

production of hydroxyl radicals, we can avoid such photochemistry by staying well below the 

threshold (our illumination settings correspond to less than 1 % of such phototoxic levels). In 

Bennett et al., 2004, short illumination pulses are followed by recovery intervals in the dark (5-

10 seconds); this prevents premature bleaching of the probes and preserves the parasite 

membranes intact. All instruments, filters, and lamps are different, so fluence measurements 

should be made for every experimental setup. 

1.3.3 Chemical Probes  

Labels for live imaging should be carefully selected as not all available dyes are suitable 

to all situations. For instance, many dyes will concentrate within the cytosol but not within 

intracellular compartments. To aid in loading, some dyes are manufactured as ester derivatives; 

these dyes are diffusible through the plasma membrane of cells and are cleaved upon entering by 
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intracellular esterases; the acid forms of these dyes are impermeable and will remain within the 

cytosol of loaded cells. In malaria parasites, dyes can be targeted to the DV when they are 

conjugated to dextran moieties (Krogstad et al., 1985). These conjugates must be pre-loaded into 

empty RBCs by osmotic shock, which will be subsequently infected by feeding them to a 

parasite culture rich in bursting merozoites (Bennett et al., 2004). An often overlooked but 

important aspect of chemical probes (especially when performing pH measurements) is the pKa 

of the probe. When it comes to pH, sub-resolution techniques are informative in the sense that 

they provide a working range; namely, they give an approximation of the pH values, though no 

absolute values can be determined. These values are useful for deciding which probe to use as 

the pKa of the probe must closely match the approximate pH that will be measured. Several 

studies overlook the importance of probe pKa using probes such as SNARF (pKa 7.5) or Oregon 

Green (OG) (pKa 4.7) to resolve pH differences between DVs of CQS and CQR parasites that 

are in the range of 5.4+/-0.2 pH units. It should not come as a surprise that these studies (Bray et 

al., 2002; Hayward, et al. 2005) found no differences in pH values between the DVs of CQS and 

CQR parasites. The pKa of a probe gives the ratio of probe that exists in the protonated vs. 

unprotonated form. A high pKa value is indicative of a probe that tends to be protonated at 

neutral pH. The converse is true of probes that have a low pKa value, so they are largely 

unprotonated at neutral pH. The pKa marks the threshold where the probe shifts from a majority 

of molecules in one state to the other relative to pH. A low pKa probe will be largely 

unprotonated at pH values above its pKa; as the pH is lowered, the equilibrium shifts toward the 

protonated form in order to compensate for the addition of protons. This shift in equilibrium is 

critical in live imaging measurements as it reflects the shift from a non-fluorescent to a 
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fluorescent state. When unprotonated, pH probes delocalize electrons after excitation; this allows 

the probe to efficiently eliminate excitation energy by non-radiative means. When protonated, 

however, delocalization is compromised; the probe is then forced to emit excitation energy as 

fluorescence. If the probe is used at levels far above or below the pKa, there will be an excess of 

either unprotonated or protonated probe respectively. This translates into a signal that occurs 

outside of the linear range of the probe that, in turn, will yield results that do not truly reflect the 

pH of the solution. When the pH of the solution matches the pKa of the probe, the fluorescence 

is directly indicative of the pH as no drastic shifts in equilibrium bias the signal in either 

direction. For some probes it is a shift in the emission or excitation maxima that occurs upon 

protonation; matching the pKa of the probe with the approximate pH of the substrate is equally 

important in these situations. 

1.3.4 Acquisition  

Several modalities of microscopy can be used for live imaging depending on the sample 

to be imaged. Confocal microscopy is often preferred over standard widefield (also referred to as 

epi) fluorescence, but there are advantages and disadvantages to the technique. The major 

advantage of confocal microscopy lies in its capability to present data from a thin section of the 

specimen while blocking light from other vertical sections. In this manner scatter is minimized 

and, when applicable, a faithful three-dimensional image can be constructed by adding 

contiguous vertical sections of deconvolved data. The primary disadvantage is that confocal 

microscopes use laser illumination that can cause photodamage as described previously. 

For estimating steady states (or transients) of intracellular ions, low illumination and fast 

readout are paramount. Our standard setup comprises an epifluorescence microscope illuminated 
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by a Xe arc lamp; excitation light is filtered through a filter wheel and dichroic assembly in the 

path of the excitation. This setup is preferred over lasers and confocal microscopy as it affords 

the ability to tune excitations to the exact maximum required; systems illuminated through lasers 

are limited to available laser lines that often do not closely match the excitation profiles of many 

fluorophores. This can result in inefficient or non-specific excitation and opens the way for 

artifactual measurements. Emission light is filtered and directed to a charge-coupled device 

(CCD) camera capable of fast acquisition (32 frames per second [fps] on a typical CCD). The 

acquisition speed can be improved by lowering the size (cropping) or the total resolution 

(binning) of the acquisition region. Current cooled CCDs are capable of up to 120 fps without 

compromising either parameter. There are instances when higher illuminations are required; for 

example, Gligorijevic and colleagues (Gligorijevic et al., 2006a) measured hemozoin (Hz) 

growth over time by capturing z-stacks of parasite DVs at different time points. Differential 

interference contrast (DIC) was used for this study as it afforded higher resolution than standard 

brightfield. Fluorescent markers were not required as Hz is very dense and readily discernible 

within the DV. In this case, spinning disk confocal microscopy (SDCM) was chosen as it allows 

high resolution at fast acquisition rates. In general, for live imaging SDCM is preferred over 

laser scanning confocal microscopy (LSCM) since the latter (though it provides unparalleled 

resolution) suffers from long acquisition times. Live samples are in continuous motion; even 

attached cells have highly dynamic intracellular environments that produce very poorly resolved 

z-stacks. SDCM systems are capable of exciting the total cell area and acquiring the readout 

from the total area in a single frame, thus resulting in sharper 3D volumes. Gligorijevic and 

colleagues (Gligorijevic et al., 2006b) used similar methodology to measure DV volumes in 
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CQS vs. CQR parasites in response to drug treatment; this study, however, loaded dextran-

conjugated Oregon Green into the DV and measured fluorescence rather than brightfield data.  

1.3.5 Deconvolution  

One very critical aspect of microscopy data analysis is deconvolution. Due to the 

different refractive index values found in the medium, intracellular environment, etc. emitted 

light is proportionally shifted out of focus, resulting in blurred images. This effect is augmented 

when z-stacks are acquired, and an additional stretching effect is seen along the “Z” axis 

perpendicular to the plane of the sample. The image is further degraded by defects inherent to 

each imaging system. All these physical aberrations add up and produce a far from perfect 

image. Fortunately, physical aberrations can be measured and accounted for. In fact, they can be 

expressed and then resolved mathematically. Since image data can also be expressed as Fourier 

functions, image degradation can be viewed as a factor modifying this original function and 

thereby resulting in a “convoluted” function. Thus, “deconvolution” consists of removing blur 

and degrading effects from a raw image by correcting for the known functions that account for 

physical aberrations in the system, thus restoring the original function. There are many 

theoretical algorithms designed to restore raw data, but the most reliable is measurement of the 

point spread function (psf) for each individual system. A point spread function is the function 

that describes the known shape of a particle as imaged by a particular system. If, for instance, an 

operator has access to perfectly spherical beads of exactly 1 µm in diameter, the resulting psf 

should describe all aberrations in the system. Typically a sphere will appear to have a slightly 

larger radius in the x,y plane and a significantly larger diameter along the z axis. Thus, the bead 

psf describes an ellipsoid function that can be applied to raw data of similar size. Malaria 
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parasites are approximately 2-6 µm in diameter depending on the stage of the life cycle, so 

commercially available fluorescent beads must be selected appropriately for each particular 

experiment. Since each wavelength of light is bent to a different extent, fluorescent beads with 

excitation and emission wavelengths that match the fluorophore must be used in each 

experiment. 

1.4 Imaging Applications in P. falciparum 

1.4.1 Measuring pH 

 CQ resistance has been associated with reduced accumulation of the drug within the DVs 

of CQR parasites. This observation has led to great interest in elucidating possible causes of 

differential accumulation between CQS and CQR strains. One proposed mechanism is that of a 

drug pump as in drug resistant tumors. This model was fueled by the finding that a close 

homologue of the human multi-drug resistance transporter, MDR1, occurred within the 

Plasmodium genome (termed PfMDR1). Later, it was the discovery of a single genetic 

determinant of resistance (Fidock et al., 2000), a series of mutations in what became known as 

the P. falciparum chloroquine resistance transporter (termed PfCRT and belonging to the 

drug/metabolite superfamily of transporters), that further promoted this model. Though PfMDR1 

and PfCRT thermodynamics and kinetics have been studied to some extent very recently, very 

few studies have shown direct CQ transport activity (Martin et al., 2009; Cabrera et al., 2009; 

Paguio et al., 2009); in spite of much suggestive data, a pump or channel model is perhaps 

insufficient to explain drug resistance (for a review of drug transport kinetics in malaria see 

Roepe, 2011). If efflux alone cannot account for decreased accumulation, then contributions 

from increased influx and/or retention must be relevant. An attractive model of differential 
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retention invokes an equilibrium based on DV pH and CQ protonation. Initial studies (Yayon et 

al., 1984; Krogstad et al., 1985) suggested that the pH of the DV is acidic at approximately 5.2-

5.4 pH units. The acidotropic nature of CQ and related antimalarials leads to their accumulation 

within acidic compartments. Protonation of CQ at two titratable sites results in formation of 

CQ
2+

 which is non-diffusible through membranes, thus creating a net inward movement of CQ 

and trapping of CQ
2+

. The extent of protonation (and thus accumulation) depends on the pH of 

the compartment. Since CQ is a diprotic weak base, it follows that compartments having 

different pH values will accumulate distinct amounts of drug. A difference in pH of 0.3 units 

accounts for a two-fold difference in [H
+
], thus small pH variations can be very significant. If 

CQR parasites accumulate less drug than CQS parasites, then this model predicts a higher pH 

within CQR DVs. In an attempt to compare the DV pH of CQR vs. CQS parasites, Dzekunov et 

al., 2000 used single cell photometry for the first time in the context of DV pH. Prior to this 

study, the pH of DVs was indirectly (and rudimentarily) measured by cuvette experiments that 

did not account for physiological parameters and intrinsic signal limitations (see the Technical 

Aspects section). This study took advantage of the predictable partition of Acridine Orange (AO) 

across pH gradients. Since [AO] within the vacuole is directly proportional to [AO] in the 

medium, a plot of [AO]vac as a function of [AO]ext results in a linear expression of slope = 

10^(pHext – pHvac), thus allowing an accurate estimation of pHvac. This study reported a DV 

pH of 5.64+/-0.03 for the CQS strain HB3 and 5.21+/-0.04 for the CQR strain Dd2. This result 

conflicted with an expectation of higher DV pH for CQR strains. In explaining their results, the 

authors offered that ferriprotoporphyrin IX (FPIX) sequestration, not proton dependent drug 

trapping, influenced drug accumulation levels. The presumed target of CQ in the DV is FPIX 
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heme, the byproduct of Hb degradation that is crystallized into non-toxic Hz by the parasite 

(Geary et al., 1986; Bray et al., 1996; Krogstad et al., 1987; Egan et al., 2006). In vitro data 

(Leed et al., 2002; de Dios et al., 2004) suggest that CQ forms adducts with dimeric FPIX by 

coordination of CQ to the iron (III) center in FPIX. Monomeric FPIX (favored under acidic 

conditions) also forms CQ adducts by stabilizing π-π interactions and, importantly, through 

covalent interaction between the iron (III) center and the quinolinal nitrogen (de Dios et al., 

2003). CQ exerts its antimalarial effect by presumably sequestering FPIX via adduct formation, 

thus inhibiting its crystallization into Hz (alternatively, CQ may interfere with nucleation 

phenomena at the surface of the growing Hz crystal). NMR studies in solutions that mimicked 

the DV environment uncovered anticipated pH dependencies in FPIX-FPIX and drug-FPIX 

equilibria (Casabianca et al., 2008; Casabianca et al., 2009), thus underscoring the likelihood of 

differential sensitivities at different DV pH.  Ursos et al., 2001 determined FPIX solubility as a 

function of pH and deduced that soluble FPIX transitions to insoluble FPIX at a pH near 5.55; 

this pH dependent solubility results in variable levels of soluble FPIX in compartments of 

different pH. At a pH near 5.2 (CQR parasites), there will be significantly less FPIX in solution. 

Since CQ only binds soluble FPIX efficiently, there will be less of the accessible target within a 

more acidic DV. Bray et al., 2002 contested these findings by claiming that AO fluorescence in 

this study was cytosolically (not DV) localized. This claim was based in their costaining of 

parasites with AO and dextran-conjugated SNARF. In this experiment, they observed AO 

fluorescence within the cytosol upon excitation at 458 nm and filtered emission at 500-530 nm. 

They also observed SNARF fluorescence that colocalized with Hz within the DV by exciting at 

543nm and collecting the emission at >560 nm. This study is questionable in that it neglects 
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important aspects of probe chemistry within the parasite. For instance, the authors do not 

recognize that, under acidic conditions, AO aggregates and undergoes a shift in its absorption 

and emission; whereas AO monomers absorb at 492 nm and emit at 530 nm, the acid-derived 

aggregates absorb maximally at 450-465 nm and emit at 656 nm. These aggregates, therefore, 

cannot be seen at an excitation/emission of 458/500-530 nm as described in this study. In 

addition, SNARF has a pKa of 7.5, making it an unreliable probe below pH 6.5; besides giving a 

signal outside of the linear range, under acidic conditions the emission/absorption maxima of 

SNARF are blue-shifted, thus becoming visible by excitation/emission wavelengths comparable 

to those of “green” (490/520) fluorophores (for an interesting exchange of arguments, see the 

rebuttal and countering in Dzekunov et al., 2002; Bray et al., 2002b). Bennett et al., 2004 

analyzed the contributions of green fluorescence (from AO monomers) and red fluorescence 

(from AO aggregates formed in an acidic environment) by collecting wavelength-dependent 

excitation traces at 440 and 490 nm, which correspond to red and green emission maxima 

respectively. Traces were collected in the absence and presence of 15 μM nigericin, a 

protonophore that collapses pH gradients across membranes. By subtracting a trace collected 

after 15 minutes of nigericin treatment from a control trace, the signal lost upon collapsing the 

pH gradient was revealed. The maximum emission of the lost signal centered around ~625 nm, 

which corresponds to red-fluorescing, acid-derived aggregates. These data strongly support the 

notion of an acidic DV pH as the signal associated with the DV disappears upon collapsing the 

pH gradient. Most importantly, it corroborated results from Dzekunov et al., 2000 which 

suggested a lower pH in CQR parasite DVs. Upon removing the signal from AO monomers, 

lines of different slopes resulted which mirrored results from Dzekunov et al., 2000. Thus, 
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similar partitioning and pH values hold upon filtering out the green signal from AO. Importantly, 

this suggests that signal contributions from green-fluorescing AO monomers are similar in CQR 

and CQS parasites; therefore, if DV pH is estimated by measuring green fluorescence from AO, 

no differences will be apparent in CQS vs. CQR parasites. Bennett et al., 2004 also built on the 

methodology of Dzekunov et al., 2000 and measured the pH of DVs with a dextran-conjugated 

version of the ratiometric probe DM NERF (5-(and 6-) carboxy-2’, 7’-dimethyl-3’-hydroxy-6’-

N-ethylaminospiro). pH values were ~5.2 for CQR and ~5.7 for CQS parasites, similar to values 

reported in Dzekunov et al., 2000. Interestingly, low pH values segregated with allelic exchange 

transfectants where CQR versions of PfCRT were introduced into CQS backgrounds. Whereas 

the CQS strain GC03 presented a DV pH near that of HB3 (CQS also), 7G8 and Dd2 (both 

CQR) versions of PfCRT transfected into the GC03 background (C6
7G8

 and C3
Dd2

 respectively) 

presented pH values near 5.2, corresponding to CQR DV pH. The DV pH of C3
Dd2

 was 

alkalinized in response to verapamil (VPL) treatment; not so for C6
7G8

. This differential VPL 

response is observed in the parental strains 7G8 and Dd2, suggesting that CQR and low DV pH 

are intrinsically related and cosegregate with the PfCRT phenotype of each strain. 
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Figure 1.6: Structure of the 7-aminoquinoline chloroquine 

 

 Though still challenging, it is possible to generate P. falciparum transfectants that encode 

a variety of green fluorescent protein (GFP) chimeras. There are obvious advantages in using 

GFP transfectants in live imaging as parasites need not be stained or subjected to treatments prior 

to imaging. These experiments are not without issues, however, and care must be taken that the 

GFP fusion is not somehow modifying the function or localization of the native protein. Size is 

of special concern as GFPs and other fluorescent derivatives are sizable proteins; if they are 

fused to a protein that is smaller or of similar size, it is likely that its native function/localization 

will be obstructed. Nevertheless, some studies involving GFP fusions have been carried out and 

useful data have been produced (Tilley et al., 2007). In some cases, the GFP moiety has been 

modified to bind and report ion fluctuations and steady states. Such is the case with pHluorin, a 

pH-sensitive GFP variant first reported by Miesenbock et al., 1998. In trying to clarify 

conflicting data about the DVs of CQS vs. CQR parasites, Kuhn et al., 2007 used pHluorin 

derivatives to measure the intracellular pH at the DV as well as the cytoplasm of parasites. Their 
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experiments were carried out under perfusion, and performing in situ calibrations; CO2 was not 

used with all perfusates however. The authors reported a cytosolic pH of ~7.03 for HB3 (CQS) 

and ~ 7.20 for Dd2 (CQR) strains perfusing with Ringer solution. In terms of the DV, their 

measurements yielded values of ~5.17 and ~5.18 under Ringer solution for HB3 and Dd2 

respectively, and ~5.26 and ~5.17 under CO2/HCO3
-
-buffered Ringer solution for HB3 and Dd2 

respectively. This study reports no significant difference between pH values in CQS vs. CQR 

DVs. There is a technical detail, however, that was overlooked by the investigators. pHluorin has 

excitation maxima at 395 and 475 nm, and the isosbestic point occurs at 423 nm; therefore, a 

meaningful ratiometric determination will use both excitation maxima in order to obtain the 

largest working range possible. Alternatively, one maximum and the isosbestic point can be used 

if excitation at the second maximum is not possible. Kuhn et al., 2007 chose to excite at 

available laser lines in their system, namely 405 and 488 nm. By inspecting the excitation 

spectrum of pHluorin, it is clear that (though 405 nm occurs near the first maximum) 488 nm 

occurs past the second maximum. In fact, 488 nm is so far into the longer wavelength end of the 

spectrum that only very small increases are seen as a function of pH. It is not a true isosbestic 

point and does not provide an appreciable working range. As a result, small changes in pH (as 

small as 0.2 units as reported in Dzekunov et al., 2000; Bennett et al., 2004) cannot be resolved 

(see the Physiological Parameters section for further details about resolution in these 

determinations). 
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Figure 1.7: Structure of ferriprotoporphyrin IX heme 

 

1.4.2 Measuring Ca
2+

 

Ca
2+

 is a pervasive second messenger involved in signal transduction pathways in 

virtually all cell types. In the case of Plasmodium, Ca
2+

 signaling seems to be involved in 

important processes such as invasion and differentiation; moreover, some data suggest possible 

connections of Ca
2+

 signaling with drug resistance. Any of these pathways present potential drug 

targets. At least five Ca
2+

-dependent protein kinases (CDPKs) have been characterized in 

Plasmodium (Ward et al., 2004; Harper and Harmon, 2005; Chandran et al., 2006; Kato et al., 

2008; Ranjan et al., 2009; Wernimont et al., 2011); homologues of these CDPKs are unique to 

plants and few protozoa, so the pathways they regulate are fertile ground for therapeutic 
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research. Ca
2+

 transporters have also been described (Rotmann et al., 2010), some of them even 

associated with drug resistance (Eckstein-Ludwig et al., 2003). Over the course of the last 

decade, many laboratories have tried to determine the exact steady state levels of Ca
2+

within the 

compartments of malaria parasites. This is particularly important as the concentration within the 

erythrocyte cytosol is known to be significantly low (approximately 100 nM); Ca
2+

 stores must 

be able to accumulate high levels if Ca
2+

 is to be used in signal transduction. There must also be 

a mechanism in place to recover and maintain Ca
2+

 after signaling transients; Ca
2+ 

pumps that 

differ from those of the mammalian host could be a prime drug target, thus the interest in this 

aspect of parasite biology. However, measuring Ca
2+

 (or any ion) intracellularly is not a trivial 

task as evidenced by the ample range of values reported in the literature (50-700 nM in the 

parasite cytosol (Camacho 2003; Alleva et al., 2001; Biagini et al., 2003) and 200-400 nM in the 

DV (Gazarini et al., 2003; Rohrbach et al., 2005)). In malaria parasites, two major Ca
2+

 pools are 

described in the literature; the first is an endoplasmic reticulum (ER) pool which is thapsigargin-

sensitive (Varotti et al., 2003); the second is an acidic pool in the DV which is nigericin-sensitive 

(Garcia et al., 1998). The acidic Ca
2+

 pool is released upon collapsing the proton gradient in the 

DV. Since it is hypothesized that quinolines act on the DV and resistance may be associated with 

its buffering capacity, it is assumed that the DV may be a quinoline-sensitive Ca
2+

 store. 

Ca
2+

 measurements from live-imaging have not been reported until very recently, though 

the idea of drug-target pools has been around since the 1980s (Leida et al., 1981; Wasserman et 

al., 1982; Scheibel et al., 1987). Similarly to pH, Ca
2+

 measurements have been subjected to 

rudimentary analyses that prove inconsistent. Single cell imaging was first reported in 2003 

(Varotti et al., 2003), though parasites were isolated with saponin, washed, incubated, and 
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imaged without perfusion or CO2. Perfusion and temperature controls were first incorporated 

into Ca
2+

 analysis in Biagini et al., 2003, though the perfusate was buffered with HEPES alone 

and the probe used (Fluo-4) was not ratiometric. This study placed the Ca
2+

 in the cytosol at 

approximately 50 nM and in the DV at approximately 300 nM, emphasizing a prominent role for 

the coupling of Ca
2+

 intake and H
+
 extrusion in maintaining higher levels within the DV. 

Rohrbach et al., 2005 cited issues of phototoxicity, bleaching, and pH dependence in questioning 

the use of Fluo-4. In the latter study, the authors used a similar perfusate to that of Biagini et al., 

2003; they chose a ratiometric probe, Fura-red, and found no significant difference between the 

cytosol and DV Ca
2+

 levels (350-400 nM respectively). In this thesis, I report cytosolic vs. DV 

Ca
2+

 by selectively targeting Fura-2 AM (acetoxymethylester) or dextran-conjugated Fura-2 (d-

Fura-2) to each compartment respectively. These studies determined a DV Ca
2+

 level similar to 

that reported in Rohrbach et al., 2005 for both CQR and CQS parasites. In the case of cytosolic 

Ca
2+

, however, CQS parasites had a much lower concentration than that of CQR parasites (see 

within). This study was carried out under continuous perfusion and appropriate temperature and 

CO2 conditions. An in situ calibration procedure was also carried out where probe fluorescence 

within parasites was measured in the presence of ionomycin (Ca
2+

 ionophore) and fixed 

extracellular Ca
2+

 concentrations; calibrations were performed at pH 7.4 and 5.2 to account for 

pH-dependencies in each parasite compartment. 

  More recently, Glushakova et al., 2013 used live imaging to measure Ca
2+

 levels during 

parasite schizogony. The authors pre-labeled parasites with Fura-red and measured its ratiometric 

signal at different time intervals. Levels of Ca
2+

 were measured under different conditions 

including extracellular and intracellular Ca
2+

 chelators, as well as inhibitors of Ca
2+

-related 
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processes. The authors noticed a spike in Ca
2+

 prior to schizont rupture and hypothesized that 

this process may be Ca
2+

-dependent. Further experiments elucidated that (i) this cytosolic 

increase is independent of extracellular Ca
2+

, (ii) it is dependent on Ca
2+

 released from the ER, 

(iii) and that at least one target of calcium in this context is a kinase-dependent pathway. 

1.4.3 Probing Form and Function with Fluorescent Protein Chimeras 

 Fluorescently-tagged protein reporters are tremendously useful tools for microscopists, 

particularly those interested in observing live transport and development of cells. Thanks to the 

development of transfection technologies coupled with engineering of fluorescent protein 

derivatives, many cellular processes can be traced in real time. Transfection, however, is highly 

inefficient in malaria parasites. In spite of the difficulties, fluorescently-tagged transfectant 

parasites have been produced and are being used to probe different aspects of their biology. The 

development of virtually all organelles and networks such as the ER, mitochondrion, apicoplast 

(van Dooren et al., 2005), and Golgi complex (Struck et al., 2005) have been traced in malaria 

parasites by use of fluorescently-tagged proteins. One of their first uses was to localize parasite 

proteins to specific organelles, particularly atypical organelles such as the apicoplast. The 

realization that parasites contained a plastid-like organelle was enticing as it could serve as a 

very specific target absent from host cells. Waller et al., 1998 used GFP fusions of plastid 

homologues in order to test their localization to the apicoplast. They found that protein products 

from nuclear genes were post-translationally targeted to the apicoplast; many of these were 

involved in lipid biosynthesis (e.g. acyl carrier protein), thus suggesting an important role for the 

apicoplast in lipid metabolism. Further apicoplast studies (Waller et al., 2000) revealed a 

targeting mechanism involving N-terminal sequences that directed newly translated apical 
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proteins through the secretory pathway and through the multiple membrane layers of the 

organelle. Wickham et al., 2001 labeled knob-associated histidine-rich proteins (KAHRP) in 

order to study export of parasite proteins to the erythrocyte; these experiments elucidated the role 

of Maurer’s clefts (MC) in protein export to the host as tagged proteins invariably associated 

with these structures prior to reaching the erythrocyte membrane. Data from GFP-tagged 

MAHRP1 (Maurer’s cleft-associated histidine-rich protein 1) suggest that MCs originate at the 

parasitophorous vacuolar membrane (PVM) (Spycher et al., 2006) and move through the 

erythrocyte cytosol to their final location. Before reaching the MCs, tagged proteins entered the 

secretome through the ER and accumulated within the PVM interspace, thus highlighting the 

pathway that exported proteins follow. These observations, in turn, were correlated with specific 

sequences within the N-terminus necessary for reaching each compartment, thus giving new 

insights about protein transport within the parasite and out to the host cell. A similar analysis by 

Adisa et al., 2003 involved tagging PfExp1 (exported protein 1 which associates with the 

erythrocyte membrane) with a C-terminal GFP reporter; this study confirmed the findings by 

Wickham et al., 2001and also found that a sub-population of the tagged proteins was re-routed to 

the DV for degradation. Marti et al., 2004 detected a motif necessary for proper export of 

proteins from the parasite to the host; by following the transport of KAHRP and PfEMP1 

(erythrocyte membrane protein 1) constructs containing a GFP reporter, the group observed that 

disruption of the export motif resulted in accumulation of tagged proteins within the PVM 

interspace. The export motif was named PEXEL for parasite export element. Hiller et al., 2004 

conducted a similar study on PfEMP1 and found an export motif within a different region of the 

protein, thus suggesting separate or redundant targeting mechanisms. Yet other proteins require a 
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PEXEL motif in addition to others (Knuepfer et al., 2005a). There are approximately 400 protein 

sequences that contain a PEXEL motif and are predicted to be exported; there are many other 

proteins that are known to reach the host cell which do not contain this export motif (termed 

PEXEL negative proteins), so other targeting systems must exist for exporting proteins to the 

host (Spielmann et al., 2006). Erytrocyte-binding antigen (EBA)-GFP fusion proteins were used 

to trace protein transport to the micronemes (Treeck et al., 2006). This study found that, besides 

a conserved motif, some proteins must be expressed at the right time in order to reach their target 

compartment.  

Sato et al., 2003 reported the first successful GFP-labeling of mitochondrial proteins; 

they monitored the development of transfectant parasites expressing tagged versions of a known 

mitochondrial protein (PfHsp60) and a putative Fe-S clustering protein (iscS); by confirming 

colocalization of both signals to the mitochondrion, this study validated a promising plasmid 

system for expression of fluorescently-labeled mitochondrial proteins, which had proven difficult 

until then. Klemba et al., 2004a and 2004b created GFP constructs of plasmepsin II and 

dipeptidyl aminopeptidase I respectively in order to probe transport of DV-bound proteins; in the 

case of plasmepsin II, it was found that the pro-enzyme is directed to the cytostome before 

reaching the DV along with the substrate of the mature enzyme, Hb. Dipeptidyl aminopeptidase I 

follows a different course, accumulating at the PVM before being directed to the DV. Both are 

transported as pro-enzymes that are activated by acid-catalyzed cleavage upon reaching the DV. 

Besides localization studies, fluorescent protein derivatives prove useful in quantitative 

measurements such as ion concentrations. As described previously, a pH-dependent GFP 

derivative has been used to measure the pH of the DV in malaria parasites (Kuhn et al., 2007). 



 

31 

 

Other potentially useful GFP derivatives are capable of sensing calcium levels, redox state, and 

reactive oxygen species (ROS) (Choi et al., 2012). 

1.4.4 Immunohistochemical Analyses 

In spite of their utility, GFP labels are sizable and may hinder the function and/or 

localization of tagged proteins, particularly small ones (Knuepfer et al., 2005b), (Khattab et al., 

2006). Most studies concerning protein expression, localization, stress response, etc. are 

accompanied by imaging data. Lysosomes, nucleic acids, and lipids are examples of 

compartments and biomolecules that can be imaged with vital dyes; most of the time, however, 

protein labeling with antibodies is required. The exquisite specificity afforded by antibodies 

makes immunofluorescent assays (IFAs) a must whenever possible. A thorough inspection of 

conditions, stability, etc. must be carried out, however, as fixation methods among other things 

can destroy or hinder antigenic sites resulting in false negatives. Malaria parasites are a 

particularly difficult substrate as labeling must take place across at least 3 membranes; 

permeabilization is then critical for malaria IFAs. Tonkin et al., 2004 provide a thorough 

evaluation of fixatives for malaria IFAs. This study prescribes fixing with 4 % formaldehyde (in 

phosphate-buffered saline [PBS]) spiked with 0.00075 % glutaraldehyde to avoid loss of the host 

RBC. In our experience, RBC loss is due to use of old paraformaldehyde and can be 

circumvented by using freshly prepared (or thawed) formaldehyde. Methanol (MeOH) fixation is 

another alternative; any experiment where new antibodies will be used should test both fixation 

methods in order to assess the effect of each fixative on antigenic sites. Formaldehyde acts by 

cross-linking lysine residues on proteins; therefore, soluble proteins are held in place by cross-

linking to cytoskeletal proteins. Aldehyde fixation maintains the cellular shape and membranes 
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intact. On the other hand, MeOH precipitates soluble proteins and attaches them to glass 

surfaces; membranes are dissolved in the process rendering any permeabilization steps 

unnecessary. There are many details that can have a negative effect on IFA samples, so care must 

be taken to minimize damage to the sample at each step. For instance, a blocking step is 

necessary before any incubation with antibodies. When labeling with multiple primary and 

secondary antibody combinations, each labeling step must be carried out separately. Antibody 

solutions should be reconstituted in buffer containing 5 % serum of same species as secondary 

antibodies. Cells should be attached to coverslips of the appropriate thickness (most microscopes 

are fitted for #1.5 coverslips which have a thickness of 0.17 mm) and should be mounted 

carefully with water-based media that dries quickly and preserves fluorophores. Acquisition and 

deconvolution parameters previously described for live imaging apply to IFAs as well. Psfs 

should be measured using spheres of diameter similar to the size of the objects being measured in 

the IFA and of matching fluorophore. 

1.5 Purpose of this Study 

 The main objective of this study is to analyze drug resistance (specifically, CQ resistance 

[CQR]) vs.  “resistance to parasite cell death”. Patients infected with malaria present levels of up 

to 10
12

 parasites. Upon treatment with CQ, this number is reduced 100-fold (corresponding to > 

99 % of parasites cleared) within 12 hrs provided the infection is CQS. Since the parasite life 

cycle is 48 hrs (>>12 hrs), this suggests that CQ is not merely growth inhibitory (cytostatic) but 

also effectively kills parasites and is, therefore, a cytocidal drug. CQ resistance then implies the 

ability of CQR parasites to circumvent death by CQ. Therefore, CQ resistance equals “death 

resistance” in this context. Since the plasma levels of CQ can reach 1-10 µM during the first 12 
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hrs of treatment, the cytocidal concentration of the drug must be in the low µM range for CQS 

parasites.  

However, interestingly, resistance to antimalarials has always been defined in terms of 

the cytostatic activity of drugs and reported as IC50s (half maximal growth inhibitory 

concentration). For CQ, cytostatic levels are in the 10-100 nM range. Since the clinical relevance 

of CQ lies in its cytocidal activity at low µM levels, our laboratory has recently proposed that 

defining drug resistance based on IC50s is inadequate. Paguio et al., 2011 report a dramatically 

different activity of CQ (and other antimalarials) at IC50 vs. LD50 levels. This work shows that 

relative fold-resistance (defined either as the ratio of CQS/CQR IC50 or LD50) can be vastly 

larger at cytocidal levels; multidrug resistance and VPL reversibility for CQR patterns also 

differ. This supports the view that cytocidal levels of CQ act differently (reversibility for CQR 

including on different or additional targets) than at cytostatic levels. Since cytocidal activity is 

most relevant to parasite clearance, CQ resistance should be defined in terms of LD50. Though 

cytostatic levels of drug may ultimately kill parasites over longer periods of time, the 

predominant effect of CQ occurs within the first 12 hrs of exposure, and involves efficient 

parasite killing at low µM plasma levels. The fact that CQR parasites survive under conditions 

that rapidly kill CQS parasites suggests a dysregulation of an as of yet unknown death pathway 

induced by CQ. Therefore, in order to define resistance in terms of the cytocidal effects of CQ, it 

is necessary to gain insights about the mechanism of death that parasites undergo in response to 

CQ treatment and the distortions within this mechanism that might result in survival of CQR 

parasites. 
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Many studies suggest a programmed cell death (PCD) pathway may exist in not only 

Plasmodia but in other unicellular eukaryotes (Luder et al., 2010). There are three possible 

mechanisms of cell death, each with unique characteristics. There can be, however, overlap 

between the cell death markers where one characterized type of cell death may include markers 

that belong to another type of cell death. In general, characterization of death by one mechanism 

requires reproducible induction of a majority of markers associated with that specific pathway, 

and may or may not include secondary markers associated with a different cell death modality. 

Apoptosis or type I cell death markers include cytoplasmic condensation (through loss of 

water) and chromatin (forming half-moon, horseshoe, or sickle shaped areas near the nuclear 

periphery) followed by nuclear envelope disintegration and DNA fragmentation (each between 

50 and 300 kb in length); the DNA is released into the cytoplasm; the fragmented DNA is 

packaged into fragments of the cell membrane, and these apoptotic bodies are released into the 

extracellular matrix to be taken up by neighboring cells with no inflammatory reaction. The 

mitochondrial membrane potential is reduced, microtubules are lost, and intracellular Ca
2+

 is 

mobilized (Darzynkiewicz et al., 1997; Lockshin and Zackeri, 2004). 

Autophagy or type II cell death involves the formation of large vesicles; activation of 

caspases is late, if present at all; DNA fragmentation may or may not occur; no inflammation is 

observed in tissues. It is often seen in large, cytoplasm-rich, post-mitotic or slowly mitotic cells, 

and it does not always lead to death. It is more often involved in cell turnover processes or used 

for recycling materials during starvation. Autophagy can be a life sustaining mechanism if the 

mitochondria are not eliminated; the cells can instead recover and not go through autophagic cell 
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death (Lockshin and Zackeri, 2004). Autophagy caused by injury can eliminate damaged 

organelles, which in turn keeps apoptosis from being induced (Yang et al., 2008). 

Necrosis or type III cell death is a cellular response to extreme injury/treatment with 

cytotoxic agents. Markers include mitochondrial swelling; rupture of plasma membrane with 

release of cytoplasmic constituents, including proteolytic enzymes; patchy chromatin 

condensation and dissolution. DNA fragments are uniform in size (Darzynkiewicz et al., 1997; 

Lockshin and Zackeri, 2004). 

Currently, there is no clarity about the death pathway that malaria parasites undergo in 

response to cytocidal doses of drug. None of the three possible death pathways have been 

positively identified in parasites. Rather, partial characterizations of each have been reported 

(Engelbrecht et al., 2012), but no consensus exists. Early on, Picot et al., 1997 proposed that CQ 

may induce apoptosis in malaria parasites. This premise was based on the similarities between 

drug resistance in tumor cells and the fact that CQ can induce apoptosis in these cell types. The 

authors correlated the induction of apoptosis with the appearance of parasite crisis forms and 

DNA fragmentation. These crisis forms are usually observed in response to heat shock and 

precede a significant reduction in parasitemia (Kwiatkowski, 1989; Long et al., 2001). Also, 

crisis forms have been reported to display non-classical apoptosis with secondary necrosis 20-24 

hrs after RBC invasion. Non-classical apoptosis includes no caspase activation, no change in 

mitochondrial membrane potential, and DNA degradation without laddering (Porter et al., 2008).  

  Nyakeriga et al., 2006 suggested an atypical mechanism of death based on the absence 

of typical signs of apoptosis such as DNA condensation and fragmentation, loss of 

electrochemical gradients across mitochondrial membranes, and increased permeability of 
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membranes. However, Meslin et al., 2007 reported observing these markers upon CQ treatment 

and suggested an active apoptotic cascade. Importantly, no genes encoding caspases have been 

found so far in the genomes of malaria parasites. This argues against apoptotic PCD in 

Plasmodia as this pathway is highly dependent on both activating and executioner caspases. 

However, Meslin et al., 2007 attributes the role of caspases to metacaspases and supports the 

existence of apoptotic PCD in malaria. Metacaspases in other parasitic eukaryotes, such as 

Leishmania, are involved in protein cleavage that ultimately leads to apoptotic cell death. These 

metacaspases are autocatalytically activated (they self-cleave and a catalytic domain is released 

when cell death is induced). When exposed to anti-leishmanicidal drugs, intracellular Ca
2+

 

increases within these parasites, their mitochondria depolarize, cytochrome c and apoptosis 

inducing factors are released, the plasma membrane permeabilizes, the cell cycle is arrested, 

chromatin condenses, and DNA “ladders”. (Zalila et al., 2011). Totino et al., 2008 described 

parasite death upon CQ treatment (among other drugs) not occurring through apoptosis. A very 

small number of parasites presented DNA fragmentation (much lower than the total number of 

dead parasites) and parasites could not be rescued by caspase inhibition. Moreover, transmission 

electron microscopy (TEM) data in this study describes significant vacuolization of the cytosol, 

consistent with autophagic PCD. Ch’ng et al., 2010 monitored mitochondrial membrane 

potential, protease activation, and DNA fragmentation at different concentrations of CQ, from 

low nM to mid µM. The authors reported the presence of all three PCD markers in correlation 

with CQ doses. Furthermore, sodium azide and heat shock treatments resulted in a different 

phenotype, thus suggesting that death induced by CQ is not through necrosis. A fluorescent 

derivative of CQ conjugated to coumarin localized to the DV at nM concentrations but 
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relocalized to the cytosol at µM concentrations only. This study also localized the Ca
2+

 indicator 

Fluo-4 AM to the DV of healthy parasites; a concentration-dependent redistribution of the Fluo-4 

signal from the DV to the cytosol was observed upon CQ treatment. A follow up study from the 

same group (Ch’ng et al., 2011) reported a Ca
2+ 

release from the DV to the cytosol between 2-4 

hrs after adding 30 µM CQ monitored by Fluo-4 AM fluorescence. This redistribution was not 

observed when parasites were treated with 300 nM CQ. The authors hypothesized that µM levels 

of CQ caused DV membrane permeabilization and that PCD was initiated by Ca
2+

 release into 

the cytosol. The authors further hypothesized that the latter stages of CQ-induced PCD are 

regulated by Ca
2+

, though they did not offer specific substrates. More recently, an autophagy-

mediated death pathway has been reported in T. gondii, where the mitochondria are degraded in 

response to amino acid starvation (Ghosh et al., 2012). An autophagy-like mechanism was also 

reported in the liver stage of rodent malaria, though it appeared to be independent of the Atg8 

homologue in these parasites (Eickel et al., 2013). 

In summary, experimental evidence suggests the existence of a PCD pathway in malaria 

parasites, though a distinction between apoptotic or autophagic PCD has proven challenging. 

Experimental evidence also suggests that therapeutic concentrations of CQ induce parasite death 

through this pathway in CQS but not CQR parasites. Taken together, available data suggest that 

the operating death pathway is deregulated in CQR parasites. Since the current definition of CQ 

resistance is based on the cytostatic activity of this drug, a redefinition that takes into 

consideration the more relevant cytocidal activity of CQ is needed. An analysis of CQ resistance 

from the perspective of cytocidal activity is the foundation for understanding CQ induced 

parasite death and how the pathway differs between CQS and CQR parasites. In this thesis, I 
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provide new insights into the nature of PCD in P. falciparum, particularly as it relates to 

induction by CQ. By analyzing homologous protein sequences from the closely related 

Apicomplexan T. gondii, I add to the growing body of work that supports the possibility of an 

autophagy-like pathway in P. falciparum. Moreover, I present experimental evidence suggesting 

that this pathway is indeed active and relates to CQ resistance in novel and important ways. 

Furthermore, I provide evidence that this pathway likely relies on Ca
2+

 signaling and that Ca
2+

 

homeostasis and transients differ between CQS and CQR parasites. Finally, I predict a regulatory 

role for the PI3 kinase PfVps34 (vacuolar protein sorting 34) in this pathway and describe how 

genetic and structural differences between CQS and CQR versions of this protein may account 

for a dysregulated autophagy pathway in CQR parasites. 

 

  



 

39 

 

CHAPTER II 

MATERIALS & METHODS 

2.1 Materials 

 Routine chemicals, media, and solvents were reagent grade or better, purchased from Sigma-

Aldrich (St. Louis, MO) or Fisher Scientific (Newark, DE), and used without further purification, 

unless otherwise noted.  Sterile Tissue culture and all other laboratory plastics were purchased 

from Fisher Scientific (Newark, DE).   

2.1.1 P. falciparum Strains 

 Plasmodium falciparum clone HB3 (Honduras, CQS), Dd2 (Indochina, CQR), 7G8 (Brazil, 

CQR), and FCB (Thailand/S. Africa, CQR), and progeny of the HB3 × Dd2 genetic cross GCO3 

(CQS) were obtained from the Malaria Research and Reference Reagent Resource Center 

(Manassass, VA). 

2.1.2 Ca
2+

 Measurements 

 Fura-2 AM and dextran-conjugated Fura-2 were purchased from Invitrogen Corporation 

(Carlsbad, CA). Ionomycin, poly-L-lysine, RPMI 1640, hypoxanthine, and Giemsa stain were 

from Sigma-Aldrich (St. Louis, MO). No. 1.5 coverslips and Hank’s balanced salts solution 

(HBSS) buffer (without free Ca
2+

, Mg
2+

, and phenol) were ordered from Fisher Scientific 

(Pittsburgh, PA). EGTA (Ethylene glycol-bis(β-aminoethyl ether) –N,N,N’,N’-tetraacetic acid) 

was obtained from VWR (Batavia, IL). All other chemicals were reagent grade or better and 

purchased from commercial sources. 
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2.1.3 Immunohistochemistry 

 Rabbit anti-TgAtg8 antisera and affinity-purified Rabbit anti-TgAtg8 IgG were obtained from 

Dr. Anthony Sinai at University of Kentucky. Mouse anti-TgAtg8 monoclonal antibodies are 

described in section 2.2.5. Rabbit anti-PfREX1 (ring-exported protein 1) antiserum was obtained 

from Dr. Don Gardiner at The Queensland Institute of Medical Research. Rat anti-PfACP (acyl 

carrier protein) antibodies were obtained from Dr. Sean Prigge at Johns Hopkins University. 

Goat serum and fluorescently-labeled secondary antibodies (either goat anti-rabbit or goat anti-

mouse conjugated to DyLight 488, 594, or 649 fluorophores) were obtained from Jackson 

Immunoresearch Laboratories, Inc (West Grove, PA). Goat anti-rat AlexaFluor594 secondary 

antibodies were obtained from Invitrogen. 10 X PBS, 10 X PBS-Tween 20, and 100 % Triton X-

100 were obtained through Fisher Scientific (Pittsburgh, PA). Paraformaldehyde, 10 % 

glutaraldehyde, and Fluorogel mounting media with TES buffer were obtained from Electron 

Microscopy Sciences (Hatfield, PA).  

2.2 Methods 

2.2.1 P. falciparum Culturing 

 Off-the-clot, heat-inactivated pooled type O
+
 human serum and type O

+
 human whole blood 

were purchased from Biochemed Services (Winchester, VA).  Custom 5 % O2/5 % CO2/90 % N2 

gas blend was purchased from Roberts Oxygen (Rockville, MD).  

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

Jensen, 1978) with minor modifications (Cabrera et al., 2009).  Briefly, cultures were maintained 

under an atmosphere containing 5 % O2/ 5 % CO2/ and 90 % N2 gaseous mix at 2 % hematocrit 

and 1-2 % parasitemia (% P) in RPMI 1640 supplemented with 10 % type O
+
 human serum, 25 
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mM HEPES (pH 7.4), 24 mM NaHCO3, 11 mM glucose, 0.75 mM hypoxanthine, and 20 μg/L 

gentamicin, with regular media changes every 48 hrs. Parasites were synchronized to the ring 

stage by treatment with 5 % (w/v) D-sorbitol for 10 min as needed. Parasitemia was cut down 

regularly by getting an aliquot of the infected RBC (iRBC) culture and diluting with freshly 

washed RBCs. Fresh RBCs were initially washed 4 times with incomplete media (IM) (RPMI 

1640, 24 mM NaHCO3, 11 mM glucose, 0.75 mM hypoxanthine, pH 7.4), kept as a 50 % v/v 

suspension in IM, and stored at 4 ºC. For experiments, hematocrit was cut to 1 % and parasitemia 

set to > 5 %. 

 All cultures were routinely synchronized 3 times per cycle by 5 % D-sorbitol treatment to 

obtain rings and some early trophozoites (Gligorijevic et al., 2006). Parasite cultures were 

centrifuged at 1500 rpm for 5 min and the supernatant discarded. 5 % D-sorbitol was added at 5 

times the volume of the pellet and incubated for 10 min. 5 mL of complete media (CM) were 

added and the sample centrifuged as before. The washed pellet was resuspended in CM. The 

parasites were then returned to culture conditions until the next synchronization. When 

quantification of PfAtg8 puncta was desired, CQ exposure was done for 6 hrs using highly 

synchronized parasites at the mid trophozoite stage, followed by washing to remove drug as 

described (Paguio et al., 2011). 

2.2.2 Sample Preparation for Single Cell Photometry 

 Coverslips were prepared by immersing pipetting 500 uL of 0.1 % (w/v) poly-L-lysine for 10 

min; they were then dried and stored at 4º C until used. Trophozoite-infected RBCs were 

resuspended at 0.5 % hematocrit in IM with 25 mM HEPES pH 7.4 and 200 μL were placed on a 

poly-L-lysine coated coverslip; the cells were incubated for 3 min under standard cell culture 
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atmosphere. Non-adherent cells were washed off and the coverslip was mounted on a custom-

designed perfusion chamber for microscopy work. For perfusion experiments, the parasites were 

always maintained under constant perfusion at 3 mL/min of a physiologic buffer (HBSS with 5 

% O2/ 5%CO2/ and 90% N2 at 37º C). Fura-2 AM (in DMSO [dimethyl sulfoxide] stocks) was 

added to the samples at a final concentration of 5 uM. Pluronic F-127 (0.1 % v/v) was added to 

improve dye loading into iRBCs. Samples were kept at 37º C for 45 min. In experiments to study 

the time-dependent effect on dye loading, images were collected at designated times (5, 10, 15, 

23, and 30 min) after adding the dye. The method for loading dextran-conjugated Fura-2 into the 

DV of parasites is similar to the work reported by Krogstad and colleagues with some 

modifications (Krogstad et al., 1985). This methodology has been previously used in our group 

to study the volume and pH of the DV in both CQS and CQR parasites (Gligorijevic et al., 2006; 

Bennett et al., 2004). Commercially available d-Fura-2 (Invitrogen) was dissolved in PBS at a 

final concentration of 25 mg/mL. A 220 µL aliquot of prewarmed (37º C) hypotonic solution 

(4.25 mM HEPES, 9.35 mM glucose, and 2 mM MgATP [adenosine triphosphate] at pH 7.4) 

was added to 30 µL of the d-Fura-2 solution. Freshly washed RBCs (100 µL) were slowly added 

dropwise to the mixture. The suspension was gently mixed for 20 min (a clear solution 

designated the end-point). 270 μL of prewarmed hypertonic solution (280 nM NaCl, 40 mM 

KCl, 11 mM glucose, and 2 mM MgATP at pH 7.4) were then added to reseal the d-Fura-2 

loaded RBCs. The mixture was kept for 10 min at room temperature. ATP was included to assist 

merozoite invasion of resealed RBC ghosts. The suspension was lightly shaken and centrifuged 

for 2 min at 5000 rpm in an Eppendorf centrifuge. The supernatant was removed and 10 mL of 

IM were added. The cells were gently mixed and centrifuged, and the washing step repeated. 
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With this modified protocol, the loading efficiency is approximately 70 %. During the hemolysis 

procedure, ~30 % of the cells are lost. The 70 µL of packed RBCs that remain were transferred 

to a new flask containing 10 mL of prewarmed CM. 5 µL of synchronized CQS or CQR 

parasites at the schizont stage (at >10 % P) were added. The new culture was permeated with the 

custom gas blend and kept in the incubator under standard culturing conditions. Experiments 

were carried out during the following cell cycle at designated time-points. For experiments 

concerning the phase-dependent free Ca
2+

 concentration within the cytoplasm of parasites, Fura-

2 AM (5 µM final concentration for 1 hr) was added to an aliquot of synchronized culture (2 mL) 

at designated time-points (8 hrs for rings, 24 hrs for mid-stage trophozoites, and 32 hrs for early 

schizonts). The ratiometric values of ~15 intact cells were measured for controls. For CQ-treated 

parasites, 1 hr bolus treatments (500 nM for CQS or 5 µM for CQR) were performed before 

ratiometric measurements for all time-points. For assays measuring free Ca
2+

 levels within the 

DV, measurements from ~15 iRBCs at each of 3 time-points (16, 24, and 32 hrs) were taken 

from control and CQ bolus treatment samples as described above. 

2.2.3 In situ Ca
2+

 Calibration of Fura-2 

 For calibrations, perfusates were prepared from 2 stocks: 1) HBSS + 25 mM HEPES + 10 

mM EGTA (pH 7.4); 2) HBSS + 10 mM EGTA +25 mM HEPES + 10 mM CaCl2 (pH 7.4). 

Solutions of designated concentrations of free Ca
2+

 were prepared by mixing both stocks at 

different ratios. The free Ca
2+

 concentration was calculated using the “winmaxc32” engine 

(provided by Professor Chris Patton from Stanford University 

http://www.stanford.edu/~cpatton/webmax/webmaxcS.htm); parameters were set at pH 7.4, 

37ºC, EGTA, ionic strength 150 mM. Before experiments, 10 μM ionomycin was added in order 

http://www.stanford.edu/~cpatton/webmax/webmaxcS.htm
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to clamp the internal free Ca
2+

 concentration to the concentration in the perfusate. A study 

similar to ours (Rohrbach et al., 2006) has reported a pH dependent shift in the isosbestic point 

of Fura-2. In order to obtain a reliable measurement, we performed calibrations to measure free 

Ca
2+

 levels of the cytoplasm and DV of CQS and CQR parasites separately. Intact trophozoite-

stage parasites were first perfused with with Ca
2+

-free buffer (without ionomycin) at a rate of 1 

mL/min. Ratiometric measurements were performed in 5 cells corresponding to resting free Ca
2+

. 

This process was repeated for each perfusate containing ionomycin and a designated level of 

Ca
2+

 (54, 127, 217, 488, 1,000, and 23,700 nM); ratiometric data were collected for ~15 cells at 

each Ca
2+

 concentration and within both compartments. 

 To assess the effect of verapamil (VPL) and ATP on the free Ca
2+

 concentration within the 

different compartments of iRBCs, mid-stage trophozoites were perfused with 3 types of buffer: 

1) commercial HBSS (without free Ca
2+

, Mg
2+

, or phenol) + 25 mM HEPES; 2) commercial 

HBSS + 25 mM HEPES + 1 mM VPL; and 3) deoxyglucose-supplemented HBSS (Sigma 

H1387) + 25 mM HEPES + 24mM NaHCO3. Ratiometric data were taken from both HB3 and 

Dd2 parasites loaded with Fura-2 AM or d-Fura-2 while perfused with each buffer. For samples 

perfused with deoxyglucose-supplemented HBSS, cells were perfused for 6 min prior to 

measurements in order to deplete ATP. Ratiometric data were collected from ~15 cells under 

each treatment. Data were processed and analyzed with Microsoft Excel and Origin 5.0. 

Calibration curves were fitted to sigmoidal curves and Ca
2+

 concentrations were extrapolated 

from the best fit. 
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2.2.4 Single Cell Photometry 

 The single cell photometry (SCP) apparatus consisted of a custom-built Nikon Diaphot 

epifluorescence microscope equipped with a 100 X oil immersion objective capable of UV 

transmission (Fluoro, N.A. 1.25, 160/017); a 16-bit Sensys CCD camera (Tucson, AR) was 

attached to the side port of the microscope. Excitation light was provided by a computer 

controlled xenon arc lamp (LAMBDA LS, Novato, CA). Two band-pass filters at 340 nm and 

380 nm filtered UV light for ratiometric illumination of Fura-2 (Asahi Spectra Co., Ltd., San 

Jose, CA). The filters were housed in a Lambda-10 filter wheel controlled through the 

acquisition software (Imaging Workbench). The excitation light was transported by a liquid light 

guide (Novato, CA), collimated, and passed through the microscope optics. A filter cube housing 

a 400 nm dichroic mirror combined with a 410 nm long-pass filter was used to separate 

excitation from emission light. The power before objective was measured with a near UV power 

meter (Metrologic Model No. 45-545). In our experiments, the exposure time was set at 500 ms 

followed by a 10 sec recovery in total darkness. For ratiometric measurements, data from two 

excitations (340 and 380 nm) were collected from a region of interest (ROI) within the parasite. 

A second ROI was drawn in the vicinity of the parasite for background subtraction. 

2.2.5 Preparation of Affinity Purified IgG and Monoclonal Antibodies 

A RACE validated cDNA (complementary DNA) encoding Toxoplasma gondii TgAtg8 

(ToxoDB accession number TGGT1_003400) was used as template to amplify the full length 

coding region using the primers (CACCATGCCATCGATTCGCGACGAAGTGTCC and 

TTACCCCAGAGTGTTCTCTGAAGAGTATTCCACGTACA) in the laboratory of our 

colleague Dr. Anthony Sinai (University of Kentucky). The amplicon was subcloned into 
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pET100 establishing an in frame N-terminal His tag. Following expression in E. coli, the 

recombinant His-TgAtg8 was purified on nickel magnetic beads (Invitrogen) and used as the 

immunogen to immunize a single rabbit (Cocalico, Reamstown, PA). The resulting antiserum 

was affinity purified using the bead immobilized crosslinked antigen and eluted using low pH.  

Generation of a monoclonal antibody was contracted to AbMART.com (Shanghai, China) and 

accomplished using a synthetic polyprotein containing 6 tandemly arrayed epitopes. Epitopes 

were selected on the basis of the highest homology between TgAtg8 and PfAtg8. Supernatants 

from clones yielding > 3-fold signal in an ELISA at 1:128K dilution were screened by IFA on 

both Toxoplasma and Plasmodium. Multiple clones recognizing the epitope HRIRAKYPNR in 

Toxoplasma (HKIRSKYPNR in Plasmodium) gave excellent reactivity in both organisms. The 

clone 2K19 was selected for detailed work as it was found to be an IgG1 isotype (data not 

shown) and gave the best defined signal in both organisms.  

2.2.6 Immunohistochemistry 

For starvation treatments, cells at the mid trophozoite stage were pelleted and 

resuspended in HBSS supplemented with 0.1 mg/mL hypoxanthine, 25 mM HEPES, and 24 mM 

NaHCO3. Cells were permeated with the custom gas blend and incubated at 37ºC for a desired 

interval (typically 6 hrs) before fixation. For CQ treatments, highly synchronized mid stage 

trophozoites were treated as described (Paguio et al., 2011) using drug concentrations noted in 

the text.  Resultant cell pellets were resuspended in CM and treated as below. Cells were washed 

3 times with 25 mM HEPES, fixed with 4 % formaldehyde/0.0075 % glutaraldehyde in PBS for 

30 min, permeabilized with 0.1 % Triton X-100 for 10 min, reduced with 0.3 mg/mL sodium 

triacetoxyborohydride for 10 min, blocked with 5 % goat serum for 1 hr, and sequentially treated 
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with antibodies (1:500) diluted in 5 % goat serum/PBS Tween-20 with PBS washes in between; 

antibody treatments lasted 1 hr at 37ºC in the dark. The primary antibody was raised in either 

rabbit (TgAtg8) or mouse (monoclonal 2K19); the secondary antibody was raised in goat against 

rabbit or goat against mouse IgG and conjugated to secondary antibodies described previously. 

Cells were attached to #1.5 coverslips and mounted using “Fluorogel” mounting media. Samples 

were imaged using a customized Nikon Eclipse TE 2000-U spinning disk confocal microscope 

with 405, 491, 561, and 642 nm laser lines at 200 ms exposure and 35 % laser power. For 

experiments involving mouse antibodies, the primary antibody solutions were prepared at 1:250 

and the secondary (typically goat anti mouse DyLight488) at 1:500. For experiments involving 

primary antibodies raised in rat or rabbit, primary solutions were prepared at 1:500 and 

secondary solutions (goat anti rat AlexaFluor594 and goat anti rabbit DyLight488 or 

DyLight649) at 1:500. 

2.2.7 Cell Fluorescence Data Analysis  

Images were iteratively deconvolved using a point spread function obtained under 

identical imaging conditions (via doping one sample with fluorescent beads) and running 

multiple iterations in AutoQuantX2 (see Gligorijeivc et al., 2006).  Images were further 

processed and overlayed using Imaris 7.4.2 software. Using the “spots” routine in Imaris 7.4.2, 

puncta were defined and distances were measured from each spot to a single point within the DV 

as defined by the center of Hz optical density (see Gligorejivic et al., 2006). These distances 

were exported to Microsoft Excel and the resulting data were plotted as number of puncta vs. 

distance from Hz. 
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2.2.8 LD50 Quantification 

Asynchronous P. falciparum cultures at 2 % hematocrit and 2 % P were treated with CQ 

in bolus fashion and then the drug was completely washed away. After 48 hrs of incubation at 37 

C under 5 % CO2, SYBR Green I was added and fluorescence was measured using excitation 

and emission wavelengths of 485 nm and 538 nm, respectively. In previous work (Paguio et al., 

2011) we define differences in LD50 for synchronized vs. asynchronous culture and vs. other 

variables. Data was fit to a sigmoidal function using SigmaPlot 9.0 (San Jose, CA). Growth in 

this assay represents expansion of live cells that survived cytocidal dosages of drug, while the 

presence of dead or dying cells can be verified by trypan blue staining and other methods 

(Paguio et al., 2011).  CQ LD50 quantification was done at least three times for each strain, in 

triplicate each time, for a total of at least nine determinations. The LD50 values for the cross 

progeny can be found in Table S5.1 (Supplemental data, appendix to Chapter 5).    

2.2.9 QTL Analysis  

Using the mean LD50 for each of the progeny of the HB3 x Dd2 cross, genome-wide 

scans were run using Pseudomarker 2.04 to detect quantitative trait loci (QTL) associated with 

the drug response. Genome-wide significance thresholds which correct for multiple testing errors 

were determined by permutation testing (n=1000 permutations). The strength of the association 

between a given locus and the trait (LD50) is expressed as a logarithm of odds (LOD) score. Loci 

that exceeded the 99
th

 percentile (p<0.01), the 95
th

 percentile (p<0.05), and the 37
th

 percentile 

(p<0.63) were identified respectively as highly significant, significant, and suggestive QTL. 

Two-dimensional linear regression genome scans were run to test for potential loci interactions 

and joint LOD scores were calculated to identify significance interactions.  
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Candidate genes within QTL loci were selected as described in Reilly-Ayala et al. 2010. 

In brief, candidate genes were selected based on four selection criteria: (1) genomic position, (2) 

structural polymorphisms, (3) correlation between LD50 and expression phenotypes for each 

parasite, and (4) gene annotations and enrichment analysis. PlasmoDB verion 8.2 was used for 

SNP density scoring (CDS), and gene annotations. Gene enrichment analysis for biological 

processes and molecular functions and was performed using MADIBA 8.2(2011.10). Expression 

phenotypes for genes within our loci were taken from Gonzales et al., 2008. Permutation testing 

(n=1000) confirmed significance of gene ontology (GO) enriched terms within the loci of 

interest. 
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CHAPTER III 

IN SILICO ANALYSIS OF AUTOPHAGY RELATED GENES IN P. FALCIPARUM 

Gaviria, D. and Roepe, P.D., to be submitted 

3.1 Background 

 

An autophagy pathway involved in mitochondrial degradation in response to starvation 

has recently been elucidated in T. gondii (Ghosh et al., 2012). In this chapter, I find that 

sequence analysis of the Atg proteins found in T. gondii using the basic local alignment search 

tool (BLAST) algorithm reveals close homologues in P. falciparum. These findings are 

supported by previous analysis of several unicellular eukaryotes (Rigden et al., 2004); this 

analysis returned overlapping hits from related searches in malaria parasites and suggested loss 

or modification followed by phylogenetic divergence. Other groups have recently analyzed the 

genomes of Apicomplexan organisms in search of Atg homologues and found similar results 

with regards to malaria parasites (Duszenko et al., 2011) but my work notes additional candidate 

homologues. The current consensus dictates that P. falciparum possesses a set of Atg proteins 

involved in every step of the canonical autophagy pathway. For instance, Atg1 and Atg13 

homologues (involved in sensing amino acid levels) are present; Vps34 (the catalytic subunit of 

the kinase complex responsible for phagophore nucleation) is highly homologous within 

conserved domains, though it is much larger due to repetitive sequences that exist between 

putative helical regions; the ubiquitin-like systems involved in autophagosome expansion (Atg3, 

Atg4, Atg5, Atg7, Atg8, Atg10, Atg12) are also present and significantly homologous to T. 

gondii and yeast sequences. As notable as the presence of these proteins is the absence of classic 

TOR (kinase involved in phosphorylation of Atg13) and Atg9 (integral membrane protein 
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associated with anterograde transport of Atg proteins from the lysosome) homologues, 

suggesting novel variations of this pathway in P. falciparum.  

Bioinformatic analyses were used to elucidate possible autophagy related pathways in 

malaria parasites, thus providing a basis for experimental designs. Amino acid sequences from 

yeast or T. gondii were queried against P. falciparum sequences available at PlasmoDB 

(Aurrecoechea et al., 2009) in order to search for Atg homologues. Potential hits were tabulated 

and grouped based on function in order to assess their significance as well as any potential roles 

in the parasite. Also, the class III kinase PfVps34 was analyzed structurally and compared to 

homologues in organisms for which crystal structures are available in order to ascertain the 

architecture of regulatory domains. 

3.2 Results 

3.2.1 BLASTP Searches 

Since autophagy has been extensively studied in Saccharomyces cerevisae, and 

homologues of the proteins involved have been found in T. gondii, a search for homologues in P. 

falciparum was carried out as follows: 

Amino acid sequences of ScAtg1 through ScAgt31 in FASTA format were obtained from 

www.yeastgenome.org by entering the corresponding Saccharomyces genome database (SGD) 

ID numbers in the search box; the FASTA files were downloaded, copied, and pasted into 

Microsoft Word. FASTA sequences were used for BLASTP searches in ToxoDB (Gajria et al., 

2008) and PlasmoDB (Aurrecoechea et al., 2009); the expectation value was set to 0.1 and the 

scores (rather than identities) were recorded. Identities can be misleading as the program breaks 

apart the sequences and reports separate % identities for homologous regions of the protein; 

http://www.yeastgenome.org/
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therefore, a universal value for identity cannot be obtained this way. Instead, overall scores are 

reported that account for % identity of individual regions as well as the homology of all regions 

pooled and E values. The expectation or E value is the probability that other proteins of 

homologous sequence may exist due to chance alone; therefore, the lower the E value, the more 

significant the result. The threshold for E value was set as < 0.1, with the average E value found 

to be 1EE-10 or lower. Taking all these scores into consideration, an overall score will have the 

following significance: 

 0-60 – irrelevant 

 60-80 – may be relevant 

 80-100 – relevant 

 100-200 – very relevant 

 >200 – highly relevant 

After finding yeast Atg protein homologues in P. falciparum, the study was extended to 

search for P. falciparum homologues from T. gondii sequences rather than from yeast. FASTA 

sequences were downloaded from ToxoDB and queried using BLAST (basic local alignment 

search tool) in P. falciparum. Most T. gondii Atg proteins seem to be very closely related to P. 

falciparum (50-55% identity). In some cases, several relevant hits were returned by the search. 

TGGT1_093860 (TgAtg1), for example, produced 50 hits with a score higher than 100; 10 of 

these hits had a score higher than 300, of which 2 were above 400. Most were described as 

protein kinases. In other instances, however, the searches produced poor hits (TGGT1_116985, 
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TGGT1_065210, TGGT1_009540, TGGT1_085825 and TGGT1_085825 corresponding to 

TgAtg5, TgAtg6, TgAtg9, and TgAtg20 respectively). 

Table 3.1: Top BLASTP hits from searches based on S. cerevisae amino acid sequences 

Yeast orthologue P. falciparum 

homologue 

Homology Index 

Score 

E-value Chr# 

ScAtg1 PF3D7_1337800 207 6.3EE-27 13 

ScAtg2 PF3D7_1335300 120 8.5EE-7 13 

ScAtg3 PF3D7_0905700.2 372 4.2EE-42 9 

ScAtg4 PF3D7_1417300 120 5EE-9 14 

ScAtg6 PF3D7_1466900 170 1.2EE-10 14 

ScAtg7 PF3D7_1126100 338 1EE-51 11 

ScAtg8 PF3D7_1019900 260 3.1EE-24 10 

ScAtg9 PF3D7_0607700 134 3.3EE-10 6 

ScAtg11 PF3D7_0626500 184 6.8EE-12 6 

ScAtg12 PF3D7_1470000 118 3.5EE-9 14 

ScAtg13 PF3D7_1027000 154 6EE-13 10 

ScAtg14 PF3D7_0828700 112 7.6EE-5 8 

ScAtg16 PF3D7_0203000 97 0.00058 2 

ScAtg17 PF3D7_1120000 174 1.8EE-11 11 

ScAtg18 PF3D7_1012900 215 1.9EE-17 10 

ScAtg20 PF3D7_0216700.2 133 1.5EE-6 2 

ScAtg21 PF3D7_0826100 125 1.1EE-5 8 

ScAtg22 PF3D7_0206200 95 .012 2 

ScAtg23 PF3D7_1126700 154 2.8EE-9 11 

ScAtg24 PF3D7_0216700.1 134 6.1EE-7 2 

ScVps15 PF3D7_0823000 132 9.3EE-15 8 

ScVps34 PF3D7_0515300 567 1EE-73 5 
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Table 3.2: Top BLASTP hits based on searches from T. gondii amino acid sequences 

T. gondii 

orthologue 

P. falciparum 

homologue 

Homology Index 

Score 

E-value Chr# 

TgAtg1 PF3D7_0610600 436 1.8EE-41 6 

TgAtg3 PF3D7_0905700.2 486 1.7EE-72 9 

TgAtg5 PF3D7_1430400 99 1.3EE-8 14 

TgAtg6 PF3D7_1335400 103 0.0061 13 

TgAtg7 PF3D7_1126100 381 1.1EE-72 11 

TgAtg8 PF3D7_1019900 459 2.5EE-45 10 

TgAtg9 PF3D7_1102300 141 8.6EE-10 11 

TgAtg18 PF3D7_1311200 1,027 1.6EE-105 13 

TgAtg20 PF3D7_0720700 103 0.0056 7 

TgAtg22 PF3D7_0206200 737 1.4EE-140 2 

TgAtg31 PF3D7_1211000 1,513 1.2EE-200 12 

TgVps15 PF3D7_0719200 692 5.2EE-70 7 

TgVps34 PF3D7_0515300 618 1.4EE-73 5 

 

Some of the most significant hits corresponded to calcium-dependent protein kinases 

(PF3D7_0610600 score 436), serine/threonine protein kinases (PF3D7_1423600 score 432), 

NIMA-related kinases (PF3D7_0719200 score 692), phosphatidylinositol kinases 

(PF3D7_0515300 score 618), autophagocytosis-associated proteins (PF3D7_0905700.2 score 

486), thiF family proteins (PF3D7_1126100 score 381), microtubule-associated proteins 

(PF3D7_1019900 score 459), metabolite/drug transporters (PF3D7_0206200 score 737), and 

others with high homology but unknown function (PF3D7_1311200 score 1,027). In order to 

assign particular hits to each Atg homologue, I chose overlapping results from yeast and T. 

gondii searches. If a comparison is made between hits from yeast and hits from T. gondii 

sequences, one can notice that correspondence is incomplete. Notably, PfAtg1 is assigned to 

PF3D7_1337800 when searched against ScAtg1 while it is assigned to PF3D7_0610600 when 
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queried against TgAtg1. T. gondii is more closely related to P. falciparum than any other 

organism outside of other Plasmodium species. For this reason, I gave precedence to putative 

Atg products resulting from searches against T. gondii sequences. In the case of Atg3, Atg7, 

Atg8, Atg22, and Vps34 there was complete correspondence between hits from yeast and T. 

gondii. All of these hits (except Atg22 when queried against yeast) yielded high scores. Both 

correspondence and high scores provide certainty when assigning these hits to PfAtg proteins. 

There is significance in this subgroup (Atg3, Atg7, Atg8, and Vps34) as they are all involved in a 

common branch of the autophagy cascade, namely phagophore nucleation and expansion.  

3.2.2 Function Analysis from BLASTP Results 

I decided to look at the function of each homologue within subgroups in order to make 

predictions about the role of autophagy in P. falciparum. I did a similar analysis on the missing 

homologues in order to assess what part of the pathway may present variations in parasites.  

Autophagy regulation and induction: Atg1, Atg13, Atg17, Atg20, and Atg24 have roles 

in initiation of autophagy. Induction depends on an Atg1 kinase complex assembly which, in 

turn, depends on phosphorylation of Atg1 by TOR. However, no TOR homologues were found 

in P. falciparum. 
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Figure 3.1: Regulation of autophagy by TOR and induction by assembly of the PI3 kinase 

complex resulting in production of PI(3)P. Adapted from © 2007 Nature Reviews Molecular 

Cell Biology, with permission. 

 

Phagophore nucleation: Atg6, Atg14, Vps15, and Vps34 are involved in phagophore 

nucleation. Atg14 seems to be an important element of phagophore assembly site (PAS) 

formation in mammals and yeast. It is an autophagy-specific subunit that tethers the phosphatidyl 

inositol 3 kinase (PI3K) complex to membranes and activates Vps34. In the cytoplasm to 

vacuole (Cvt) pathway, Vps38 replaces Atg14. Interestingly, no ScAtg14 homologue exists in T. 

gondii. BLASTP (protein BLAST) search of the Atg14 yeast sequence returned 3 moderate hits 

in P. falciparum (E value 1EE-5, general score in the low 100s). The first hit is a putative Cg7 

protein (PF3D7_0709400 in chromosome 7) expressed two-fold in CQR compared to CQS. 

Phagophore expansion: Atg3, Atg4, Atg5, Atg7, Atg8, Atg12, Atg16, and Atg21 have 

roles in phagophore expansion and completion during autophagy and the Cvt pathway. As 

mentioned before, the same homologues resulted from searches with both yeast and T. gondii 
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sequences; also, the core Atg machinery (PfAtg3, PfAtg7, PfAtg8) within this subgroup of 

homologues yielded the highest scores and lowest E values. A close ScAtg12 homologue is 

present in T. gondii; when querying this sequence against PlasmoDB, a fairly homologous (E 

value 3.5EE-9) candidate of Atg12 was returned. The product of Atg12 exists as a conjugate 

with Atg5 that localizes to the phagophore assembly site (PAS). Mutations in this gene can cause 

severe reduction of autophagosome formation by means of blocking lipidation of Atg8 (Hanada 

and Ohsumi, 2005). 

 

 

Figure 3.2: Phagophore nucleation (bottom) and expansion (top) by Atg8 processing and Atg12-

Atg5-Atg16 complex assembly. © 2007 Nature Reviews Molecular Cell Biology, with 

permission. 

 

Autophagosome recycling: Atg2, Atg9, Atg18, and Atg23 are involved in anterograde 

transport from the lysosomes/vacuoles to the PAS. When searching for ScAtg homologues in P. 
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falciparum, the same entry (PF3D7_1012900) showed homology to two yeast sequences 

(ScAtg18 and ScAtg21). In yeast, Atg18 and Atg21 are paralogues required for vesicle formation 

in both autophagy and the Cvt pathway. They both contain WD-40 repeats that fold into β 

propellers and bind PI(3)P and PI(3,5)P2. The Sinai group reports two homologues to ScAtg18, 

namely PF3D7_1012900 and PF3D7_1026400 (unpublished data); the former, however, does 

not show up when they search against ScAtg21 as in our case. The search was repeated by us in 

order to reconcile the discrepancy. The search confirmed that we find homology between 

PF3D7_1012900 and both ScAtg18 and ScAtg21; in both cases, PF3D7_1012900 had the 

highest score, even though the score was much more significant in the case of ScAtg18 (215 vs. 

125 of ScAtg21). PF3D7_1026400 also appeared when searching against ScAtg18, but the score 

was below 100. As consensus has grown, the PlasmoDB entry PF3D7_1012900 has been labeled 

as putative PfAtg18. Even though PF3D7_1026400 has a lower score, it is recognized as a WD-

repeat protein. Looking at individual regions of homology, PF3D7_1012900 has higher identities 

with respect to ScAtg18, ranging from 31-44 %, while for ScAtg21 the range is 21-31 %. 

PfAtg18 has impressive homology to TgAtg18 (1,027 score and 1.6EE-105 E value). Atg2, 

Atg9, and Atg23 scores from comparison to yeast homologues are unimpressive, and there are no 

Atg2 or Atg23 hits from queries against T. gondii sequences. 

Autophagosome degradation: Atg15 and Atg22 are involved in vesicle degradation. 

Atg15 is a transmembrane protein required for vacuolar degradation. It is a glycosylated protein 

of conserved structure among. Mutants are uncapable of vacuolar degradation and fail to express 

and process Atg15 efficiently. Atg15 homologues exist in yeast and fungi, but no Atg15 

orthologue has been identified in higher eukaryotes (www.yeastgenome.org). We did not find a 

http://www.yeastgenome.org/
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P. falciparum homologue of ScAtg15 in our BLASTP searches. PfAtg22 has very poor 

homology to yeast but very high homology to TgAtg22 (737 score and 1.4EE-140 E value). This 

protein functions as an efflux pump for leucine. It is an integral membrane protein found in 

lysosomes/vacuoles. 

3.2.3 Sequence and Structure Analysis of PfVps34 

I wanted to learn about possible regulatory checkpoints on the autophagy cascade that 

may give insight into the role of autophagy in malaria. Since no TOR homologue was found in 

P. falciparum, I decided to focus on the PI3K complex which induces phagophore nucleation and 

expansion by increased PI(3)P production. Specifically, I studied the kinase subunit termed 

Vps34. It is important to note that not finding a TOR homologue in BLASTP searches is not 

indicative of an absolute absence of the protein. Most likely, PfTOR has very poor homology or 

even extensive variations that set it apart from other conserved sequences; if this is the case, 

PfTOR may be regulated differently or its activity may be variable. Interestingly, Fennell et al., 

2008 describe phosphorylation of PfeIF2α by PfeIKI in response to starvation and suggest that 

this system (downstream of TOR) regulates response to amino acid starvation. Also, Williams et 

al., 2008 describe an autophagy pathway independent of mTOR that is induced in a Ca
2+

-

dependent fashion in neuronal precursor cells. This precedent suggests that it is possible for 

autophagy to operate independently of TOR. 

Our Vps34 homologue (PF3D7_0515300) has been reported in the literature as PfPI3K 

(Vaid et al., 2010). In this study, the authors point out that the enzyme was localized in vesicular 

compartments near the parasite membrane and the DV. They also find that the enzyme is 

exported to the RBC cytosol and appears to be involved in hemoglobin endocytosis. This 
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evidence supports the idea that PF3D7_0515300 is in fact the Vps34 subunit of the autophagy 

PI3K complex which is recruited to the PAS and enriches the PI(3)P content of the membrane; 

this initiates a cascade where phagophores are formed that will target the DV for fusion. Vps34 

is wortmannin and LY294002 sensitive (Vaid et al., 2010); treatment with either results in 

accumulation of Hb-containing vesicles. In another study (Tawk et al., 2010), imaging of a 

fluorescently tagged version of Vps34 confirmed localization to the DV and vesicles, and 

revealed costaining with the apicoplast. As mentioned above, production of PI(3)P by Vps34 

results in the enrichment of this lipid in membranes. There are protein domains that bind this 

phospholipid and, in turn, interact with the enriched membrane. One such domain is the FYVE 

(conserved in Fab1, YOTB, Vac1, and EEA1), which is found in many PI(3)P-binding enzymes. 

Interestingly, only one enzyme in P. falciparum contains a FYVE domain (McIntosh et al., 

2007). In order to gain insight about its structure and functional domains, the amino acid 

sequence of PfVps34 from strain 3D7 was queried against the Drosophila melanogaster 

(DmVps34) and Homo sapiens (HsVps34) homologues. The results showed high homology 

within conserved regions. All 20 residues within the activation loop were identical to the query 

sequence while 14 of 19 residues were homologous within the ATP-binding site; all 9 residues 

were identical within the catalytic loop. 



 

61 

 

 

Figure 3.3: Active site and regulatory domains within HsVps34. © 2010 Science, with 

permission. 

 

The amino acid sequences of PfVps34 in P. falciparum strains 3D7, HB3, and Dd2 were 

also compared. BLAST does not query more than one sequence simultaneously; also, it is unable 

to discern relative alignments of these 3 proteins as they have different lengths (it can only 

compare sections and does not do a full line-up). ClustalW2 and COBALT (iterations of BLAST 

used for alignment of multiple sequences) were used for this purpose. In order to validate the 

alignments by these engines, the three sequences were aligned manually and inspected by eye. 

COBALT (constraint-based multiple protein alignment tool) allows for several FASTA 

sequences to be aligned at once on the basis of conserved domains, motifs, and sequence 

similarities from databases (RPS-BLAST, BLASTP, PHI-BLAST). ClustalW2 works similarly 
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to COBALT but uses different algorithms; it also analyzes homologous regions based on amino 

acid sequence. ClustalW2 also colors the residues according to their physicochemical properties, 

thus making it easy to recognize amino acid substitutions that may not affect the overall function 

of the domain (e.g. replacement of an aromatic amino acid with another aromatic residue). When 

aligning the sequences, the beginning of the Drosophila sequence is placed differently with 

respect to falciparum by the two programs (start at residue 827 per COBALT and residue 424 

per ClustalW2). Both programs coincide in the placement of conserved domains (accessory, C2, 

catalytic, activation, C-terminus helix) even though the Drosophila sequence is not identical to 

that of P. falciparum. Structurally, the following domains were conserved: 

C-terminus motif (helix): the consensus sequence (ɸHxɸxQxWRx) matched a stretch of residues 

from 940-948 with sequence IHRFTQYWRK. There are important differences between P. 

falciparum and Drosophila within the C-terminus helix as shown in Table 3.3.  

Catalytic loop: the consensus sequence (DRHxxN) matched a stretch of residues from 1993-1998 

with sequence DRHLDN.  

Activation loop:  residues from 2011-2029 and sequence DFGYIFGEDPKPFSPPMKLC make 

up this region. 

Table 3.3: Amino acid substitutions in PfVps34 sequence compared to DmVps34 

Relative position Plasmodium Drosophila H. sapiens 

948 – 2136 K2136 R948 R886 

946 – 2134 N2134 Y946 Y884 

945 – 2133 L2133 Q945 Q883 
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3.2.4 Comparison of PfVps34 Sequences Among Different Strains 

All the major regulatory domains are identical in HB3, Dd2, and 3D7. When comparing 

alignments, however, certain differences associate with Dd2 but not 3D7 or HB3. These 

differences appear when analyzed by both COBALT and ClustalW2. A seven-residue insertion, 

for instance, occurs from position 317-324 (KYDTCDDN) in Dd2 only. There is also a point 

mutation at position 438 (Q438K) in Dd2 only. Finally, a deletion at position 594 (an N residue 

is missing in the Dd2 sequence). Other differences between the HB3, Dd2, and 3D7 sequences 

appear as gaps between regions that arise from different numbers of repetitive sequences: 

HB3 - DTCDDNKYNKYDDDKYDTCDDNKYNKYDDDKY----------------------------------NKYDDDKYEKSRKKKKLNNLYKTILTKKK 

Dd2 - DTCDDNKYNKYDDDKYDTCDDNKYNKYDDDKYDTCDDNKYNKYDDDKYNKYDDDKYEKSRKKKKLNNLYKTILTKKK 

3D7 - DTCDDNKYNKYDDDKYDTCDDNKYNKYDDDKY-----------------NKYDDDKYNKYDDDKYEKSRKKKKLNNLYKTILTKKK 

Notice the two repeats: one long (red and green) and one short (blue and purple); Dd2 has one 

more long repeat in comparison to HB3, while 3D7 has one more short repeat 

HB3 - TYNSKNIRTYNSKNIRTYNRKNIRTYNRKNIRTYNRKNIRTYNRKNIRTYNSKNIRCNNRKNFHLNRNKKKNGCVKKYKLY 

Dd2 - TYNSKNIRTYNSKNIRTYNRKNIRTYN-----------------------------------------------SKNIRCNNRKNFHLNRNKKKNGCVKKYKLY 

3D7 – TYNSKNIRTYNSKNIRTYNSKNIRTYNRKNIRTYNRKNIRTYNRKNIRTYNRKNIRCNNRKKFHLNRNKKKNGCVKKYKLY 

Here are two repeats again, of the same size but with a different residue at the beginning 

HB3 - STDDSKNVYGDDNKNVYGDDNKNVYGDDNKNVYGDDNKNVYGDDNKNVYGDDNKNVYGDDSKNIYCDDNKNVYGDDNK 

Dd2 - STDDSKNVYGDDNKNVYGDDNKNVYGDDNKNVYGDDNKNVYGDD------------------------------------SKNIYCDDNKNVYGDDNK 

3D7 - STDDSKNVYGDDNKNVYGDDNKNVYGDD-----------------------------------------------------------------------SKNIYCDDNKNVYGDDNK 

The third region shows different numbers of the same repeat 

HB3 - KMRSSHDK--------------------------------------------LMSSHDKPVAPSGVSSLGEKKSKDEKKNRKKYNEIYQLSIKKYIYKAG 

Dd2 - KMRSSHDKMMPSHDKMMPSHDKLMSPHYTLMSSHDKPVAPSGVSSLGEKKSKDEKKNRKKYNEIYQLSIKKYIYKAG 

3D7 – KMRSSHDKMMPSHDKMMPSHDKLMSPHYTLMSSHDKPVAPSGVSSLGEKKSKDEKKNRKKYNEIYQLSIKKYIYKAG 

In the fourth region, HB3 is missing both repeats altogether (red/green and blue). 
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There are also point mutations that could not be associated with any major Vps34 domains; these 

are listed on Table 3.4. 

Table 3.4: Amino acid substitutions in PfVps34 when compared between strains 

Position HB3 Dd2 3D7 

206 T K K 

423 Q K Q 

578 N Missing N 

953 R R S 

985 S S R 

 

3.2.5 Putative Calmodulin Binding Domain within PfVps34 

The sequence of the PF3D7_0515300 gene product was queried against NCBI (National 

Center for Biotechnology Information) databases using BLASTP; a C2-like domain was returned 

near the N-terminus when compared to human Vps34. Most studies on C2 domains involve 

protein kinase C (PKC) C2 domains. In PKC, the C2 domain has a regulatory function; it acts as 

a calcium sensor and binds phospholipids. PKCs, therefore, phosphorylate serine/threonine 

residues on substrates in a calcium-dependent, phospholipid-mediated manner. PKCs comprise 

an N-terminal regulatory domain (C2 in many cases) and a C-term catalytic domain (much like 

Vps34). We hypothesized that if Vps34 does not bind calcium directly, it may be regulated 

through calmodulin (CaM) binding in a calcium dependent fashion. We therefore searched for 

the location and sequence of a putative CaM domain in PfVps34 in order to determine whether 

its regulation is calcium-dependent. In order to see if there is a CaM-binding region within the C-
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term, the PfVps34 sequence was entered into the “Calmodulin Target Database” (CTDB), a 

search engine that analyzes peptide sequences and scores them based on their similarity to 

calmodulin-binding regions (http://calcium.uhnres.utoronto.ca). The amino acid sequence of 

DmVps34 was also analyzed using the CTDB. The CaM binding site returned by this analysis 

starts at amino acid position 320 with the sequence FRFYLS. The query of PfVps34 on the 

CTDB returned 3 regions that could potentially be CaM domains: residues 45-52, 703-725, and 

1128-1133. Of these three regions, 1128-1133 overlaps exactly with the above-mentioned region 

derived from alignment with the DmVps34 sequence (in the alignment, residue 320 in DmVps34 

corresponds to residue 1128 in PfVps34); though the score of residues 1128-1133 is not the 

highest of the three predicted regions, the fact that it coincides with the same exact region 

predicted suggests that this is not coincidental. Possibly, PfVps34 may bind CaM at all three 

regions. 

3.3 Discussion 

 BLASTP analysis of S. cerevisae and T. gondii sequences revealed close Atg homologues 

in P. falciparum. Notably, PfAtg1, PfAtg3, PfAtg7, PfAtg8, and PfVps34 share high homology 

with both yeast and T. gondii sequences. Moreover, PfAtg18, PfAtg22, PfAtg31, and PfVps15 

are highly homologous to their T. gondii counterparts only. This is highly suggestive of a 

situation where malaria parasites are capable of presumably (i) sensing amino acid levels either 

from import or Hb degradation, (ii) enriching PI(3)P in membranes in response to lack of amino 

acids, (iii) recruiting components to PI(3)P-rich membranes, and (iv) anchoring PfAtg8 to 

membranes through conjugation to PE. The presence of PfAtg1 suggests that a system is in place 

to monitor basal concentrations of amino acids. That PfAtg1 is directly related to this system 

http://calcium.uhnres.utoronto.ca/
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cannot be asserted through bioinformatics alone, but there is some experimental evidence to 

suggest that such a system exists. Liu et al., 2006 reported redundant amino acid acquisition 

pathways where the bulk of amino acids are obtained from Hb digestion; however, the capability 

exists to survive on amino acids from the medium if Hb digestion pathways are blocked. Thus, 

P. falciparum meets its amino acid requirements by a combination of Hb degradation and uptake 

of free amino acids in the medium. When extracellular amino acids are removed, the parasite 

responds by upregulating Hb transport and degradation; Hb, however, lacks the essential amino 

acid isoleucine, so parasite survival is conditional under these circumstances (Istvan et al., 2011). 

These observations suggest that malaria parasites respond to the lack of extracellular amino acids 

by regulating intracellular transport to the vacuole. These observations are in line with an 

autophagy-like pathway. In autophagy, cells respond to low amino acid levels in the medium by 

trapping cytosolic material in transport vesicles, which will eventually fuse and release their 

cargo into a lysosome or vacuole. Since this process is very similar to Hb endocytosis in P. 

falciparum and the required machinery seems to be present in these parasites, it is valid to 

postulate autophagy as the operating pathway. Hain et al., 2012 further advanced the notion of a 

functional autophagy-like pathway in parasites by demonstrating the interaction of PfAtg3 and 

PfAtg8 through a binding loop in Atg8 exclusive of Apicomplexan homologues. An important 

variation is the absence of a C-terminal cap in PfAtg8. In other eukaryotes, Atg8 is expressed 

with a terminal residue (usually arginine) that is cleaved by Atg4. P. falciparum seems to bypass 

this process by encoding an uncapped version of Atg8. Based on the above hypothesis, it may be 

the case that autophagy is constitutive at a very high level in malaria parasites (since Hb 

digestion is a normal progression of the cell cycle rather than a state of stress), thus rescinding 



 

67 

 

the need for regulation at this particular stage of the pathway. The absence of TOR1 may reflect 

a similar situation as its role is to block autophagy; TOR1 is only inhibited under cellular stress, 

so a highly active level of autophagy would require significant inhibition of TOR1 or its absence 

altogether. Fennell et al., 2009 describe an eukaryotic initiation factor 2alpha that responds to 

starvation by modulating translation of mRNAs that encode stress-response proteins. The core 

machinery required for phagophore assembly and expansion show the highest homologies of all 

sequences searched. With the exception of PfAtg14, all members of the kinase complex are 

present suggesting alternative interactions between the members of this complex (Atg14 acts as a 

tether where all other kinase complex proteins anchor). A putative homologue of ScAtg14 is 

returned by BLASTP against 3D7 (PF3D7_0709400) but with a poor score (119 score 1.7EE-5 E 

value). This hit maps to chromosome 7 (18.9kb downstream of PfCRT). It is interesting that 

expression of this hit is much higher in Dd2 than it is in HB3 (Gonzales et al., 2008). In 

eukaryotes, the last 80 amino acids in Atg14 are required for activity. No significant hits were 

returned when either the last 80 or the last 10 amino acids in the C-terminus (necessary for 

activity in vertebrates) were queried against P. falciparum or T. gondii (E value~1; general score 

in the 50s; no returned genes associated with autophagy). In vitro studies of PfAtg3, PfAtg7, 

PfAtg8 (Hain et al., 2012), and PbAtg8 (Kitamura et al., 2012; Eickel et al., 2013) corroborate 

the prediction that malaria parasites are capable of lipidating Atg8 and enriching it in target 

membranes. Kitamura et al., 2012 and Eickel et al., 2013 coincide in that they only detect Atg8 

signals that colocalize with the parasite apicoplast; they do not observe Atg8 puncta associated 

with autophagosomes. It must be pointed out, however, that Kitamura et al., 2012 focus on the 

latter portion of the intraerythrocytic cycle (schizogony); during this stage, parasites lack a DV 
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and have ceased to transport Hb. Therefore, the prediction that describes an autophagy-like 

feeding mechanism should not be dispelled by comparison to this study. Kitamura et al., 2012 

show only one image of a late trophozoite; the Atg8 signal in this image largely colocalizes with 

the apicoplast signal, but there is some Atg8 signal that does not; moreover, this image 

corresponds to untreated parasites; based on Liu et al., 2006, an upregulation should be observed 

under starvation conditions only. Eickel et al., 2013 studied Atg8 distributions in liver stages. 

They too analyzed late stages (48-56 hpi) in untreated cells with results similar to Kitamura et 

al., 2012. 

 Vps34 is the kinase subunit of the PI3K complex responsible for phagophore nucleation. 

Vaid et al., 2010 characterized the Vps34 homologue of P. falciparum (PF3D7_0515300). This 

study suggests that PfVps34 contains typical domains found in homologues from other species 

(C2, helical, and PI kinase domains). The authors report that this kinase can phosphorylate 

multiple substrates, whereas typical class III PI3Ks (e.g. Vps34) only act upon PI to produce 

PI(3)P. This study also suggests that PfVps34 is sensitive to uM concentrations of wortmannin 

and LY294002, similarly to Vps34 homologues in other organisms. Their immunohistochemical 

data suggest that functional PfVps34 is exported to the host cell. Interestingly, their data also 

show that PfVps34 inhibition arrests Hb endocytosis (evidenced by accumulation of Hb-

containing vesicles) and parasite development. These data are consistent with autophagy-like Hb 

transport to the DV. Localization of PfVps34 to the DV also suggests fusion of autophagosome-

like vesicles that originate in the host cytosol. Tawk et al., 2010 observed large quantities of 

PI(3)P in infected erythrocytes (no PI(3)P exists in uninfected RBCs) that were dependent on a 

wortmannin-sensitive (100 nM) PI3K. This activity was attributed to PfVps34 and the same 
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typical domains were described in this study. Immunofluorescence data placed PfVps34 in the 

DV, the apicoplast, and in vesicular structures near the DV. PfVps34 is unusually large 

compared to its homologues. This is due to repetitive inserts that vary in number among P. 

falciparum strains. These inserts occur outside any major regulatory regions but are adjacent to 

the putative C2 domain; thus, it could be possible that the added length translates into a 

regulatory domain at the tertiary structure level. Such type of regulation could vary among 

strains due to differences in the number of inserts. The major regulatory and catalytic regions of 

PfVps34 are highly conserved in comparison to HsVps34 and DmVps34 sequences. Miller et al., 

2010 present high resolution (2.9Å) crystal structures of DmVps34 and HsVps34. Analysis of 

these structures reveals motifs where particular residues interact with the substrate or with 

inhibitors. These data were used to assign catalytic and regulatory motifs to PfVps34. 

Corresponding domains were assigned by comparing the DmVps34 sequence to PfVps34 

through COBALT and ClustalW2 alignments. All major domains and regulatory regions were 

accounted for in PfVps34 by both engines.  

The C-terminus region of Vps34 comprises 28 residues that are necessary for interaction 

with Vps15 (Budovskaya et al., 2002). Association with Vps15 is necessary for kinase activity 

and phagophore nucleation. The C-terminus region contains a consensus sequence that forms a 

helical structure which is conserved among Vps34 homologues. The C-terminus helix of 

PfVps34 presents important differences when compared to the Drosophila sequence. 

Importantly, Q945L and R948K show variations within the consensus region (ɸHxɸxQxWRx); 

particularly Q945L may be significant as the amide side chain in glutamine has decidedly 

different properties than the hydrophobic side chain in leucine. Single point mutations within this 
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motif reduce enzymatic activity on PI (phosphatidyl inositol)-containing vesicles. Also, 

truncation of 10 C-terminal residues enhances basal ATPase activity in the absence of PI, though 

it also abrogates catalytic activity. The C-terminus motif appears to be auto-inhibitory when off 

the membrane and activating when on the membrane. In human Vps34, W885A and Y884A 

(corresponding to positions 947 and 946 in Drosophila and 2135 and 2134 in PfVps34) increase 

basal ATPase activity (Miller et al., 2010). These observations suggest that PfVps34 may have 

altered activity compared to its homologues. It may be interesting to measure the activity of 

PfVps34 mutants with point mutations along the C-terminus helix region. The catalytic loop also 

contains a consensus sequence (DRHxxN) that is highly conserved among Vps34 homologues. 

In PfVps34, the catalytic loop is located from residues 1993-1998 (DRHLDN). The crystal 

structure of DmVps34 gives insights about the transfer of the γ phosphate in ATP to the 3’ 

hydroxyl in PI. The 3’ hydroxyl of PI is predicted to rest in a pocket lined up with catalytic loop 

residues (D1993, R1994, H1995, N1998). H1995 appears to be essential for the reaction as it is 

predicted to act as a base on the 3’ hydroxyl and improve its nucleophilicity. D805 and D823 

(present in PfVps34 as D1997 and D2011) are predicted to stabilize negative charges in the 

transition state (Miller et al., 2010). The activation loop sequence occurs from residues 2011-

2029 in PfVps34 (DFGYIFGEDPKPFSPPMKLC). As stated above, D2019 may act in pair with 

D1997 (catalytic loop residue) to lower the activation energy of the phosphotransfer reaction. 

The α phosphate in ATP may be stabilized by the ε amine in K833 (position 2021 in PfVps34) as 

K833A mutants reportedly loose enzymatic activity entirely (Miller et al., 2010). P832 and Y826 

appear to form a hydrophobic surface that stabilizes the inositol ring in PI (Miller et al., 2010).  
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Figure 3.4: Relative ATPase activities of HsVps34 in response to alanine point mutations within 

regulatory regions. © 2010 Science, with permission. 

 

A C2 domain is described in PfVps34 (Vaid et al., 2010; Tawk et al., 2010). C2 domains 

are regulatory regions that bind CaM and are, therefore, indirectly dependent on Ca
2+

. An 

important example of autophagy regulation by Ca
2+

 in concert with Vps34 is presented in 

arrested macrophages. Mycobacterium tuberculosis bacilli are taken up by macrophages; they are 

not processed, however, due to their ability to block the fusion of the phagosome with the 

macrophage lysosome. This enables the pathogen to thrive within the infected macrophage. M. 
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tuberculosis blocks the fusion step by arresting PI(3)P production by HsVps34. HsVps34 is 

recruited to membranes by CaM (the C2 domain of HsVps34 interacts with Ca
2+

-bound CaM). 

Therefore, part of the signaling cascade that results in the activation of HsVps34 is a rise in 

intracellular Ca
2+

. M. tuberculosis produces a glycolipid (liparabinomannan) which interferes 

with calcium rise and recruitment/activation of HsVps34. In this manner, the pathogen avoids 

being processed by the macrophage through autophagy. It must be noted that it also produces a 

PI(3)P phosphatase, thus attacking/blocking the signaling cascade at two points to ensure its 

survival (Vergne et al., 2003; Vergne et al., 2005). This work suggests an important connection 

between the regulation of Vps34 and Ca
2+

 levels that may apply to P. falciparum (Vaid et al., 

2006). In malaria parasites, two major Ca
2+

 pools are described in the literature (Varotti et al., 

2003; Garcia et al., 1998); the first is an ER pool that is thapsigargin-sensitive; the second is an 

acidic pool in the DV that is nigericin-sensitive. The acidic Ca
2+

 pool is released upon collapsing 

the proton gradient in the DV. CQ may cause this collapse, resulting in Ca
2+

 release, which, in 

turn, may positively regulate Vps34 recruitment and activation. Data discussed within Chapter 5 

suggests a release of Ca
2+

 from the DV of Dd2 upon treatment with IC50 levels of CQ, but not 

from HB3. When HsVps34 is queried against the PlasmoDB database, the first hit is 

PF3D7_0515300 with a general score of 609 and e-value of 9.2EE-81. The role of Ca
2+

 signaling 

in the autophagy cascade is usually implicated with autophagy serving as a death mechanism 

(Harr et al., 2006; Decuypere et al., 2011). Interestingly, the literature offers many examples of 

CaM inhibitors and antagonists inducing death in parasites (Geary et al., 1986; Scheibel et al., 

1987); one study also describes reversal of CQR by CaM inhibitors (van Schalkwyk et al., 2001). 

Further studies in other cell types describe inhibition of autophagy in the presence of BAPTA-
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AM, which sequesters Ca
2+

 in the cytosol (Hoyer-Hansen et al., 2007; Sakaki et al., 2008; Wang 

et al., 2008; Grotemeier et al., 2010); these observations suggest an important role of cytosolic 

Ca
2+

 transients in autophagy regulation.  

In summary, bioinformatic analyses suggest that an autophagy-like process is present in 

P. falciparum. This process (or processes) is likely an atypical variation of the canonical 

pathway, as several Atg homologues (including important regulators) cannot be found in the 

malaria proteome. The phylogenetic progression of Apicomplexan parasites suggests that the 

canonical pathway has been lost in these organisms though it may be the case that it has simply 

been reduced to its most essential components. A hypothetical function is proposed where 

autophagy serves a constitutive role in Hb transport to the DV that is upregulated in response to 

starvation (see Chapter 4). Experimental data by others support this hypothesis as it has been 

previously established that parasites upregulate Hb intake when amino acids are removed from 

the medium; conversely, it has been shown that Hb-containing vesicles accumulate when Hb 

degradation is blocked (Liu et al., 2006). Moreover, the kinase subunit of the PI3K complex 

(Vps34) has been characterized in malaria parasites and localized to the DV, apicoplast, and host 

RBC (Vaid et al., 2010) as well as Hb-containing vesicles near the DV (Tawk et al., 2010). 

PfVps34 inhibition reportedly results in arrest of Hb transport to the DV (Tawk et al., 2010). 

Taken together, these results support the hypothetical role of autophagy in Hb endocytosis and 

are in agreement with predictions from bioinformatic analyses. A thorough analysis of Vps34 in 

H. sapiens and D. melanogaster provides a template for study of PfVps34 (Miller et al., 2010). 

Important functional regions that interact with substrates and inhibitors in HsVps34 and 

DmVps34 are found in PfVps34, thus suggesting that this enzyme is regulated and affected by 
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similar stimuli. Important differences such as point mutations and insertion of repetitive 

sequences may suggest modified function and/or regulation, thus providing an interesting avenue 

for future research. The CaM binding domain found within the C2 region of PfVps34 may play 

an important role in its regulation. Particularly, upregulation may be dependent on Ca
2+

 

transients that result from release of intracellular stores. Importantly, the acidic calcium store that 

is released upon accumulation of CQ within the DV may provide a link between parasite death 

and CQR. 
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CHAPTER IV 

DYSREGULATION OF AUTOPHAGY IS ASSOCIATED WITH CYTOCIDAL CHLOROQUINE 

RESISTANCE IN PLASMODIUM FALCIPARUM MALARIA 
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Abstract  

Resistance to cytostatic activity of the antimalarial drug CQ is becoming well understood, 

however, resistance to cytocidal effects of CQ is unexplored and is likely distinct. We find that 

PfCRT mutations that nearly completely recapitulate cytostatic CQ resistance (CQR
CS

) as 

quantified by IC50 shift, account for only 10 – 20 % of cytocidal CQR (CQR
CC

) as quantified by 

LD50 shift for laboratory CQR strains of P. falciparum.  Quantitative trait loci (QTL) analysis of 

the progeny of a CQS (strain HB3) x CQR (strain Dd2) genetic cross identifies distinct genetic 

architectures for IC50 vs LD50 phenotypes, including identification of interacting chromosomal 

loci that influence CQ LD50. Candidate genes in these loci are consistent with the notion that 

altered autophagy could be linked to CQR
CC

, leading us to directly examine the autophagy 

pathway in CQR parasites.  Indirect immunofluorescence of CQS vs. CQR parasites reveals 

alterations in PfAtg8 protein sorting associated with CQR
CC

.  Taken together, the data show that 

an unusual autophagy - related pathway is activated for intraerythrocytic parasites at LD50 doses 

(but not IC50 doses) of CQ, that the pathway is altered in CQR P. falciparum, and that it likely 

adds with mutations of PfCRT to confer the CQR
CC

 phenotype.   
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4.1 Background 

 Resistance to quinoline and antifolate antimalarial drugs, as well as emerging tolerance to 

artemisinin–based drugs (Cheeseman et al., 2012) threatens the health of over half of the world’s 

population.   The elucidation of molecular details of antimalarial drug resistance mechanisms for 

P. falciparum and P. vivax facilitates targeted surveillance and rapid development of more 

effective drugs and other treatments.   Thus, elucidating antimalarial drug resistance remains an 

intense area of infectious disease research.  

 Historically, two approaches for monitoring antimalarial drug resistance for P. 

falciparum malaria have been available. One is analysis of clinical data to assess efficacy of 

specific treatments, and the second is in vitro studies with malarial parasite strains or patient 

isolates to quantify their susceptibility to specific drugs. With the discovery of key genetic 

mutations that confer resistance to either antifolate (Plowe et al., 1997; Wang et al., 1997) or 

quinoline – based (Fidock et al., 2000) antimalarial drugs, rapid field-based surveillance of the 

geographic spread of drug resistant malaria is now possible, as is personalized delivery of second 

tier therapy to patients infected with a specific drug resistant strain.   

 Traditionally, all laboratory based quantification of antimalarial drug potency, and hence 

quantification of all antimalarial drug resistance phenomena, has been made via comparing IC50 

values. IC50 assays quantify the concentration of drug required to inhibit parasite growth by 50 % 

while the drug is continuously present for cells growing in culture.  That is, IC50 quantifies 

cytostatic activity of a drug, which for P. falciparum is measured in red blood cell culture 

suspensions in the continuous presence of serially diluted concentrations of the drug. Such 

quantification has proved critical for defining the genetics and biochemistry behind resistance to 
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the cytostatic effects of CQ [“CQR
CS

”] (Fidock et al., 2000; Ferdig et al., 2004; Sa et al., 2010; 

Patel et al., 2010; Roepe 2012) and for identifying new drug leads with excellent cytostatic 

potential against CQR malaria (Maser et al., 2012).  It is sometimes assumed that IC50 values 

quantify the “cell kill” effect of a drug.  Although this can be true in some instances, it is often 

not the case.  When interpreted as signifying cell death, IC50s can overinterpret the lethality of 

drugs and can significantly underestimate the potential for parasite survival in the presence of 

higher (clinically relevant) levels of the drug. Since laboratory CQ IC50s are in the 1 to 10
 
nM 

range, but plasma levels of the drug in patients are in the 1 to 10
 
μM range, clarification of these 

points is essential for fully understanding the evolution of CQR.   

 Although the mechanism of CQR
CS

 is becoming clear, much less is known about 

resistance to the cytocidal effects of CQ [“CQR
CC

”] (or cytocidal resistance vs. any other 

antimalarial drug for that matter). This is a critical piece of missing information, given that 

parasite survival determines the rate of adaptation to selection by drugs. Only recently has it been 

possible to quickly and repeatedly quantify LD50, the dose of drug required to actually kill 50 % 

of malarial parasites, and rapid, statistically rigorous quantification of LD50 ratios for drug 

sensitive vs. resistant parasites are found in only one paper to our knowledge (Paguio et al., 

2011).   In theory, it is possible for the molecular mechanisms of a drug’s cytostatic and 

cytocidal activities to overlap.  If this were the case, then the molecular mechanisms of resistance 

to those two distinct layers of drug pharmacology would also presumably overlap. However, 

when significantly different concentrations of drug are needed to kill the relevant microbe rather 

than merely slow its growth, molecular targets for the two layers of drug activity may differ; 

hence, the mechanisms of cytostatic vs. cytocidal resistance can be distinct. This distinction 
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between cytostatic and cytocidal resistance mechanisms has been observed in some examples of 

multidrug resistance. For example, overexpression of P-glycoprotein and other plasma 

membrane events can be particularly relevant for antitumor drug cytostatic resistance, whereas 

altered induction or regulation of apoptosis (programmed cell death) is particularly important in 

antitumor drug cytocidal resistance (Baguley, 2010).  

 Consistent with these principles, we recently reported that although decreased CQ 

accumulation within red blood cells infected with P. falciparum is clearly related to elevated 

IC50, it is not necessarily relevant for elevated LD50 (Cabrera et al., 2009b).  Surprisingly, much 

higher concentrations of CQ can be found within the DV of cells clearly exhibiting cytocidal 

resistance, even though the DV is believed to contain the molecular target for CQ (Cabrera et al., 

2009a). We have also recently found that, for both 4-aminoquinoline drugs similar to CQ and 

quinoline methanols similar to quinine (QN), IC50 is correlated with the ability of the drugs to 

inhibit Hz crystallization under close to physiologic conditions, whereas LD50 for the same drugs 

is not (Gorka et al., 2012a; Gorka et al., 2012b). Taken together these data very strongly suggest 

that the targets for CQ and QN cytocidal activites differ from targets for cytostatic activities, and 

that drug DV localization and drug–heme binding explain cytostatic, but not cytocidal, 

pharmacology.  Since drug resistance is due to disruption of drug–drug target interactions, unless 

resistance is due to increased metabolism or catabolism of the drug (which is not the case for 

CQR or QNR in P. falciparum) then different drug targets for cytostatic vs. cytocidal effects 

predict distinct mechanisms of cytostatic vs. cytocidal resistance.  

 Recently elucidated patterns of IC50 vs. LD50 for quinoline drugs in CQS vs. CQR 

parasites  (Paguio et al., 2011) also suggest that it is likely the mechanisms for cytostatic vs. 
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cytocidal CQR in P. falciparum are not entirely the same.  Elevated CQ IC50 and reduced CQ 

accumulation are well correlated with mutations in the DV membrane CQ transporter PfCRT 

(Roepe, 2012), suggesting that CQR
CS

 is due to decreased accessibility to heme target within the 

parasite DV.  Resistance to the cytocidal effects of CQ is predicted to involve alterations in other 

targets, access to these targets (Cabrera et al., 2009a), and/or to encompass mutations in key 

regulators of P. falciparum cell death pathways as recently hypothesized (Roepe, 2012; Sinai and 

Roepe, 2012).   

 With regard to this last point, the single celled of P. falciparum and the lack of caspase 

genes and other genes that encode key apoptosis regulators within its genomebring into question 

whether the canonical apoptosis pathway is the cause of drug-induced cell death for the malarial 

parasite (Sinai and Roepe, 2012).  Some evidence for an apoptotic–like cell death pathway for P. 

falciparum has been presented (Totino et al., 2009; Meslin et al., 2011; Suradji et al., 2011) but 

there is disagreement on how relevant these observations are for P. falciparum death via 

different drugs (Nyakeriga et al., 2006).  More importantly, no molecular alterations in apoptosis 

have been found for CQR malaria.   

 Taken together, these points led us to inspect the progeny of the HB3 (CQS) × Dd2 

(CQR) P. falciparum cross for CQ LD50 phenomena. Previous QTL analysis of these progeny 

using IC50 as the phenotype led to identification of mutant PfCRT in CQR malaria (Fidock et al., 

2000) and to research that has begun to define the function of this enigmatic transporter in 

conferring CQR
CS

; (see [Roepe, 2011, Ecker et al.,  2012] for recent reviews).  In this study, we 

rank the same progeny via their LD50, using a recently published approach (Paguio et al., 2011).  

The QTL analysis shows a complete lack of a key chr5 locus previously identified for CQR
CS

, 



 

81 

 

and identifies additional and unique genomic loci specific to CQR
CC

.  Examination of genes in 

these loci supports the involvement of candidate pathways that may mediate CQR
CC

. Using 

available antibodies to the essential autophagy protein Atg8 and high-resolution fluorescence 

microscopy, we find that drug-induced autophagy is dysregulated in CQR
CC

 P. falciparum. LD50 

analysis of PfCRT transfectants supports the conclusion that, although PfCRT mutations confer 

nearly complete resistance to CQ cytostatic effects, they are less important for CQ cytocidal 

resistance (CQR
CC

).  Taken together and considered alongside additional recent work with the 

related parasite T. gondii (Ghosh et al., 2012), our data suggest that dysregulated autophagy, 

combined with PfCRT mutations, confers elevated CQ LD50 in CQR P. falciparum.   
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4.2 Results 

 Progeny of the strain HB3 (CQS) × strain Dd2 (CQR) genetic cross have proven 

invaluable to analysis of CQR phenomena (Fidock et al., 2000; Ferdig et al., 2004; Patel et al., 

2010; Sanchez et al., 2011).  By quantifying CQ IC50 values for these progeny, a single locus on 

chr7 was previously identified as controlling the difference between CQR and CQS strain CQ 

IC50. Subsequent sequencing, in vitro drug pressure, and transfection results showed that 

multiple amino acid substitutions within a single gene in the chr7 locus (pfcrt) causes the large 

shift in IC50 values that has historically defined CQR and CQS status (Fidock et al., 2000; 

Cooper et al., 2002; Sidhu et al., 2002).  Directly replacing the “wild type” CQS associated pfcrt 

allele with mutant CQR associated pfcrt conferred elevated IC50 found in CQR parasites without 

the need to condition or select cells with CQ (Sidhu et al., 2002).  The degree to which CQ IC50 

was elevated for these allelic exchange progeny was very similar to that seen for highly drug 

selected CQR strains, suggesting that the presence of mutant PfCRT protein was sufficient for 

conversion to a CQR phenotype in the particular genetic background used for this study (Sidhu 

et al., 2002). However, subsequent QTL analyses suggested that additional genetic components 

(such as inheritance of different chr5 loci containing varying copies of pfmdr1) likely combine 

with PfCRT to confer the range of CQ IC50 and variable IC50 patterns for different drugs found 

globally (Ferdig et al., 2004, Ferdig et al., 2010, Sanchez et al., 2011; Sa et al., 2010).  

 Using more rapid SYBR Green assays (Bennett et al., 2004) in place of previous 
3
H-

hypoxanthine quantification, our analysis of these same pfcrt transfectants agrees with those 

published previously (Fig. 4.1). Clones C4
Dd2

 and C6
7G8

 show 8–fold and 6–fold shifted CQ 

IC50, relative to control transfectants or CQS strain GCO3 (Fig. 4.1A).  That is, cytostatic CQ 
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resistance for these clones is very close to that seen for laboratory strains Dd2 and 7G8, as noted 

earlier (Sidhu et al., 2002), suggesting that the Dd2 mutant PfCRT isoform and the 7G8 mutant 

PfCRT isoform are necessary and sufficient for the IC50 quantified CQR phenotypes in these 

widely studied drug selected strains. 

 

 

 Figure 4.1: Survival curves for growth inhibition assay (left, A) and cytocidal assay 

(right, B) performed as recently reported (Paguio et al., 2011) vs GC03 and GC03 clones 

expressing CQR pfcrt alleles (Sidhu et al., 2002). While the C4
Dd2

 and C6
7G8

 CQR transfectants 

exhibited similar response to CQ growth inhibition relative to drug conditioned strains Dd2 and 

7G8 expressing the same PfCRT isoform (left), C4
Dd2

 () & C6
7G8

 () were only 10 – 20 

percent as resistant as Dd2 and 7G8 (open circles, triangles, respectively) via LD50 (B, right, see 

text).  Raw data (symbols) are fit by a simple exponential using SigmaPlot software.   

 

A B 
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However, recently we showed that when expressed as a ratio of LD50 (dose required to 

kill 50 % of parasites), cytocidal CQR was not the same as cytostatic CQR defined by IC50 ratios 

(Paguio et al., 2011). When LD50s are quantified for clones C4
Dd2

 and C6
7G8

 as described 

(Paguio et al., 2011), we find that they are 10–fold and 8–fold cytocidal CQR, whereas strains 

Dd2 and 7G8 are 130–fold and 35–fold cytocidal CQR
 
respectively (Fig. 4.1B and see also 

(Paguio et al., 2011)). This indicates that mutant PfCRT is indeed responsible for most of the 

cytostatic CQR phenotype defined by a shift in IC50, but is only responsible for 10–20 % of the 

CQR
CC

 phenotype, defined by a shift in LD50 (Paguio et al., 2011).   

 Thus, we leveraged QTL mapping within a genetic cross to search for additional genetic 

loci contributing to CQR
CC

. We quantified CQ LD50 for progeny of the HB3 (CQS) × Dd2 

(CQR) cross using our recently described high throughput assay (Paguio et al., 2011; see Table 

S4.1 [Appendix to this chapter] for CQ LD50 values).  We were able to identify three major QTL 

loci associated with LD50.   
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Figure 4.2: LD50 directed QTL analyses for CQR in HB3 × Dd2 cross progeny.  A) IC50 QTL 

scan for CQR progeny shows a peak on chr5 (asterisk) that encompasses pfmdr1 as previously 

described (Patel et al., 2010). Notably, the chr6 locus that is pertinent for the LD50 scan (see Fig. 

4.2B) does not pass the suggestive threshold on this IC50 scan.  B) LD50 QTL scan for CQR 

progeny shows a peak on chr6 (asterisk). The locus that includes pfmdr1 does not pass the 

suggestive threshold for this scan (see also Fig. 4.2C).  C) To more clearly highlight the 

differences in genetic architecture for LD50 vs. IC50 phenotypes, an overlay of the two QTL scans 

is shown. The CQR progeny LD50 QTL scan is shown in blue, while the CQR progeny IC50 QTL 

scan is in black. The overlay shows quite clearly that the pfmdr1 locus does not factor at all into 

the LD50 phenotype, and that the chr6 locus does not factor at all into the IC50 phenotype.  Thus 

the IC50 and LD50 phenotypes are genetically distinct.  D) Similarly, the interaction locus 

between chr6 and chr8 (see text) does not appear on an IC50 pair-wise scan. However, additive 

effects between chr5 and chr7 loci are seen as previously reported (Patel et al., 2010). E) Pair-

wise scan of the CQR progeny shows that chr6 and chr8 loci (circle) have additive effects on 

LD50 (LOD = 4.3).   

 

First, similar to CQ IC50–directed QTL (Fidock et al., 2000) the chr7 locus harboring 

pfcrt segregates with the elevated LD50 phenotype (not shown, see [Fidock et al., 2000]).  

However, the LOD score (~ 21) is lower than the LOD score when IC50 is the measured 

phenotype (~ 40; see [Fidock et al., 2000; Patel et al., 2010]).  We emphasize that the magnitude 

of the LOD score reveals how well a locus segregates with a phenotype across a given 

population (in this case, progeny from the HB3 × Dd2 cross), but does not define the relative 

biochemical contribution of proteins encoded by that locus to the phenotype in question. The 

behavior of pfcrt transfectants that isolate PfCRT mutations in a common genetic background 

shows that the biochemical contribution of mutant PfCRT to elevated CQ LD50 is lower relative 

to its contribution to elevated CQ IC50 (c.f. Fig. 4.1).   
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 Second, two new chromosomal loci, not previously associated with any CQR 

phenomena, are associated with elevated CQ LD50 in CQR progeny of the HB3 × Dd2 cross 

(Fig. 4.2). One is a novel contribution from chr6 (0cM – 17.3cM) that can increase CQ LD50 for 

CQR progeny of the cross (Fig. 4.2B); furthermore, this locus interacts with chr8 (77.5cM) with 

significant additive effects (Fig. 4.2E). In addition to clearly defining a genetic architecture for 

LD50 that is distinct from that previously defined for IC50, the loci contain genes that may 

contribute to CQR
CC

 but that are not involved in CQR
CS

.  Importantly, QTL scans of IC50 for the 

same CQR progeny identified a segment of chr5 (carrying the pfmdr1 amplicon) as adding with 

chr7 (pfcrt) to elevate IC50 (Fig 4.2A, see also [Patel et al., 2010]). Results from many studies 

show that the relevant gene in this segment of chr5 is likely pfmdr1 (Wilson et al., 1989; Reed et 

al., 2000; Amoah et al., 2007; Pleeter et al., 2010). Also, as described previously (Patel et al., 

2010), pairwise interaction between this segment of chr5 and a chr7 locus are associated with 

elevated IC50 (Fig. 4.2D). However, LD50-directed QTL does not identify this chr5 fragment 

(Fig. 4.2C), instead, it isolates a fragment of chr6 (Fig. 4.2B). Rather than the previously 

identified pairwise interactions for IC50 involving chr5 and chr7 (Fig. 4.2D), this analysis defines 

a chr6 × chr8 pairwise interaction relevant for LD50 (Fig. 4.2E). In sum, these data lead us to 

conclude that the LD50 and IC50 phenotypes share a critical feature (mutant PfCRT found on 

chr7) but are otherwise genetically distinct. This is entirely consistent with pharmacological data 

as shown in Fig. 4.1.   

One interpretation is that CQR
CC

 and CQR
CS

 biochemically overlap, and that 

mechanisms for each require mutant PfCRT, but that the relative biochemical contribution of 

PfCRT to CQR
CC

 is less than or mechanistically distinct from its contribution to CQR
CS

. High 
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level CQR
CC

 requires additional factors. The question then becomes: how do chr7, chr6, and 

chr8 loci act together to elevate CQ LD50 130-fold (Paguio et al., 2011) when mutant PfCRT 

alone only elevates CQ LD50 10-fold (Fig. 4.1)? Meaning, do the chr6 and chr8 loci suggest 

genes or pathways that are relevant for CQR
CC

?  GO term analysis shows that genes in processes 

linked to “vesicle traffic” and “proteasome/proteolysis” are enriched in these loci. For example, 

at least 6 genes within the chr8 locus encode proteins involved in the proteasome pathway (Table 

S4.3, appendix to this chapter). Candidate genes were also ranked based on the sequence 

similarity of strain HB3 (CQS) and strain Dd2 (CQR), and the correlation of expression levels 

with the LD50 phenotype (see Supplemental, Tables S4.3–S4.7). Thus we used four previously 

vetted methods (Reilly-Ayala et al., 2011) to identify genes or pathways that are most likely 

relevant to LD50. Interesting genes within the chr6 and chr8 loci that have high CDS scores 

include orthologues of autophagy genes Atg11 and Atg14 as well as an E3 ubiquitin ligase  

(Tables S4.2 and S4.3, appendix to this chapter). Also of note are several genes in the chr6 locus 

linked to response to oxidative stress. Due to the nature of chromosomal fragment inheritances in 

the HB3 × Dd2 cross, the chr6 × chr8 additive effect defines a much smaller region of the chr6 

segment. This segment harbors only 19 genes, with 5 of those encoding proteins involved in lipid 

metabolism (see Discussion).  

 Elevated LD50 signifies resistance to cell death, which is often mediated by altered signal 

transduction that controls a programmed cell death (PCD) pathway (Roepe, 2011; Sinai & 

Roepe, 2012).  Importantly then, we find that the chr6 and chr8 loci do not harbor any candidate 

Pf metacaspases (Meslin et al., 2011) or other molecules that typically regulate apoptotic PCD.  

Thus there is no genetic evidence from the HB3 × Dd2 cross for atypical apoptosis related to 
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CQR
CC

.  Autophagy (“self eating” upon starvation or stress) is an orchestrated, vesicle mediated, 

proteolytic/degradative pathway that is distinct from apoptosis and that has been linked to cell 

death for several cell types (Notte et al., 2011; Platini et al., 2010; Gozuacik et al., 2007), 

including the related Apicomplexan parasite T. gondii (Ghosh et al., 2011). Since apoptosis 

genes were not found in chr6 or chr8 loci, and since vesicle traffic, proteasome/proteolysis, lipid 

metabolism, oxidative stress and autophagy pathways often overlap mechanistically (see 

Discussion), we wondered if altered autophagy might be related to LD50.   

 However, no experiments to our knowledge have been done to test if autophagy occurs in 

intraerythrocytic P. falciparum. The universal stimulus for autophagy is starvation, which also 

unambiguously induces cell death. One universally observed, unambiguous feature of induction 

of autophagy in eukaryotes is redistribution of Atg8 protein (called LC3 in mammals) from a 

diffuse pattern to widely disbursed “puncta” that define the sites of autophagosome formation 

(Shpilka et al., 2011). Specific Atg8 antisera raised vs. T. gondii Atg8 protein (anti-TgAtg8) 

show excellent cross reactivity vs. P. falciparum Atg8 (Sinai & Roepe 2012) since PfAtg8 is ~70 

% identical to TgAtg8. We easily identify delipidated and lipidated PfAtg8 at predicted masses 

of 15 and 17 kDa in westerns with fractionated parasites (Fig. S4.2, appendix to chapter). IFA 

analysis using Atg8 antiserum suggests autophagy is active in intraerythrocytic P. falciparum 

(Fig. 4.3 and 4.4). As expected, control iRBC trophozoite parasites grown in complete media 

show a somewhat diffuse cytosolic PfAtg8 distribution (Fig. 4.3, green, top). However, when 

trophozoites are placed in starvation medium for 6 hrs, PfAtg8 is redistributed in an expanded 

“punctate” fashion (Fig. 4.3, green, middle), as recently reported (Sinai & Roepe, 2012).   
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Figure 4.3: Transmittance (left), immunofluorescence vs. antiPfREX1 (Maurer’s cleft marker; 

red; second column), vs antiTgAtg8 (cross reacts with PfAtg8; green, third column) and overlays 

(right) for control cells (top row), starved cells (middle row), and starved plus the autophagy 

inhibitor 3MA (bottom row).  Bar = 5 µm.   

 

Closer inspection reveals puncta at the parasite periphery, perhaps even near the RBC 

membrane. Costaining with a marker (anti-PfREX1, red) for Maurer’s cleft (MC) shows that 

some PfAtg8 is likely being routed to very near MC (yellow dots, Fig 4.3 middle, right). The 

well-characterized inhibitor of autophagy, 3-methyl adenine (3MA) partially reverses the 

starvation induced PfAtg8 puncta redistribution (Fig. 4.3 bottom), similar to what has recently 

been found for T. gondii (Ghosh et al., 2012). Affinity purified IgG from the antisera as well as 

monoclonal antibody 2K19 raised against a highly conserved Apicomplexan Atg8 motif (see 

Methods) yield results quite similar to TgAtg8 antisera (Fig. 4.4).  
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Figure 4.4: Comparison between staining using TgAtg8 antisera (bottom row) vs. staining using 

a monoclonal antibody raised against a highly conserved Apicomplexan Atg8 epitope (top row, 

see methods). Panels A, G, D, J are transmittance; B, H, E, K are Atg8 fluorescence; and C, I, F, 

L are overlay respectively. Left side are control intraerythrocytic HB3 P. falciparum; right side 

are HB3 starved for 6 hrs as described in methods. Bar = 5 µm.   

 

We note another recent report (Kitamura et al., 2012) presents data consistent with partial 

localization of PfAtg8 to the parasite apicoplast for control schizonts growing in normal media 

via staining of anti-PfAtg8 antibodies. These authors note that some differences in localization 

are observed. We also obtain data consistent with partial (but not complete) localization of 

PfAtg8 to the apicoplast for control late trophozoites by costaining for apicoplast–specific ACP 

(see Fig S4.1, appendix to this chapter).   

 We next tested if cytocidal levels of CQ induced similar PfAtg8 phenomena. Indeed, 

CQS parasites show similar extensive peripherally distributed PfAtg8 puncta when they are 

treated at 2 x LD50 cytocidal dose of CQ (Fig 4.5, top), but not when they are treated with 2 x 
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IC50 cytostatic dose (Fig. S4.3, appendix to chapter), suggesting that an autophagy–like cascade 

is involved in the response to cytocidal levels of CQ, but not response to cytostatic levels.   

 

Figure 4.5: PfAtg8 (green) redistribution, CQ vs. time. Parasites were treated with 2 x LD50 dose 

(250 nM for HB3, top two rows and 30 µM for Dd2, bottom two rows). A, E, I, M control; B, F, 

J, N: 2 hr CQ treatment; C, G, K, O: 4hr; D, H, L, P: 8 hrs. In each case the transmittance–

fluorescence overlay is shown beneath the Atg8 fluorescence alone.  Bar = 5 µM. 1Ab: R anti-
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Atg8 (1:500) 2Ab: G anti-R IgG DyLight649 (1:500) Fluorescence acquired at 35 % power, 200 

ms, 642 nm; emission 700/75 nm dichroic, 690 nm cut-off. Bar = 5 µm.  

 

When CQR parasites are treated with the same absolute dose (2 x CQS LD50 dose, 250 

nM), we do not observe Atg8 punctate redistribution (see below). However, when CQR parasites 

are treated with 2 x CQR parasite LD50 dose (e.g. a similar effective pharmacologic dose, ~ 30 

µM for strain Dd2, see (Paguio et al., 2011)) some PfAtg8 redistribution is now observed (Fig. 

4.5, bottom two rows); however, the Atg8 response appears somewhat dampened in CQR 

parasites.   

 To quantify this behavior, we devised a method based on spinning disk confocal 

microscopy and 3D Imaris rendering of z stacks to plot radial distributions of PfAtg8 puncta 

relative to Hz optical density (Fig. 4.6). Essentially, very optically dense Hz within the DV is 

used to define a center point of reference for the iRBC parasite (Fig. 4.6, left), and distinct, 

clearly defined spots of Atg8 fluorescence (Fig. 4.6, middle) are then measured for their relative 

distance from the center of Hz optical density (white lines, Fig. 4.6, right).  Using these methods, 

we quantified PfAtg8 puncta abundance at > 3.5 µm for CQS HB3, CQR Dd2, and C4
Dd2

 

parasites +/- starvation and at a range of bolus CQ dosages (Fig. 4.7).   
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Figure 4.6: Semi automated computational method for quantifying the distribution of Atg8 

puncta relative to Hz crystals within the DV.  (A) Hz within the DV is detected by transmittance, 

the outline of <10 % transmittance is defined (labeled “DV”, left panel) and the center of this 

outline then defined by voxel analysis using Imaris software. (B) The center of distinct Atg8 

puncta (bright green dots) are labeled using the option ‘Add new measurement points’ in the 

Imaris “spots” subroutine.  (C) Distances from the Hz center to the Atg8 puncta centers are then 

computed (white lines) and data collated in Excel. 
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Figure 4.7: Quantified PfAtg8 puncta distribution for synchronized trophozoite CQS HB3 (top), 

CQR Dd2 (middle), and transfectant C4
Dd2

 (bottom) under different conditions. Far left, “CM”, 

control culture conditions, far right, “SM”, iRBC in starvation media for 6 hrs. In between are 

puncta quantified for iRBC treated for 6 hrs with the indicated [CQ]. Black bars in each panel 

denote 2 x IC50 [CQ] for the strain, hashed bars denote 2 x LD50 [CQ] for the strain. Data are the 

average of at least 20 iRBC +/- S.D. 

 

These puncta distributions show that starvation induced autophagy produces similar 

number and similar radially distributed patterns of PfAtg8 puncta for CQS and CQR parasites 

(compare far left and far right bars in each panel Fig 4.7), but that 2 x CQS LD50 dose of CQ 

(250 nM) only produces high numbers of distal radially-distributed puncta for CQS strain HB3 

(Fig. 4.7A, top), not for CQR strain Dd2 (Fig 4.7B, middle). C4
Dd2

 transfectants (wherein CQR 

is mediated solely by allelic exchange with CQR associated mutant pfcrt) show PfAtg8 behavior 

that is intermediate relative to CQS HB3 and CQR Dd2 (Fig. 4.7C, bottom), and Dd2 shows a 

dampened Atg8 response (hashed bars indicate 2 x LD50 dose for each strain).   

 Based on these results, we inventoried protein sequences of all P. falciparum autophagy 

homologues that we can currently identify (see also Brennard et al., 2010), and note that a 

number of putative homologues of key autophagy proteins are mutated in Dd2 (CQR) vs. HB3 

and 3D7 (CQS) parasites (see Chapter 3). For example, a recently identified P. falciparum PI3 

kinase (Vaid et al., 2010) appears to us to be a Vps34 homologue. During activation of 

autophagy in other eukaryotic cells, Vps34 produces copious PI(3)P at the developing 

autophagosome, where Atg8 protein also localizes.  PfVps34 shows two deletions in CQS (HB3) 

vs. CQR (Dd2) that might affect function or localization. Quite interestingly, this enzyme has 
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recently been localized to near MC organelles (Vaid et al., 2010), very similar to the PfAtg8 

relocalization upon starvation that is reported here. It remains to be determined if any of these 

additional autophagy gene mutations uniformly segregate with CQR
CC

 phenomena for 

geographically distinct isolates of CQR P. falciparum. Importantly, LD50 quantification for these 

isolates will need to be performed, which will require the ability to culture these isolates over 

long time periods. 

4.3 Discussion 

 Data in this chapter reveal three important concepts:  

 1) Mutant PfCRT protein, while responsible for nearly the entire shift in CQ IC50 that has 

traditionally characterized CQR P. falciparum, is only responsible for 10  - 20 % of the shift in 

CQ LD50 (Paguio et al., 2011) for the same strains of CQR parasites. PfCRT is believed to confer 

CQR
CS

 by reducing access of CQ to DV–localized heme target (Roepe, 2011; Ecker 2012).  

However, data from other recent work (Cabrera et al., 2009b) shows that DV levels of CQ are 

not necessarily correlated with CQ LD50. Thus the current data are perhaps not as surprising as 

they might initially appear, and one important implication is that targets in addition to inhibition 

of Hz crystallization may be relevant for the cytocidal activity of CQ.   

 2) QTL analysis of LD50 in the well characterized HB3 × Dd2 genetic cross shows that 

the chr5 segment previously identified as modulating PfCRT mediated CQR
CS

 does not 

contribute to CQR
CC

. Moreover, QTL analysis identifies two novel loci, on chr6 and chr8, 

associated with elevated LD50. These loci are enriched in genes that encode proteins linked to 

vesicle transport, proteasome, and autophagy pathways, but not genes encoding metacaspases or 

other proteins that regulate apoptosis.   
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 3) Staining for a definitive marker of the induction of autophagy (Atg8 protein puncta) 

shows cell death from LD50 CQ treatment is linked to an autophagy–like process and that this 

process is altered in CQR parasites.  Interestingly, we find that both starvation and CQ–induced 

death lead to accumulation of PfAtg8 protein near MC. Since these organelles are involved in 

export of protein from the parasite to the red cell plasma membrane, and since Atg8 puncta 

indicate the formation of autophagosomal vesicles (Shpilka et al., 2011) we suggest that 

autophagosomal–like vesicles may be trafficked to near the MC as a response to nutrient 

starvation.   

 With respect to point 1 (PfCRT mutations vs. LD50 phenomena), we propose that these 

data are consistent with the notion that CQR
CC

 requires prior acquisition of CQR
CS

, suggesting 

that parasites must first be able to survive lower IC50 dose via PfCRT mutations before they can 

survive higher LD50 dose. Precise measurements of IC50 vs. LD50 phenomena among 

geographically diverse isolates of CQR P. falciparum will further test this hypothesis. Also, 

since PvCRT mutations have not been found for CQR P. vivax, it should prove interesting to 

investigate the status of genes in the chr6 and chr8 loci for CQR P. vivax isolates.   

 With respect to point 2, QTL analysis of this cross, using IC50 as the phenotypic trait, is 

how mutant pfcrt was first discovered (Fidock et al., 2000). Since then, ranking CQR progeny 

for IC50 to other quinoline drugs has defined additional loci that work in concert with PfCRT to 

promote multidrug resistance (Ferdig et al., 2004; Patel et al., 2010; Sanchez et al., 2011; Sa et 

al., 2010). However, in this work and all previous cellular quantification of antimalarial drug 

resistance phenomena of which we are aware, resistance has been quantified solely via IC50.  
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IC50 does not a priori define cytocidal potency; formally it defines growth inhibitory potential. It 

is certainly true that killing some parasites over time with a drug prevents levels of growth seen 

in control cultures, but it can also be true that a drug in continuous culture does not kill parasites 

but merely slows the cell cycle, changes multiplicity of schizogony, or has other effects that 

yield IC50 of a given value (Gligorejivic et al., 2008). We have recently found that some strains 

are much more CQR
CC

 than CQR
CS

, meaning that ratios of LD50 (CQR/CQS) are much higher 

than ratios of IC50 for the same strains (Paguio et al., 2011). We have also found that rank order 

patterns of LD50 and IC50 for different drugs differ in some strains (meaning the drugs to which 

the parasite shows the highest IC50 are not necessarily the drugs to which they show the highest 

LD50, and vice versa [Paguio et al., 2011]). Taken together, these data suggest that in addition to 

PfCRT mutations CQR parasite resistance to cytocidal effects of CQ must be characterized by 

additional genetic or physiological events. Our initial QTL analysis along with 

immunohistochemistry data suggests these events include altering a novel pathway showing 

some similarities to autophagy.  

We note that some studies have quantified IC90 phenomena (the concentration of drug 

that slows growth by 90 % relative to control; see (Ferdig et al., 2004)). For CQS parasites, IC90 

concentrations begin to approach LD10 (dose needed to kill 10 % of the cell population) whereas 

for CQR parasites CQ IC90 and LD10 concentrations can be very far apart  (Paguio et al., 2011). 

The important point is that in some studies there may be some “mixing” between cytostatic and 

cytocidal effects in growth inhibition assays. In this paper, we have made the first attempt to our 

knowledge to separate CQ IC50 and LD50 phenomena for CQR progeny of the HB3 x Dd2 cross.   
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 With respect to point 3, in all other cell types examined, punctate redistribution of Atg8 

protein defines the induction of autophagy. In all other examples, the membranes to which Atg8 

is routed are synthesizing double membraned autophagosomes and copius PI(3)P. It is striking 

then that previous work completely unrelated to the present study places PfVps34 near MC, 

similar to our localization for some re–routed PfAtg8 (Vaid et al., 2010). Autophagosomes 

containing high levels of Atg8 and PI(3)P lipid then engulf cytosolic or organellar “food”, fuse 

with lysosomes, and the contents are then degraded to temporarily keep the starving cell alive. In 

the case of P. falciparum, the parasite trophozoite undergoes heightened accumulation of 

PfAtg8–associated structures at or near the MC upon starvation or cytocidal CQ treatment.  It is 

presumably the case that, under starvation conditions, the parasite trophozoite cannot engulf and 

degrade its sole mitochondrion or limited cytosol to provide additional food. Instead, we propose 

that the parasite upregulates additional endocytosis of abundant extracellular food. We envision 

that when PfAtg8 is rapidly recruited, endocytic traffic near MC becomes more prominent. 

Presumably autophagy for intraerythrocytic P. falciparum, a more ancient organism relative to 

yeast, has evolved along a specialized path peculiar to its unique intracellular parasitology.  

 In yeast and higher eukaryotes, the C-terminal Atg8 glycine residue that becomes 

acylated is blocked, necessitating proteolytic cleavage by Atg4 as a prelude to membrane 

association (Shpilka et al., 2011). However the P. falciparum genome shows that PfAtg8 ends in 

glycine, thus proteolysis of the C-terminal arginine as in other species to induce acylation and 

recruitment to PI rich membranes is unnecessary (Brennard et al., 2010). Consistent with 

reduced but not completely absent PfAtg8 puncta for iRBC parasites growing under normal 

conditions, we propose that a low level of constitutively activated autophagy is present in these 
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iRBC parasites, and that starvation and toxic CQ treatment either upregulates or inhibits the 

process. We note our data are formally consistent with either possibility; what will be required to 

elucidate the pathway further is more precise measurement of Atg8 flux (meaning the rate of 

Atg8 production vs. presumed fusion with a lysosomal–like organelle, presumably the DV).  

Increased puncta distribution is formally consistent with either increased production or decreased 

fusion.    

 With regard to starvation, work in the Goldberg laboratory has shown that P. falciparum 

meets its amino acid requirements by a combination of Hb degradation and uptake of free amino 

acids from the medium (Liu et al., 2006, Istvan et al., 2011, Babbitt et al., 2012). When some 

extracellular amino acids are removed, the parasite responds by upregulating additional Hb 

transport and degradation; Hb, however, lacks the essential amino acid isoleucine, so parasite 

survival is conditional under these circumstances (Istvan et al., 2011). Conversely, if the Hb 

degradation pathway is inhibited, the parasite survives by acquiring additional amino acids from 

the extracellular medium. If isoleucine is withdrawn, the parasite can enter an unusal hibernatory 

state (Babbitt et al., 2012). These observations suggest that (i) malaria parasites are able to sense 

amino acid levels in the medium and (ii) they possess a system that can respond to the lack of 

some extracellular amino acids by regulating intracellular transport to the vacuole. During 

starvation-induced autophagy, eukaryotic cells respond to low amino acid levels in the medium 

by trapping cytosolic material in transport vesicles, which will eventually fuse and release cargo 

into a lysosome or vacuole to then be digested to amino acids. Although for intraerythrocytic P. 

falciparum the “cargo” is presumably within the host cell cytosol, starvation induced autophagy 

reported here could be somewhat reminiscent of elevated Hb endocytosis in P. falciparum. 
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 We wondered if autophagy genes in chr6/chr8 loci might be hinting at mutations in other 

Pf autophagy gene homologues throughout the Pf genome. A partial inventory of PfAtg gene 

homologues has been published (Brennard et al., 2011) but does not include important co-factors 

such as Vps34, Pex14, Vps15, etc.  We re–queried the Pf genome with a more complete set of 42 

autophagy related genes. Remarkably, a number of candidate homologues (16 of 42) lie within 

QTL loci previously associated with drug resistance phenomena or within “eQTL” gene sets that 

are up/down regulated in trans by resistance associated eQTL (expression QTL) (Gonzalez et al., 

2008). Also, after alignment of Dd2 (CQR) vs. HB3 and 3D7 (CQS) alleles via Broad Institute 

data (http://www.broadinstitute.org/), we find that many candidate PfAtg gene homologues are 

mutated in the Dd2 CQR genome relative to 3D7 or HB3 CQS. We suggest that multiple 

possible routes to dysregulation of the novel P. falciparum autophagy–like process could be 

linked to elevated LD50 phenomena. We predict that multiple routes to dysregulated autophagy 

will be found for various strains and isolates of CQR
CC

 P. falciparum, analogous to how multiple 

routes to dysregulated PCD are found in various MDR tumor cell lines (Baguley, 2010).  

Consistent with this idea, at LD50 doses via its well known lysosomotropic behavior (de Duve 

1974; Roberts et al., 2008) CQ will inhibit vesicle formation and vesicle fusion, two processes 

that are essential to autophagy. Since these processes are controlled by a number of proteins, 

many mutations are possible for altering CQ response to this biochemistry. Also, we note the 

presence of multiple proteasome genes in the chr8 locus. A number of recent observations 

suggest interesting cross talk between the proteasome, ubiquitin, and autophagy pathways (e.g. 

[Taguchi et al., 2012; Lin et al., 2012]).  
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 CQ has been observed to be a potent inhibitor of autophagy in many studies with tumor 

cells. Its diprotic weak base character promotes profound accumulation in acidic compartments 

such as lysosomes, autophagosomes, and vacuoles. CQ thus blocks the fusion of 

autophagosomes with lysosomes/vacuoles and also raises the pH of these compartments, thereby 

inhibiting processes that require acidic pH (e.g. intra lysosomal proteolysis). Since DV 

accumulation of CQ appears unrelated to its cytocidal effects (Cabrera et al., 2009b), we propose 

that the CQ-targeted Hz pathway is not the only pathway affected at clinically relevant CQ doses 

(e.g. LD50 dose, which corresponds to plasma levels of the drug in malaria patients; see [Roepe, 

2012]). The CQ target at these LD50 drug levels could very well be constitutive autophagy or 

specialized vesicle traffic that plays a lesser role in amino acid acquisition during normal growth 

conditions. A few possibilities are that LD50 dosages of CQ (i) block the fusion of endocytic 

vesicles carrying Hb to the DV, (ii) inhibit falcipain and plasmepsin activity by raising the pH in 

the DV, (iii) inhibit fusion of autophagosomes with their target organelles. Other lysosomotropic 

agents would be expected to mimic this CQ pharmacology. Interestingly, certain alkaloids that 

inhibit autophagy also show antimalarial activity (Federici et al., 1999, Ramanitrahasimbola et 

al., 2001). One example is voacamine, a tertiary alkaloid isolated from Peschiera fuchsiaefolia 

stem bark, which shows good antimalarial activity (326 nM vs. strain D6 and 411 nM vs. strain 

W2), and has also been reported to chemosensitize MDR cancer cells in an autophagy-dependent 

manner (Meschini et al., 2007). 

 As one model upon which to base further studies, we suggest that at IC50 doses (< LD50 

dose), CQ is only “partially starving” P. falciparum. By stalling Hz formation, indirectly, it is 

impeding Hb digestion, so it is impeding acquisition of one source of amino acids. At CQ IC50 
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doses, PfAtg8 distribution is not affected, so presumably autophagy is not altered (amino acid 

starvation is not absolute). However, at ≥ LD50 doses, CQ is likely completely shutting down Hb 

digestion and also interfering with constitutive vesicle/lysosome/DV formation and fusion via 

lysosomotropic effects. It may also be affecting proteasome function through well-known 

oxidative damage linked to high–level CQ exposure. A somewhat overlooked paper (Roberts et 

al., 2008) shows that CQ LD50 doses do indeed lead to a buildup of undigested Hb trapped 

within arrested vesicles. Therefore, the observation that CQ at LD50 dose but not IC50 dose 

induces a PfAtg8 response similar to that induced by starvation is (in hindsight) satisfying.   

 In sum, consistent with a clear role for autophagy in cell death for other Apicomplexa 

(Ghosh et al., 2011), altered PfAtg8 redistribution indicative of a novel autophagy–like cascade 

appears to be associated with CQR
CC 

for P. falciparum. Our data suggest that mutant PfCRT 

protein confers full CQR
CS

 but only partial CQR
CC

, that distinct genetic architecture is associated 

with CQR
CS

 vs. CQR
CC

, that a specialized P. falciparum autophagy cascade is induced by LD50 

doses of CQ but not IC50 doses of the drug, and that altered regulation of this unique autophagy 

reduces CQ cytocidal effects thereby contributing to CQR
CC

. Elucidating additional molecular 

events controlling this perturbation in autophagy signaling for CQR P. falciparum, potentially 

involving at least two dozen autophagy gene homologues (Brennand et al., 2011), should prove 

to be a fertile area of future research.   
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Supplemental (Appendix to Chapter IV)  

 

 

Table S4.1. CQ LD50 values of the HB3 x Dd2 cross progeny are averages from at 

least 3 independent experiments, each done in triplicate. 

Strain CQ LD50 (nM) 

7C170 36.5 

7C188 41.0 

7C159 41.2 

QC13 41.6 

B4R3 48.1 

CH3-61 48.4 

SC05 49.7 

QC01 50.7 

GC03 53.1 

7C7 53.4 

7C3 71.4 

TC08 78.8 

B1SD 85.1 

7C126 89.1 

7C46 8047.5 

7C183 11,747.2 

TC05 14,298.1 

7C424 15,129.5 

D43 18,261.2 

QC34 18,569.9 

1BB5 19,867.3 

7C421 20,475.4 

7C12 20,538.0 

7C408 21,552.4 

3BD5 21,579.4 

7C111 23,778.1 

SC01 23,997.2 

GC06 27,394.9 

3BA6 31,837.2 
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Table S4.2. All genes included in the LD50 chromosome 6 locus. HB3xDd2 CDS Score from 

PlasmoDB version 8.2 (2011) depicts the number of SNPs per 1000 basepairs.  * indicates 

enriched functions, # indicates enriched processes 

GeneID Description cM 

HB3 x 
Dd2 
CDS 

Score 
Expression 
Correlation 

PFF1065c conserved Plasmodium protein, unknown function 17.3 0.25 - 

PFF1070c radical SAM protein, putative 17.3 0.39 - 

PFF1075w conserved Plasmodium protein, unknown function 17.3 - 0.30 

PFF1080w conserved Apicomplexan protein, unknown function 17.3 - - 

PFF1085a*# conserved Plasmodium protein, unknown function 17.3 - - 

PFF1085c* RNA methyltransferase, putative 17.3 - -0.22 

PFF1090c conserved Plasmodium membrane protein, unknown function 17.3 - 0.20 

PFF1095w*# leucyl tRNA synthase 17.3 0.69 0.15 

PFF1100c transcription factor with AP2 domain(s), putative 17.3 0.17 0.13 

PFF1105c*# chorismate synthase 17.3 1.26 -0.33 

PFF1110c coronin binding protein 17.3 - 0.15 

PFF1115w* ferredoxin NADP reductase 17.3 0.9 -0.14 

PFF1120c conserved Apicomplexan protein, unknown function 17.3 - - 

PFF1125c*# RNA-binding protein mei2 homologue, putative 17.3 - 0.11 

PFF1130c*# superoxide dismutase 17.3 - - 

PFF1135w transcription or splicing factor-like protein, putative 17.3 0 - 

PFF1140c ATP dependent DEAD-box helicase, putative 17.3 0.59 0.43 

PFF1145c protein kinase, putative 17.3 1.11 0.19 

PFF1150w*# ribonuclease HII, putative 17.3 1.15 -0.43 

PFF1155w*# hexokinase 17.3 - -0.24 

PFF1160w conserved Plasmodium protein, unknown function 14.4 - - 

PFF1165c conserved Plasmodium protein, unknown function 14.4 - -0.24 

PFF1170w conserved Plasmodium protein, unknown function 14.4 - - 

PFF1175c conserved Plasmodium protein, unknown function 14.4 - -0.43 

PFF1180w anaphase-promoting complex subunit, putative 14.4 - -0.38 

PFF1185w SNF2 helicase, putative 11.5 0.12 0.01 

PFF1190c*# N-acetylglucosaminylphosphatidylinositol deacetylase, putative 11.5 - 0.09 

PFF1195c conserved Plasmodium protein, unknown function 11.5 0 - 

PFF1200w conserved Plasmodium protein, unknown function 11.5 - - 

PFF1210w* phosphatidic acid phosphatase 2.9 - -0.09 

PFF1215w sphingomyelin synthase, putative 2.9 0.83 -0.11 

PFF1220w conserved Plasmodium protein, unknown function 2.9 0.86 0.10 

PFF1225c DNA polymerase 1, putative 2.9 0.46 0.12 
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PFF1230c conserved Plasmodium protein, unknown function 2.9 1.61 0.39 

PFF1235w conserved Plasmodium membrane protein, unknown function 2.9 - 0.47 

PFF1240w*# poly(A) polymerase PAP, putative 2.9 0.53 -0.21 

PFF1245c conserved Plasmodium protein, unknown function 2.9 - - 

PFF1250w conserved Plasmodium protein, unknown function 2.9 - - 

PFF1255w conserved Plasmodium protein, unknown function 2.9 - -0.38 

PFF1260c conserved Plasmodium protein, unknown function 2.9 0.38 -0.08 

PFF1265w oxidoreductase, short-chain dehydrogenase family, putative 2.9 0.87 0.24 

PFF1270c conserved Plasmodium protein, unknown function 2.9 - -0.52 

PFF1275c* 3-oxoacyl-acyl-carrier protein synthase I/II 2.9 - 0.33 

PFF1280w Sec14 domain containing protein 2.9 2.59 0.12 

PFF1285w conserved Plasmodium protein, unknown function 2.9 1.05 - 

PFF1290c conserved Plasmodium protein, unknown function 2.9 - 0.05 

PFF1295w conserved Plasmodium protein, unknown function 2.9 0.89 -0.16 

PFF1300w*# pyruvate kinase 2.9 1.3 -0.32 

PFF1305w mitochondrial ribosomal protein L46 precursor, putative 2.9 - -0.38 

PFF1310c* conserved Plasmodium protein, unknown function 2.9 - - 

PFF1315w ankyrin-repeat protein, putative 2.9 0.19 0.21 

PFF1320c myosin light chain, putative 2.9 0 0.12 

PFF1325c c3h4-type ring finger protein, putative 2.9 - -0.17 

PFF1330c*# 
mitochondrial import inner membrane translocase subunit, 
putative 2.9 - -0.34 

PFF1335c 
4-methyl-5(B-hydroxyethyl)-thiazol monophosphate 
biosynthesis enzyme 2.9 - -0.12 

PFF1340w conserved Plasmodium protein, unknown function 2.9 0.84 0.27 

PFF1345w*# transportin 2.9 1.16 -0.14 

PFF1350c*# acetyl-CoA synthetase 2.9 2.67 -0.18 

PFF1355w*# conserved Plasmodium protein, unknown function 2.9 - 0.20 

PFF1360w*# 6-pyruvoyltetrahydropterin synthase 2.9 - -0.25 

PFF1365c* HECT-domain (ubiquitin-transferase), putative 2.9 0.55 0.39 

PFF1370w* protein kinase PK4 2.9 0.76 0.01 

PFF1375c ethanolaminephosphotransferase, putative 0 - 0.24 

PFF1377w conserved Plasmodium membrane protein, unknown function 0 - 0.04 

PFF1380c conserved Plasmodium protein, unknown function 0 1.05 - 

PFF1385c# conserved Plasmodium protein, unknown function 0 - 0.23 

PFF1390w conserved Plasmodium protein, unknown function 0 0.58 -0.40 

PFF1395c*# glutamyl-tRNA(Gln) amidotransferase subunit B, putative 0 6.8 -0.07 

PFF1400w RAP protein, putative 0 0 -0.41 

PFF1405c*# conserved protein, unknown function 0 - - 
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PFF1410c*# nicotinate phosphoribosyltransferase 0 - -0.32 

PFF1415c DNAJ domain protein, putative 0 - 0.03 

PFF1420w* phosphatidylcholine-sterol acyltransferase precursor, putative 0 0.77 0.29 

PFF1425w RNA binding protein, putative 0 - -0.29 

PFF1430c*# amino acid transporter, putative 0 0.55 -0.08 

PFF1435w conserved Plasmodium protein, unknown function 0 - - 

PFF1440w* SET domain protein, putative 0 0.99 -0.13 

PFF1445c*# cullin-like protein, putative 0 0.29 - 

PFF1450w 

sec14-like cytosolic factor or 
phosphatidylinositol/phosphatidylcholine transfer protein, 
putative 0 - 0.39 

PFF1455c CPW-WPC family protein 0 0 - 

PFF1460c conserved Plasmodium protein, unknown function 0 - -0.03 

PFF1465w secreted ookinete protein, putative 0 - - 

PFF1470c*# DNA polymerase epsilon, catalytic subunit a, putative 0 0.69 -0.21 

PFF1475c conserved Plasmodium protein, unknown function 0 - - 

PFF1480w*# microtubule-associated protein ytm1 homologue, putative 0 1.34 - 

PFF1485w conserved Plasmodium protein, unknown function 0 3.91 0.07 

PFF1490w*# conserved Plasmodium protein, unknown function 0 0.51 -0.39 

PFF1495w conserved Plasmodium protein, unknown function 0 3.38 -0.05 

PFF1500c*# DEAD/DEAH box ATP-dependent RNA helicase, putative 0 2.77 0.31 

PFF1505w TRAP-like domain containing protein, putative 0 - - 

PFF1510w Plasmodium exported protein (PHISTb), unknown function 0 - - 

PFF1515c erythrocyte membrane protein 1 (PfEMP1), pseudogene 0 - - 

PFF1520w RESA-like protein 0 - - 

PFF1525c Pfmc-2TM Maurer's cleft two transmembrane protein 0 - -0.31 

PFF1530c Plasmodium exported protein (hyp4), unknown function 0 - 0.16 

PFF1535w Plasmodium exported protein (hyp5), unknown function 0 - 0.13 

PFF1540w rifin, pseudogene 0 - - 

PFF1545w# rifin 0 9.72 -0.24 

PFF1550w stevor 0 - 0.03 

PFF1555w# rifin 0 - -0.09 

PFF1560c# rifin 0 - - 

PFF1565c# rifin 0 - - 

PFF1570w# rifin 0 - - 

PFF1575w# rifin 0 - - 

PFF1580c# erythrocyte membrane protein 1, PfEMP1 0 - 0.05 

PFF1585w PFF1585w 0 - - 

PFF1590w rifin 0 - - 
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PFF1595c# erythrocyte membrane protein 1, PfEMP1 0 - -0.25 
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Table S4.3. All genes included in the LD50 interaction Chr6 (cM11.5) x Chr8 (cM77.5). 

HB3xDd2 CDS Score from PlasmoDB version 8.2 (2011) depicts the number of SNPs per 

1000 basepairs.  * indicates enriched functions, # indicates enriched processes 

GeneID Description Chr 

HB3 x 
Dd2 CDS 
Score 

Expression 
Correlation 

MAL8P1.104 CAF1 family ribonuclease, putative 8 0.38 0.06 

MAL8P1.105 conserved protein, unknown function 8 - 0.01 

MAL8P1.106 conserved Plasmodium protein, unknown function 8 - 0.31 

MAL8P1.107 conserved Plasmodium protein, unknown function 8 0 -0.50 

MAL8P1.108*# protein phosphatase, putative 8 - -0.18 

MAL8P1.109* protein phosphatase, putative 8 0 -0.14 

MAL8P1.110 apicoplast ribosomal protein L33 precursor, putative 8 - -0.06 

MAL8P1.111 JmjC domain containing protein 8 0.79 - 

MAL8P1.112 conserved Plasmodium protein, unknown function 8 0.77 0.38 

MAL8P1.113*# Peptidase family C50, putative 8 1.21 0.02 

MAL8P1.114 conserved Plasmodium protein, unknown function 8 - -0.40 

MAL8P1.121# coatomer epsilon subunit, putative 8 - - 

MAL8P1.122 Ubiquitin regulatory protein, putative 8 - 0.03 

MAL8P1.123# conserved Plasmodium protein, unknown function 8 0.41 -0.16 

MAL8P1.124*# conserved Plasmodium protein, unknown function 8 1.22 -0.30 

MAL8P1.125*# tyrosyl-tRNA synthetase, putative 8 - -0.24 

MAL8P1.126*# serine protease, putative 8 - 0.40 

MAL8P1.127 conserved Plasmodium protein, unknown function 8 4.24 0.13 

MAL8P1.128*# proteasome subunit alpha, putative 8 - -0.38 

MAL8P1.130 
conserved Plasmodium membrane protein, unknown 
function 8 - -0.07 

MAL8P1.131 gas41 homologue, putative 8 - 0.41 

MAL8P1.132 kinesin-like protein, putative 8 0.35 0.35 

MAL8P1.133*# glycosyltransferase family 28 protein, putative 8 - -0.01 

MAL8P1.134 ferlin like protein, putative 8 0.59 0.38 

MAL8P1.135 
conserved Plasmodium membrane protein, unknown 
function 8 0.33 -0.26 

MAL8P1.136 conserved Plasmodium protein, unknown function 8 0 0.30 

MAL8P1.137 conserved Plasmodium protein, unknown function 8 - 0.38 

MAL8P1.138 alpha/beta hydrolase, putative 8 - -0.28 

MAL8P1.139*# 
conserved Plasmodium membrane protein, unknown 
function 8 1.58 -0.36 

MAL8P1.140*# methionine aminopeptidase, putative 8 0.45 0.21 

MAL8P1.141 conserved Plasmodium protein, unknown function 8 2.99 -0.01 

MAL8P1.142*# 20S proteasome beta-subunit 8 - -0.03 
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MAL8P1.200* Acetyltransferase, putative 8 - - 

MAL8P1.201 conserved Plasmodium protein, unknown function 8 - - 

MAL8P1.202* apicoplast phosphatidic acid phosphatase, putative 8 - - 

MAL8P1.203 Serine/Threonine protein kinase, FIKK family 8 - - 

MAL8P1.300# integral membrane protein 8 - - 

PF08_0093 mitochondrial carrier protein, putative 8 - -0.39 

PF08_0094* cullin-like protein, putative 8 0.4 0.13 

PF08_0095 dihydropteroate synthetase 8 1.41 -0.34 

PF08_0096 RNA helicase, putative 8 0.71 -0.06 

PF08_0097 
conserved Plasmodium membrane protein, unknown 
function 8 - -0.48 

PF08_0098 ABC1 family, putative 8 0.71 -0.45 

PF08_0099* acyl CoA binding protein, putative 8 - 0.07 

PF08_0100* ruvB-like DNA helicase, putative 8 0.64 0.17 

PF08_0101 conserved Plasmodium protein, unknown function 8 3.53 -0.04 

PF08_0102 asparagine-rich antigen Pfa55-14 8 2.78 -0.13 

PF08_0103*# erythrocyte membrane protein 1, PfEMP1 8 - -0.20 

PF08_0104 rifin 8   0.14 

PF08_0105 rifin 8 - - 

PF08_0106*# erythrocyte membrane protein 1, PfEMP1 8 0.3 0.50 

PF08_0107*# erythrocyte membrane protein 1, PfEMP1 8 - -0.02 

PF08_0108*# plasmepsin X 8 3.48 0.38 

PF08_0109 proteasome subunit alpha type 5, putative 8 - -0.11 

PF08_0110# PfRab18, GTPase 8 - 0.08 

PF08_0111* RNA helicase, putative 8 0.25 0.09 

PF08_0112 conserved Plasmodium protein, unknown function 8 - 0.01 

PF08_0113*# 
vacuolar proton translocating ATPase subunit A, 
putative 8 - 0.15 

PF08_0114 
conserved Plasmodium membrane protein, unknown 
function 8 1.94 0.13 

PF08_0115 DNAJ protein, putative 8 0.49 0.18 

PF08_0116 conserved Plasmodium protein, unknown function 8 - 0.18 

PF08_0117 AAA family ATPase, putative 8 0.82 0.05 

PF08_0118*# conserved Plasmodium protein, unknown function 8 0.53 0.48 

PF08_0119 conserved Plasmodium protein, unknown function 8 - 0.42 

PF08_0120*# GTPase activator, putative 8 0.68 -0.39 

PF08_0121* peptidyl-prolyl cis-trans isomerase precursor 8 - -0.08 

PF08_0122 conserved Plasmodium protein, unknown function 8 0.17 0.37 

PF08_0123# U2 snRNA/tRNA pseudouridylate synthase, putative 8 - -0.19 

PF08_0124 conserved Plasmodium protein, unknown function 8 - 0.12 
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PFF1185w*# SNF2 helicase, putative 6 0.12 0.01 

PFF1190c*# 
N-acetylglucosaminylphosphatidylinositol deacetylase, 
putative 6 - 0.09 

PFF1195c conserved Plasmodium protein, unknown function 6 0 - 

PFF1200w conserved Plasmodium protein, unknown function 6 - - 

PFF1210w* phosphatidic acid phosphatase 6 - -0.09 

PFF1215w sphingomyelin synthase, putative 6 0.83 -0.11 

PFF1220w conserved Plasmodium protein, unknown function 6 0.86 0.10 

PFF1225c DNA polymerase 1, putative 6 0.46 0.12 

PFF1230c conserved Plasmodium protein, unknown function 6 1.61 0.39 

PFF1235w 
conserved Plasmodium membrane protein, unknown 
function 6 - 0.47 

PFF1240w*# poly(A) polymerase PAP, putative 6 0.53 -0.21 

PFF1245c conserved Plasmodium protein, unknown function 6 - - 

PFF1250w conserved Plasmodium protein, unknown function 6 - - 

PFF1255w conserved Plasmodium protein, unknown function 6 - -0.38 

PFF1260c conserved Plasmodium protein, unknown function 6 0.38 -0.08 

PFF1265w* 
oxidoreductase, short-chain dehydrogenase family, 
putative 6 0.87 0.24 

PFF1270c conserved Plasmodium protein, unknown function 6 - -0.52 

PFF1275c*# 3-oxoacyl-acyl-carrier protein synthase I/II 6 - 0.33 

PFF1280w Sec14 domain containing protein 6 2.59 0.12 
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Table S4.4. GO Enriched Molecular Functions for LD50 Chr 6 locus 

Term Definition 
FDR Corrected p-

value 

GO:0000225 acetylglucosaminylphosphatidylinositol deacetylase activity 0 

GO:0003874 6-pyruvoyltetrahydropterin synthase activity 0 

GO:0004107 chorismate synthase activity 0 

GO:0004312 fatty acid synthase activity 0 

GO:0004324 ferredoxin-NADP+ reductase activity 0 

GO:0004396 hexokinase activity 0 

GO:0004477 methenyltetrahydrofolate cyclohydrolase activity 0 

GO:0004488 methylenetetrahydrofolate dehydrogenase (NADP+) activity 0 

GO:0004516 nicotinate phosphoribosyltransferase activity 0 

GO:0004607 phosphatidylcholine-sterol O-acyltransferase 0 

GO:0004686 elongation factor-2 kinase activity 0 

GO:0008937 ferredoxin-NAD(P) reductase activity 0 

GO:0015171 amino acid transmembrane transporter activity 0 

GO:0016298 lipase activity 0 

GO:0004315 3-oxoacyl-[acyl-carrier-protein] synthase activity 0.0019046 

GO:0004526 ribonuclease P activity 0.0019046 

GO:0004743 pyruvate kinase activity 0.0019046 

GO:0008092 cytoskeletal protein binding 0.0019046 

GO:0008320 protein transmembrane transporter activity 0.0019046 

GO:0003987 acetate-CoA ligase activity 0.0042795 

GO:0004652 polynucleotide adenylyltransferase activity 0.0042795 

GO:0004784 superoxide dismutase activity 0.0042795 

GO:0004823 leucine-tRNA ligase activity 0.0042795 

GO:0010181 FMN binding 0.0042795 

GO:0050567 glutaminyl-tRNA synthase (glutamine-hydrolyzing) activity 0.0042795 

GO:0003723 RNA binding 0.005516 

GO:0004523 ribonuclease H activity 0.0072717 

GO:0016881 acid-amino acid ligase activity 0.0072717 

GO:0031625 ubiquitin protein ligase binding 0.0072717 

GO:0003887 DNA-directed DNA polymerase activity 0.0098234 

GO:0030955 potassium ion binding 0.010825 

GO:0050661 NADP binding 0.010825 

GO:0004540 ribonuclease activity 0.014631 

GO:0008121 ubiquinol-cytochrome-c reductase activity 0.014631 

GO:0008603 cAMP-dependent protein kinase regulator activity 0.014631 
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GO:0008080 N-acetyltransferase activity 0.019097 

GO:0019904 protein domain specific binding 0.019097 

GO:0004004 ATP-dependent RNA helicase activity 0.042603 

GO:0008565 protein transporter activity 0.042603 

GO:0008173 RNA methyltransferase activity 0.042603 

GO:0016874 ligase activity 0.042603 

GO:0003824 catalytic activity 0.043132 
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Table S4.5. GO Enriched Biological Processes for LD50 Chr 6 locus 

Term Definition FDR Corrected p-value 

GO:0000082 G1/S transition of mitotic cell cycle 0 

GO:0009086 methionine biosynthetic process 0 

GO:0009423 chorismate biosynthetic process 0 

GO:0010501 RNA secondary structure unwinding 0 

GO:0019357 nicotinate nucleotide biosynthetic process 0 

GO:0019430 removal of superoxide radicals 0 

GO:0032508 DNA duplex unwinding 0 

GO:0033587 shikimate biosynthetic process 0 

GO:0045836 positive regulation of meiosis 0 

GO:0051289 protein homotetramerization 0 

GO:0000105 histidine biosynthetic process 0.002207 

GO:0001682 tRNA 5'-leader removal 0.002207 

GO:0006091 generation of precursor metabolites and energy 0.002207 

GO:0006401 RNA catabolic process 0.002207 

GO:0006729 tetrahydrobiopterin biosynthetic process 0.002207 

GO:0006865 amino acid transport 0.002207 

GO:0031123 RNA 3'-end processing 0.002207 

GO:0043631 RNA polyadenylation 0.002207 

GO:0016070 RNA metabolic process 0.0031215 

GO:0006122 
mitochondrial electron transport, ubiquinol to 
cytochrome c 0.0041923 

GO:0006164 purine nucleotide biosynthetic process 0.0041923 

GO:0006338 chromatin remodeling 0.0041923 

GO:0006378 mRNA polyadenylation 0.0041923 

GO:0006379 mRNA cleavage 0.0041923 

GO:0006429 leucyl-tRNA aminoacylation 0.0041923 

GO:0006801 superoxide metabolic process 0.0041923 

GO:0009073 aromatic amino acid family biosynthetic process 0.0041923 

GO:0009435 NAD biosynthetic process 0.0041923 

GO:0006261 DNA-dependent DNA replication 0.0077084 

GO:0006424 glutamyl-tRNA aminoacylation 0.0077084 

GO:0006606 protein import into nucleus 0.011504 

GO:0009228 thiamine biosynthetic process 0.011504 

GO:0009396 
folic acid-containing compound biosynthetic 
process 0.011504 

GO:0000059 protein import into nucleus, docking 0.016499 
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GO:0006096 glycolysis 0.02149 

GO:0006730 one-carbon metabolic process 0.02149 

GO:0016568 chromatin modification  0.027464 

GO:0006626 protein targeting to mitochondrion 0.041709 

GO:0020033 antigenic variation 0.044877 

GO:0006506 GPI anchor biosynthetic process 0.046548 

GO:0006979 response to oxidative stress 0.046548 

 



 

118 

 

Table S4.6. GO Enriched Molecular Functions for LD50 Chr 6 x Chr 8 interaction locus 

Term Definition FDR Corrected p-value 

GO:0000225 
acetylglucosaminylphosphatidylinositol deacetylase 
activity 0 

GO:0003848 
amino-4-hydroxy-6-hydroxymethyldihydropteridine 
diphosphokinase activity 0 

GO:0004156 dihydropteroate synthase activity 0 

GO:0004194 pepsin A activity 0 

GO:0004312 fatty acid synthase activity 0 

GO:0050510 
N-acetylgalactosaminyl-proteoglycan 3-beta-
glucuronosyltransferase activity 0 

GO:0004315 3-oxoacyl-[acyl-carrier-protein] synthase activity 0.0022646 

GO:0016758 transferase activity, transferring hexosyl groups 0.0022646 

GO:0030246 carbohydrate binding 0.0022646 

GO:0003724 RNA helicase activity 0.0050368 

GO:0004652 polynucleotide adenylyltransferase activity 0.0050368 

GO:0004831 tyrosine-tRNA ligase activity 0.0050368 

GO:0004252 serine-type endopeptidase activity 0.0079665 

GO:0008060 ARF GTPase activator activity 0.0079665 

GO:0031625 ubiquitin protein ligase binding 0.0079665 

GO:0004298 threonine-type endopeptidase activity 0.0085584 

GO:0000062 fatty-acyl-CoA binding 0.009844 

GO:0004239 methionyl aminopeptidase activity 0.009844 

GO:0008235 metalloexopeptidase activity 0.009844 

GO:0008236 serine-type peptidase activity 0.009844 

GO:0004198 
calcium-dependent cysteine-type endopeptidase 
activity 0.013902 

GO:0008080 N-acetyltransferase activity 0.018366 

GO:0003678 DNA helicase activity 0.020484 

GO:0004177 aminopeptidase activity 0.020484 

GO:0015078 hydrogen ion transmembrane transporter activity 0.020484 

GO:0016018 cyclosporin A binding 0.020484 

GO:0004175 endopeptidase activity 0.022573 

GO:0004722 protein serine/threonine phosphatase activity 0.024177 

GO:0008233 peptidase activity 0.028818 

GO:0008026 ATP-dependent helicase activity 0.033184 

GO:0050839 cell adhesion molecule binding 0.033184 

GO:0003824 catalytic activity 0.037764 
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Table S4.7. GO Enriched Biological Processes for LD50 Chr 6 x Chr 8 interaction locus 

Term Definition FDR Corrected p-value 

GO:0006761 dihydrofolate biosynthetic process 0 

GO:0030259 lipid glycosylation 0 

GO:0031123 RNA 3'-end processing 0.0032205 

GO:0043631 RNA polyadenylation 0.0032205 

GO:0006508 proteolysis 0.0042476 

GO:0006338 chromatin remodeling 0.0042476 

GO:0006378 mRNA polyadenylation 0.0042476 

GO:0006437 tyrosyl-tRNA aminoacylation 0.0042476 

GO:0006890 retrograde vesicle-mediated transport, Golgi to ER 0.0042476 

GO:0032312 regulation of ARF GTPase activity 0.0074825 

GO:0051603 proteolysis involved in cellular protein catabolic process 0.0074825 

GO:0009396 folic acid-containing compound biosynthetic process 0.010391 

GO:0006818 hydrogen transport 0.01337 

GO:0016337 cell-cell adhesion 0.01337 

GO:0006461 protein complex assembly 0.017083 

GO:0006897 endocytosis 0.021124 

GO:0020013 modulation by symbiont of host erythrocyte aggregation 0.023643 

GO:0009987 cellular process 0.023882 

GO:0020035 
cytoadherence to microvasculature, mediated by 
symbiont protein 0.027813 

GO:0006506 GPI anchor biosynthetic process 0.030608 

GO:0060627 regulation of vesicle-mediated transport 0.030608 

GO:0006913 nucleocytoplasmic transport 0.033177 

GO:0044237 cellular metabolic process 0.033177 

GO:0001522 pseudouridine synthesis 0.04898 
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Figure S4.1. Trophozoite co-stained with anti-ATG8 (green) and anti-apicoplast (red) 

antibodies.  

 
Confocal images of trophozoite-infected erythrocyte fixed with 4 % paraformaldehyde / 0.008 % 

glutaraldehyde, treated with rat anti-ACP (apicoplast specific primary antibodies) and stained 

with goat anti-rat AlexaFluor585 (B); rabbit anti-TgAtg8 primary antibodies (1:500) and goat 

anti-rabbit DyLight488 (1:500) (C). Imaging was carried out at 35 % laser power and 200 ms 

exposure time using available 491 and 561 nm laser lines. Images were deconvolved using 

AutoQuantX2 and further processed with Imaris 7.5.2.  Some overlap between Atg8 and 

apicoplast localized ACP (D) suggest partial (but not complete) colocalization of PfAtg8 and the 

apicoplast as previously suggested (Kitamura et al., 2012).  Scale bar = 5 μm. 

  

 

 

Figure S4.2. PfAtg8 detection by western blot. 

 

Two independent SDS PAGE (15% acrylamide) loaded with enriched trophozoite-infected RBCs 

and labeled with rabbit anti-TgATG8 whole antiserum (same used for IFAs) followed by anti-

rabbit HRP conjugated secondary antibodies. Top band corresponds to delipidated PfAtg8; 

bottom band corresponds to PE-conjugated PfAtg8. 
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Figure S4.3. Differential PfAtg8 puncta redistribution in response to cytostatic vs. cytocidal 

CQ. 
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Abstract  

Ca
2+

 signaling is involved in several critical cellular processes during the malaria 

parasite’s intraerythrocytic cycle, including invasion, differentiation, and egress. Thus several 

groups have developed different methods to probe free Ca
2+

 within iRBCs. Genome analysis 

suggests that parasite Ca
2+

 within the cytoplasm and DV is regulated by several transporters in 

the plasma membrane, ER, and mitochondria. Previous work suggests that free Ca
2+

 within the 

parasite cytoplasm and DV is at much higher concentration relative to the host cell. However, 

calibration of [Ca
2+

] from different published studies varies considerably. The reported free Ca
2+

 

within the malaria cytoplasm varies from ~ 100 to 750 nM; while the free Ca
2+

 within the DV 

has been reported to be from a few hundred nM up to M.  In this paper we report improved 

quantification of Ca
2+

 concentration within intraerythrocytic P. falciparum cytoplasmic and DV 

compartments. With these methods we analyze differentiation stage-dependent changes in Ca
2+

 

within the cytoplasm and DV for both CQS and CQR parasites.  We measure the effects of CQ 

bolus treatment on free Ca
2+

 concentration at specific stages, as well as the effects of ATP 

depletion, starvation and VPL. In sum, the data suggest that altered Ca
2+

 signaling may be 

relevant for resistance to CQ, particularly at cytocidal dosages.  
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5.1 Background 

It is estimated that there are 300-500 million clinical cases of P. falciparum malaria with 

approximately one million deaths per year, signifying that over recent decades, malaria incidence 

has remained relatively constant while mortality has increased (WHO, 2010). This trend, due in 

large part to the continued spread and evolution of CQR (e.g. Sidhu et al., 2002; Roepe 2011), 

has generated substantial renewed interest in this ancient disease. Progress in understanding the 

cellular and molecular basis of resistance to quinoline antimalarials, as well as antifolates, has 

been considerable, but a number of key questions remain (Gorka et al., 2013c; Roepe 2011; 

Eckert et al., 2012). Among these, it has recently been determined that when resistance to 

quinoline antimalarial drugs is expressed as a ratio of IC50 (i.e. resistance to drug cytostatic 

effects), vs. a ratio of LD50 (resistance to cytocidal effects), fold resistance and cross resistance 

patterns for different drugs can vary considerably (Paguio et al., 2011; Sinai and Roepe, 2012).  

Also, the relationship between relative accumulation of quinoline drugs within the parasite DV 

vs. the degree of resistance is well defined for cytostatic resistance, but not for cytocidal 

resistance (Cabrera et al., 2009).  These data suggest that additional targets for cytocidal activity 

of quinoline antimalarials likely exist, and that pathways for cytostatic vs. cytocidal resistance to 

CQ and other quinoline antimalarials may differ in subtle, but important ways (Gorka et al., 

2013a, 2013b, 2013c).     

Within the human host, P. falciparum invades and replicates asexually within erythrocytes. 

During red cell invasion it forms the PVM, which shields the parasite from the host cell, but that 

also performs important transport processes required for growth, differentiation, and evasion of 

the immune system. These include transport of ions and nutrients and incompletely understood 
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export of parasite synthesized proteins destined for the red cell plasma membrane (Alleva and 

Kirk, 2001 and references within). Characterizing the physiological properties of this micro-

environment is critical to understanding progression and treatment of malaria. Parasite invasion, 

maturation, and division of Plasmodium falciparum is controlled by many regulators, including 

Ca
2+

 (Johnson, et al., 1980; Hotta, et al., 2000; Kawamoto, et al., 1990; Kawamoto et al., 1993; 

Lanzer and Rohrbach, 2007; Garcia et al., 2008). Thus, intracellular concentration of Ca
2+

 must 

be tightly regulated and, similarly to other eukaryotic cells, parasites require mM extracellular 

Ca
2+

 concentrations to maintain Ca
2+

 signaling. In human erythrocytes free cytosolic Ca
2+

 is kept 

at ~ 100 nM via the plasma membrane Ca
2+

 ATPase
 
(McCallum-Deighon and Holder, 1992; 

Gazarini et al., 2003). Questions related to how the malaria parasite can survive in a host cell 

with reduced Ca
2+

 are of significant interest.    

It has been shown that for iRBCs, the free Ca
2+

 concentration within the host RBC cytosol 

changes dramatically, and that [Ca
2+

] is highly regulated within the parasite cytosolic and DV 

compartments (McCallum-Deighon and Holder, 1992; Garcia, 1999; Camacho, 2003; Gazarini et 

al., 2003; Garcia et al., 2008). After infection, the erythrocyte membrane loses deformability and 

becomes more permeable to Ca
2+

, which then promotes the iRBC to accumulate more Ca
2+

 

necessary for intracellular parasite growth and development (Krogstad et al., 1991; Varotti, et 

al., 2003; Gazarini et al., 2004). Several groups have provided evidence that the DV and/or the 

ER may work as Ca
2+

 stores in iRBCs (Varotti et al., 2003; Gazarini et al., 2004; Biagini et al., 

2003). Several methods have been developed to measure free [Ca
2+

]i within these different 

compartments (Minta et al., 1989; Takahashi et al., 1999; Pozzan et al., 2003; Grynkiewicz et 

al., 1985).  However, correspondence across the values for [Ca
2+

]i generated via these methods is 
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poor. For example, although reported free [Ca
2+

]i within the human erythrocyte cytosol is 

measured to be relatively similar by several groups (50-150 nM, see Alleva and Kirk, 2001 and 

references within), free [Ca
2+

]i within the malaria cytoplasm has been reported to range from 100 

nM to 700 nM (Adovelande et al., 1993; Alleva and Kirk, 2001; Rohrbach et al., 2005). Some of 

this variability might be due to changes in [Ca
2+

]i during growth and differentiation, but few 

studies have examined this possibility. For the critical DV compartment, reported values for 

[Ca
2+

] vary from ~ 300 to 500 nM (Rohrbach et al., 2005; Biagini et al., 2003).  Rohrbach and 

colleagues (Rohrbach et al., 2006) compared DV Ca
2+

 for both CQS (strain HB3) vs. CQR 

(strain Dd2) and find ~450 nM for both strains; however, localization of DV entrapped probe in 

this study is indirect and not specific. In some studies, free [Ca
2+

]i is quantified for the malaria 

cytosol after detergent release of parasites from the red cell host (e.g. Alleva and Kirk, 2001).  

Although these isolated parasites still have the capability to regulate free [Ca
2+

]i, the change in 

external environment could conceivably affect calculated values. Other studies have analyzed 

intact iRBC using confocal microscopy and hence improved resolution (e.g. see Rohrbach et al., 

2005), but due to laser illumination restrictions the ratiometric fluorescent dye being used to 

report [Ca
2+

] is often Fura-red, and image contrast between DV and cytosolic compartments can 

become compromised. Another possible source of variability in these measurements is the 

approach used for calibrating fluorescent reporter vs. [Ca
2+

]i , typically by varying Ca
2+

 in a cell 

perfusate (Rohrbach et al., 2005; Rohrbach et al., 2006). Some reported calibration is done in 

vitro, which can differ from in situ calibration, due to effects on excitation and emission 

properties of the fluorescent dye from intracellular components. 
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In this paper, we investigate parasite stage–dependent free [Ca
2+

]i for intraerythrocytic P. 

falciparum cytosol and DV. We use two ratiometric dyes (Fura-2 AM and d-Fura-2) and 

different dye loading procedures to localize Ca
2+

 measurements to the two compartments. We 

also probe the effects of bolus CQ treatments and other perturbations on [Ca
2+

]i in an effort to 

further define signaling related to drug–induced parasite cell death. 
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5.2 Results 

Figure 5.1A (strain HB3, CQS) and 5.1B (strain Dd2, CQR) show representative images of 

parasites within iRBC loaded with Fura-2 AM (fluorescence image, companion transmittance 

image, and overlay, left to right respectively). The AM ester form of the fluorescent Ca
2+

 

indicator passively diffuses through membranes, and fluorescence is weak and insensitive to 

Ca
2+

. Once inside the parasite cell, AM ester groups are hydrolyzed by ubiquitous esterases, 

releasing the negatively charged ion-sensitive indicator that is membrane impermeable. The 

image shown in Figure 5.1A agrees with this predicted behavior, since fluorescence is emitted 

only from the parasite cytosol. However, similar to other reports for CQR malarial parasites that 

used Fluo-4 AM instead of Fura-2 AM (Rohrbach et al., 2006), CQR strain Dd2 shows 

enzymatically converted, highly fluorescent Fura-2 within both the cytosol and the DV (note the 

superposition of fluorescence and DV localized Hz [Fig. 5.1B, right panel], whereas converted 

Fura-2 is excluded from the DV for CQS strain HB3 [Fig. 5.1A, top left]). There are two obvious 

explanations for this behavior, the first being that the ester form of the dye is not completely 

hydrolyzed within the CQR malarial parasite cytosol such that a portion is then converted within 

the DV, and the second being that the charged, converted form of the dye can permeate the CQR 

parasite DV membrane better than the CQS DV membrane. Regardless, to promote DV 

localization of Fura-2, d-Fura-2 was pre–loaded into RBCs followed by parasite invasion. As 

described elsewhere (Gligorijevic et al., 2006), after invasion P. falciparum malarial parasites 

internalize most RBC cytosolic Hb to the DV and dextran-conjugated dye is carried along in the 

process. Figure 5.1C (HB3) and 5.1D (Dd2) show representative images of DV internalized d-

Fura-2 at the late trophozoite stage. Since the dextran-conjugated dye is membrane impermeant, 
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fluorescence from the parasite cytosol is negligible, allowing measurement of free Ca
2+

 within 

the DV only (see below).  

 

 

Figure 5.1: Typical fluorescence and bright-field images of trophozoites loaded with dyes Fura-

2 AM (top two rows, A,B) or d-Fura-2 (bottom two rows, C,D), excited at 380 nm for 500 ms. A 

is HB3 loaded with Fura-2 AM; B is Dd2 loaded with Fura-2 AM; C is HB3 loaded with d-Fura-

2; and D is Dd2 loaded with d-Fura-2. 

 

Since the AM ester form of the Ca
2+

 indicator is distributed both in the parasite cytosol and 

the DV for Dd2 strain, we inspected the dynamics of dye conversion vs. incubation time. In 

Figure 5.2A, fluorescence and companion brightfield images of RBCs infected with strain Dd2 

parasites are shown for Fura-2 AM loading times of 5, 10, 15, 20 and 30 min (panels a – e, Fig. 
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5.2A, respectively). At 5 min, fluorescence within the iRBC is very weak and it is not possible to 

differentiate the DV and cytosol. With prolonged incubation, fluorescence from both cytosol and 

DV increases, and contrast between these two compartments increases (shown more clearly in 

Fig. 5.2B), yielding progressively more intense DV fluorescence vs. time. Earlier work 

(Rohrbach et al., 2006) has analyzed similar phenomena in more detail and has proposed the 

unique concentration of converted probe within the CQR DV is due to probe transport by the 

mutated PfMDR1 protein within the DV membrane. Notwithstanding this interesting 

observation, making use of the time dependent contrast between DV and cytosol allows for a 

ROI to be defined within the cytoplasm in order to calibrate free [Ca
2+

] within this compartment.   

We also investigated longer incubation times for both CQR and CQS strains loaded with either 

Fura-2 AM or d–Fura-2. Ratios of fluorescence from the cytosol vs. the entire parasite were 

calculated for Fura-2 AM loading vs. incubation time. Figure 5.3A and 5.3B show these ratios 

vs. time of Fura-2 AM incubation for CQR Dd2 (A) and CQS HB3 (B) strains.  Our statistical 

results demonstrate that at the incubation times < 1 hr cytosolic contrast is highest, but that after 

incubation for 3 hrs, the dye has diffused uniformly within most iRBCs regardless of CQS vs. 

CQR status and image contrast disappears completely. Representative images of Fura-2 AM 

loading are shown at 30 min and 3 hrs for strain Dd2 (Fig 5.3B panels a, b respectively) and 

strain HB3 (Fig. 3B panels c,d).  Thus, for collecting cytosolic ROI of maximum intensity, all 

experiments were performed at incubation times of 1 hr.  Also shown is the high degree of 

constant, specific DV localization of d–Fura-2 for both Dd2 and HB3 at trophozoite vs. schizont 

stages for the same parasites 15 hrs apart (Fig. 5.3B panels e,f and g,h respectively). 
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Figure 5.2: (A) Representative fluorescence and bright-field images of mid - trophozoite CQR 

Dd2 malarial parasites incubated with 5 M Fura-2 AM for different loading time. a: 5 min; b: 

10 min; c: 15 min; d: 22 min; and e: 30 min. The fluorescence images were excited at 380 nm 

and collected at 510 nm with integration time of 300 ms. (B) A zoned fluorescence and 

brightfield image of mid-trophozoite Dd2 malaria parasite incubated with 5 M Fura-2 AM for 

30 mins. The dashed circle on the fluorescence images represents localization of a cytosolic ROI. 

The brighter circular spot to the left is DV localized probe.   
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Figure 5.3: (A) Statistical ratio (loading/time-loaded) results for malaria parasites loaded with 5 

M Fura-2 AM for different incubation times. (B) Representative fluorescence images of strains 

Dd2 and HB3 loaded with indicators Fura-2 AM and d-Fura-2 respectively. a: Dd2 loaded with 

Fura-2 AM 30 min; b: Dd2 loaded with Fura-2 AM for 3 hr; c: HB3 loaded with Fura-2 AM 30 

min; d: HB3 loaded with Fura-2 AM for 3 hr. Images e and f are for Dd2 strain loaded with d-

Fura-2 at early trophozoite and early schizont stages; Images g and h are for HB3 strain loaded 

with d-Fura-2 at early trophozoite and early schizont stages. 

 

In all ratiometric fluorescent indicator measurements, calibration is necessary to convert 

fluorescence ratios to Ca
2+

 concentration. Since pH differs for the DV and cytosol, which will 
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have an effect on the emission properties of dyes (Rohrbach et al., 2005), calibration at multiple 

pH is crucial (see Supplemental file attached “Quantification of Ca
2+

 from indirect fluorescence 

data”). We performed in situ calibration by clamping the intracellular Ca
2+

 concentration of P. 

falciparum infected erythrocytes to various concentrations (see Methods and appendix to this 

chapter) and measured probe fluorescence ratios (S340/S380) in the DV and cytosol respectively. 

Figure 5.4 shows calibration curves for both strain HB3 (panel A; cytosol, panel C; DV) and Dd2 

(panel B; cytosol, panel D; DV). Curves were best fit by a sigmoidal function. Using these 

calibration curves, resting Ca
2+

 concentration at middle trophozoite stage for parasites under 

constant physiological perfusion was calculated (Figure 5.5). Within the DV we find that resting 

Ca
2+

 is approximately the same (~ 320 nM) for both HB3 and Dd2 strains. However, for the 

cytosol, resting Ca
2+

 for strain HB3 (~ 190 nM) is much lower relative to strain Dd2 (~ 290 nM). 

These results are similar (but not identical) to other reported values. Biagini and colleagues 

(Biagini et al., 2003) report DV Ca 
2+

at ~250-300 nM for the TM6 strain. Rohrbach et al. 2005 

report DV at ~ 480 nM for Dd2 and 370 nM for K1 (both CQR strains). They also report 

cytosolic Ca
2+

 of 350 nM for Dd2 and 290 nM for K1. In a follow up study, Rohrbach and 

colleagues (Rohrbach et al., 2006) compare these values for CQS vs. CQR parasite strains and 

report 400 nM and 450 nM cytosolic and DV Ca 
2+

, respectively, for CQS strain HB3. CQR 

strain Dd2 is reported to be 350 nM and 450 nM for cytosol and DV, respectively. Thus the 

values we report are similar, but not identical to earlier work; however, all studies to date agree 

that DV concentrations of Ca
2+

 are higher than cytosolic. Differences in Ca
2+

 indicator and other 

variables (see Discussion) are likely sources of variation in these measurements.  
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Figure 5.4: In situ calibration curves for Dd2 and HB3 loaded with Fura-2 AM and d-Fura-2 

respectively. (A) HB3 cytosolic dye; (B) Dd2 cytosolic dye; (C) HB3 DV dye; (D) Dd2 DV dye. 

The curves were fit by sigmoidal functions (see also supplemental). For curves A and B, 

synchronized malaria parasites loaded with Fura-2 AM at trophozoite stage were used for 

ratiometric imaging. For curves C and D, the d-Fura-2 was loaded at the n
th

 cell cycle (40 hrs 

within cell cycle) and ratiometric images were collected at the n+2
th

 cell cycle (80 to 85 hrs after 

loading, see methods). The error bar represents standard error. For every data point,  ≥ 12 cells 

were perfused first with HBSS (plus 25 mM HEPES) and the ratiometric values were measured 

as control. Then, the perfusion solution was changed to HBSS containing 10 μM ionomycin with 

different ratio of CaCl2 to EGTA (changing the free Ca
2+

 concentration in perfusion solution, see 

supplemental).  
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Ca
2+

 ions are likely involved in modulating several processes during the parasite erythrocyte 

cycle. One group earlier reported that Ca
2+

 distribution within the iRBC varies vs. the stage of 

parasite differentiation. Biagini et al. 2003 observe movement of Ca
2+

 from the trophozoite DV 

to the intermembrane space of segmented schizonts, and then further concentration within 

individual merozoites; however, this study does not calibrate Ca
2+

-dependent fluorescence with 

varied [Ca
2+

] and ionophore.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Free Ca
2+

 concentrations within cytosol (left, hashed bars) and DV (right, solid bars) 

for HB3 and Dd2 strains respectively. The error bars represent standard error.   
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We measured stage dependent free Ca
2+

 for both the DV and cytosol. We also studied the 

effects of bolus CQ treatment on the free Ca
2+

 concentration within these compartments, after 

both short and long–term drug treatments. Figure 5.6 shows measurements of free cytosolic Ca
2+

 

for strains HB3 (A) and Dd2 (B) at each stage of differentiation (“Ring”, mid-trophozoite “MT” 

and early schizont “ES”). Hashed bars represent control iRBC parasites perfused with 

physiologic HBSS and the solid-bars represent iRBCs after 1 hr CQ bolus treatment. For HB3 

strain (Figure 5.6A), the free Ca
2+

 concentration within the cytosol does not show any obvious 

change at three stages (ring; MT; ES); also, the effect of a 1 hr 2x IC50 CQ bolus treatment is 

negligible. However, free cytosolic Ca
2+

 is higher for strain Dd2 vs. strain HB3 and appears to 

vary vs. stage of differentiation with a maximum at mid trophozoite. A small increase in 

cytosolic Ca
2+

 is observed upon 2 x IC50 bolus dose (250 nM) for schizont stage specifically. 

Figure 5.6C (strain HB3) and 5.6D (strain Dd2) show results for free Ca
2+

 within the DV 

compartment at these three stages. In this case, free Ca
2+

 concentration varies upon stage 

differentiation for both strains, but increases significantly more for CQS strain HB3 relative to 

CQR strain Dd2. Strain HB3 does not show any change in DV Ca
2+

 upon 2 x IC50 CQ bolus 

treatment, whereas a significant decrease is seen for strain Dd2 at all stages.  
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A: HB3 cytosol; B: Dd2 cytosol; C: HB3 DV; D: Dd2 DV 

 

Figure 5.6: Growth-stage dependent free Ca
2+

 concentrations within cytosol and DV at ring (~8 

hrs), mid trophozoite (MT ~ 24 hrs) and early schizoint stages (ES ~ 32 hrs). (A) HB3 cytosol; 

(B) Dd2 cytosol; (C) HB3 DV; (D) Dd2 DV. Hashed bars represent free Ca
2+

 concentration for 

control group iRBCs and solid bars represent free Ca
2+

 concentration of iRBCs bolus-treated 

with cytocidal CQ for 1 hour before measurement (see text). The error bar represents standard 

error.  

 

As shown in Fig. 7, we find that treatment with the Ca
2+

 channel blocker VPL leads to a small 

but statistically significant increase in cytosolic Ca
2+ 

concentration for both strain HB3 or Dd2 

(panels A, B gray vs. black bars respectively). Concomitantly, VPL treatment lowers DV Ca
2+

 

for both strains with a more prominent effect on Dd2. This suggests a VPL–sensitive Ca
2+ 

transport process might help to concentrate cytosolic Ca
2+ 

within the DV for the intraerythrocytic 

parasite and that DV Ca
2+

 could be a reservoir for cytosolic changes in Ca
2+

 upon treatment with 

VPL. Taking into consideration the changes in concentration of both compartments in response 
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to VPL treatment and the volumes of each, it is possible to calculate the amount of total free Ca
2+

 

to which each change in concentration corresponds. CQS and CQR parasites have different DV 

volumes, where an average mid trophozoite will have a DV of approximately 1.8 fL for CQS and 

3 fL for CQR (Gligorijevic et al., 2006). The volume of the cytosol of a mid trophozoite is 

approximately 50 fL (half of the RBC volume). Data from Figure 5.7 suggest a decrease from 

210 to 90 nM (or 2.16 x 10
-22

 mol) in the HB3 DV. Upon VPL treatment, the cytosol of HB3 

shows an increase from 110 to 140 nM (or 1.5 x 10
-21

 mol). Therefore, the cytosol increase is one 

order of magnitude larger than the DV decrease in each case (concentration changes in Dd2 are 

twice the size those of HB3, but comparison of DV loss to cytosol gain also differs by one order 

of magnitude). This suggests that only a small fraction of the VPL-sensitive increase in cytosolic 

Ca
2+

 is via the DV pool. Moreover, VPL does not deplete total DV Ca
2+

, so other mechanisms 

must be in place to drive and sustain a high level of Ca
2+

 within the DV. ATP depletion by 

substitution of glucose with 2 deoxyglucose promotes a substantial increase in both cytosolic and 

DV Ca
2+

 for both strains, presumably via inhibition of ATP dependent transport at the ER, 

plasma, or PV membranes (Eckstein-Ludwig et al., 2003; Trottein et al., 1995; Alleva and Kirk, 

2001 and references within).   
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A: HB3 cytosol; B: Dd2 cytosol; C: HB3 DV; D: Dd2 DV 

 

Figure 5.7: Free Ca
2+

 concentrations within iRBCs perfusated with (i) commercial HBSS + 25 

mM HEPES as control, (ii) commercial HBSS + 25 mM HEPES + 1 mM VPL and (iii) HBSS  

where glucose is substituted with 10 mM deoxyglucose (Deoxyglu) + 25 mM HEPES, 

respectively. (A) HB3 cytosol; (B) Dd2 cytosol; (C) HB3 DV; (D) Dd2 DV. For results shown in 

A and B, synchronized malarial parasites were loaded with Fura-2 AM at mid trophozoite stage. 

For the results shown in C and D, d-Fura-2 was loaded at the n
th

 cell cycle (40 hrs within cell 

cycle) and ratiometric images were collected at the n+2
th

 cell cycle (80 to 85 hrs after loading) 

for DV localized probe. The error bars represent standard error.  

 

Finally, since Ca
2+

-mediated signaling could in theory be relevant for parasite cell death 

mediated by cytocidal concentrations of CQ (Sinai and Roepe, 2011), we examined short and 

long term changes in cytosolic and DV Ca
2+

 upon starvation-induced death and upon short vs. 

long term treatment with both cytostatic (IC50 levels) and cytocidal (LD50 levels; see [Paguio et 

al., 2011]) doses of CQ for both CQS (strain HB3) and CQR (strain Dd2) parasites.   
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Figure 5.8 shows how a sustained stimulus (starvation or CQ treatment for 6 hrs) results in 

redistribution of Ca
2+

. Upon starvation induced death, or chronic treatment with either cytostatic 

or cytocidal doseages of CQ, small but significant increases in cytosolic and DV Ca
2+

 are seen 

for CQS strain HB3 (Fig. 5.8; left side). These are similar at cytostatic (20 nM) and cytocidal 

(250 nM) dose. Changes in both cytosolic and DV levels are larger for CQR strain Dd2, with 

cytocidal CQ treatment for this strain leading to the largest increase in both cytosolic and DV 

Ca
2+

, similar to what is observed upon starvation-induced death.   

However, changes in [Ca
2+

]i linked to signal transduction are expected to be rather short 

lived (min) and only indirectly related to long term (hrs) effects on intracellular Ca
2+

 storage.  

We therefore examined transient changes in cytosolic and DV Ca
2+

 upon perfusion with 

cytostatic and cytocidal dosages of CQ in real time for live intraerythrocytic parasites. Figure 5.9 

and 5.10 show representative changes in these Ca
2+

 concentrations for both CQS (strain HB3) 

and CQR (Dd2) parasites. In essence, cytosolic and DV [Ca
2+

] stay constant for both 

compartments upon introduction of cytostatic dosages of CQ, regardless of CQS vs. CQR status.  

Upon introduction of cytocidal concentrations, however, a small but reproducible decrease is 

seen for the CQR strain cytosol whereas the CQS cytosol remains relatively constant.  

Interestingly, a very large and rapid loss of DV Ca
2+

 is seen for CQR parasites upon treatment 

with 2 x LD50 CQ. This is also shown in Figure 5.11, which presents time–lapsed screen capture 

images of DV localized Fura–2 after introduction of cytocidal CQ.       
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Figure 5.8: Summary of treatments with cytostatic vs. cytocidal doses of CQ for 6 hrs (see 

[Paguio et al., 2011]) and starvation induced death vs. cytosolic (black bars) and DV (gray bars) 

Ca
2+

 for HB3 (left) or Dd2 (right) parasites.   
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Figure 5.9:  Representative Ca
2+

 transient traces for HB3 and Dd2 parasites upon introduction of 

cytostatic dosages of CQ.  
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Figure 5.10: Representative Ca
2+

 transient traces for HB3 and Dd2 parasites upon introduction 

of cytocidal dosages of CQ. 
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Figure 5.11:  Time-lapse capture of DV localized Fura-2 showing rapid loss of DV Ca
2+

 for 

CQR Dd2 parasites upon introduction of cytocidal doses of CQ.   
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5.3 Discussion 

Ca
2+

 signaling has been shown to be critical for Apicomplexan parasites such as T. gondii 

and P. falciparum, and is believed to regulate host cell invasion as well as parasite metabolism, 

differentiation, egress, and motility (Billker et al., 2009; Moreno et al., 2011). A number of 

approaches for measuring intracellular pools of Ca
2+

 have been developed for Apicomplexan 

parasites, including P. falciparum, and many of these earlier studies are reviewed elsewhere 

(Rohrbach, 2012). In brief, they encompass study of both parasites released from host cells via 

detergent treatments, using “bulk cell” fluorescence methods, and study of intact intracellular 

parasites via fluorescence microscopy. In both, several different probes, including Fura-2 and 

Fluo-4, have been used. The choice is often due to whether arc–lamp illumination that can be 

modulated (as in the present study) vs. laser illumination (see Rohrbach et al., 2005; 2006) is 

used. In many cases, laser illumination intensities can vary 5–10 %, whereas arc–lamp 

illumination tends to be more stable, and a wider range of illumination wavelengths are possible. 

This allows the arc–lamp microscopy technique used here to access maximal ion dependent 

wavelengths, as well as the precise isosbestic point of the ion responsive probe. In laser–based 

approaches, the precise isosbestic point is usually not attainable due to limitations in available 

laser illumination wavelengths, and some probes (e.g. Fura-2) may not be allowed. Also, in these 

microscopy–based approaches, some localization of diffusible probes has been obtained but in 

most cases this is imperfect. Finally, some microscopy studies have been done under continuous 

perfusion with physiologic perfusate (i.e. balanced with HCO3

-
 / CO2), but most have not. 

Because of the diversity in approach, for P. falciparum there remain a number of questions. 
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Included in these are the precise values of intracellular Ca
2+

 pools under various conditions, and 

whether the ER, the DV, or other organelles are stores for Ca
2+

 release in specific processes. In 

this study we improve upon previous measurements of P. falciparum DV Ca
2+

 done with 

diffusible fluorescent indicators by accessing precies excitation wavelengths of Fura-2, and by 

unequivocal localization of probe to the DV using our previously published dextran–fluorophore 

approach (Bennet et al., 2004; Gligorejivic et al., 2006). Also, we provide data for both the DV 

and cytosol of both CQS and CQR parasites, obtained under continuous perfusion with 

physiologic perfusate. We also correct for probe calibration at ambient (cytosolic) and acidic 

(DV) pH.  

In contrast to earlier work that used Fluo-4 AM to measure DV Ca
2+

, we find small but 

highly reproducible differences in DV Ca
2+

 concentrations for CQS vs. CQR parasites. We 

suggest the increased resolution provided by unequivocal and exclusive DV localization from d-

Fura-2 incorporation is responsible for the difference. Differences may also arise from 

experimental artifacts introduced by the operator. For instance, Rohrbach et al., 2005 and 2006 

use synchronized cultures under perfusion, but the perfusate  (Ringer’s solution) contains 

H2PO4
- 

buffer rather than HCO3
-
 / CO2 buffering. Measured intracellular pH is altered by the 

different buffering systems (Bennet et al., 2004), thus the lack of proper buffering creates 

imbalances in the ionic gradients within the cell. These might then in turn affect Ca
2+

 transport. 

Aside from obtaining improved steady–state values of intracellular Ca
2+

 pools, we also 

examine how starvation induced death, short term ATP depletion, and treatment with cytostatic 

and cytocidal levels of drug influence cytosolic and DV [Ca
2+

] for CQS (strain HB3) and CQR 
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(strain Dd2) parasites. Obviously these data are only a snapshot of two well studied strains of 

malarial parasites and so, much more work remains to be done; but our initial conclusions 

include that Ca
2+

 stores are released in response to stimuli (drug or starvation), that these stores 

are at least in part maintained by VPL and ATP sensitive transport, and that there are likely 

differences in the timing and amplitude of Ca
2+

 signaling for CQS vs CQR parasites. Fig. 5.9 and 

5.10 show averaged kinetic traces of 12-20 cells perfused with either cytostatic or cytocidal 

doses of CQ, and interesting observations come from these traces. First, Fig. 5.9 shows elevated 

cytosolic Ca
2+

 in CQR Dd2 vs. CQS HB3. Also, Dd2 shows possible Ca
2+

 oscillations associated 

with normal homeostasis that have been seen for other parasite strains (Enomoto et al., 2012).  

Fig. 5.10 presents an interesting situation. The curve from CQR parasites is significantly flat 

(this is often associated with a death signal; see Enomoto et al., 2012) while the curve from CQS 

parasites presents oscillations, though they are smaller in amplitude and less frequent. This may 

be an effect not directly related to the ultimate potency of the drug but instead to the starting 

levels of Ca
2+ 

at the time of the measurement. If both parasite strains are treated with their 

corresponding cytocidal dose of CQ, the same number of parasites will be present after 48 hrs 

(both dosages are equally potent).  However, the physical environment inside the parasite 

immediately following a drug pulse will be much different in the presence of nM levels of drug 

vs. µM levels of drug, regardless CQS/CQR status. At µM levels fast Ca
2+

 leakage from 

organelles is more likely due to the lysosomotropic effects of µM CQ.  

As to the mechanism(s) surrounding how these transient changes in [Ca
2+

] are produced, 

there are several possibilities that merit more detailed inspection. One pathway for inducing 

transient increases in intracellular Ca
2+

 that has been studied in detail is melatonin–induced 
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release. As proposed by Adams and colleagues (Alves et al., 2011) the tryptophan-derived 

hormone is believed to activate phospholipase C (PLC) production of the second messenger 

inositol triphosphate (IP3), which is a well known activator for Ca
2+

 release from ER stores. In 

this work, UV photolytic release of “caged” IP3 clearly induces an approximately 1 min long 

“spike” in cytosolic Ca
2+

, and this Ca
2+

 spike is inhibited by pre–incubation with 5 µM 

thapsigargin, a well known ER Ca
2+

 channel blocker. This study thus argues that the most 

significant reservoir for cytosolic Ca
2+ 

transients involved in P. falciparum signaling is likely the 

ER. However, results in the study directly conflict with earlier work by the Kirk laboratory 

(Alleva and Kirk, 2001), which showed that cyclopiazonic acid (CPA) inhibited ER Ca
2+

 release 

for P. falciparum, but that thapsigargin did not. In both studies, the DV was found to be a 

reservoir of Ca
2+

, similar to the work reported in the current paper. Alleva and Kirk, 2001 

showed that both the protonophore nigericin as well as NH4
+
 released Ca

2+
 from the vacuole. 

Alves et al. 2011 extend this observation to show that high doses of CQ (10 µM) also release 

Ca
2+

, but that subsequent release of Ca
2+

 from ER stores via IP3 activation is larger. 

Unfortunately, Ca
2+ 

release from acidic vacuolar stores by a range of CQ doses, for both CQS 

and CQR parasites, was not examined. Initially though, it would seem likely that only cytocidal 

doses of CQ would be capable of inducing Ca
2+

 release, since > µM levels are required for 

lysosomotropic effects. This release would be fast (seconds) and transient. Longer term elevation 

of Ca
2+

 would require additional uptake from the external medium, and perhaps release from 

additional intracellular stores.    

 Regardless the source of Ca
2+

 release, there are essentially two classes of Ca
2+

-activated 

kinases in P. falciparum that are candidates for mediating response to cytocidal levels of CQ.  
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The largest family found in the P. falciparum genome is the Ca
2+

–dependent protein kinase 

(CDPK) family. These contain multiple EF hand Ca
2+

-binding motifs fused to the kinase domain, 

and the family of PfCDPKs has been reviewed extensively by Sibley and colleagues (Billker et 

al., 2009). The other class of kinases, the CaM–dependent kinases (CAMK), are common in 

animals but rare in plants. P. falciparum appears to have fewer CAMKs than CDPKs (Billker et 

al., 2009) but a number of kinases that have been poorly characterized to date may belong to 

these families. Much more work characterizing the molecular properties of P. falciparum 

kinases, including how they might be modulated by changes in intracellular Ca
2+

, remains to be 

done.   

 However, with regard to cell death mediated by cytocidal dosages of Ca
2+

, one putative 

CAMK is of note. Vps34, the class III kinase subunit of the PI3K complex involved in 

autophagy has a highly ordered activation loop, making it specific for one substrate, PI. Other 

kinases have disordered motifs in their activation loops, making it easier to accommodate other 

substrates. Vps34 also contains a CaM binding domain near its C2 regulatory region. Therefore, 

consistent with previous observations that Ca
2+

 is an important messenger in autophagy, this 

kinase is likely responsive to Ca
2+

 transients. P. falciparum encodes a particularly large Vps34 

due to insertions of repetitive sequences near the C-terminus. Importantly, the types and numbers 

of these sequences vary among strains of malaria parasites, thus Vps34 regulation and 

responsiveness to Ca
2+

 transients may vary from one strain to the next. Particular amino acid 

substitutions modulate the ATPase activity of this kinase, adding another layer of possible 

varying activity in different strains.   
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Supplemental (Appendix to Chapter V) 

  Ethylene glycol-bis(β-aminoethyl ether) –N,N,N’,N’-tetraacetic acid (EGTA) is widely 

used as a calcium buffer due to its high affinity and selectivity for this metal. It is a tetradentate 

ligand that coordinates to the metal through four carboxylate groups. It is, therefore, semi-

intuitive that protonated forms of EGTA do not significantly contribute to calcium binding. It is 

for this reason that a pH-dependence on the affinity for the metal can be inferred. In order to 

approximate the concentration of calcium in an EGTA solution, the amount of deprotonated 

EGTA must be known. If the pKa values of the carboxylate groups are known, the relative 

concentration of EGTA in any form can be calculated by the following expression: 

 

   
              

                         
 

where α corresponds to the fraction of the species in the required form (i), K1 is the first 

dissociation constant, and Ki is the dissociation constant where the species reaches the required 

form upon dissociation. In the case of the fully deprotonated form of EGTA (L
-4

), the relevant 

equation is: 
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The following constants were used in the analysis (expressed as –logK, M
-1

): 

pK1 = 2.0       pK2 = 2.66       pK3 = 8.85       pK4 = 9.47       pKD = 10.97 

(values taken from reference 1, documented at 0.10 M ionic strength and 20 ºC) 

Using these dissociation constants, α-4 values were calculated as 4.75E-8 at pH 5.5 and 4.56E-4 

at pH 7.5; these α-4 values were used in turn to approximate the free calcium concentration of 

different solutions containing 10 mM EGTA and variable calcium. The following results were 
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obtained and compared to values acquired through WEBMAXC STANDARD, a computer 

program designed to calculate free metal concentrations under specific conditions: 

 

pH 5.5 

[Ca
+2

]Total 

(M) 

[Ca
+2

]Free (from 

calculation) (M) 

[Ca
+2

]Free (from 

WEBMAXC) (M) 

 0 0 0 

 0.005 2.07E-4 3.26E-4   

 0.007 4.31E-4 6.47E-4 

 0.008 6.31E-4 9.07E-4 

 0.009 9.38E-4 1.27E-3 

 0.0095 1.14E-3 1.49E-3 

 0.0100 1.39E-3 1.75E-3 

 

pH 7.5 

[Ca
+2

]Total 

(M) 

[Ca
+2

]Free (from 

calculation) (M) 

[Ca
+2

]Free (from 

WEBMAXC) (M) 

 0 0 0 

 0.005 2.35E-8 3.931E-8 

 0.007 5.49E-8 9.175E-8 

 0.008 9.40E-8 1.573E-7 

 0.009 2.12E-7 3.540E-7 

 0.0095 4.46E-7 7.472E-7 

 0.0100 1.53E-5 2.05E-5 

Table S5.1: Total and free calcium concentrations approximated mathematically or by use of 

WEBMAXC* at pH 5.5 and 7.5 

*WEBMAXC is available at http://www.stanford.edu/~cpatton/webmaxc/webmaxcS.htm 

The calculated concentrations are consistent with concentrations from WEBMAXC in 

that the numbers are higher at pH 5.5 than at pH 7.5; the magnitudes are very similar as well, but 

the hand calculated values increase linearly as opposed to the exponential increase generated by 

WEBMAXC. This effect is perhaps due to the effect of ionic strength. The KD values used for 

calculations correspond to conditions of 0.10 M KCl and 20 ºC; the ionic strength of 10 mM 

EGTA in HBSS (0.248 M) is nearly three times that of the 0.10 M KCl solution used for the 

determination of KD. Simon and Bers, 1981 describe how ionic strength and temperature affect 

the values of KD of EGTA and emphasize that a correction is needed in order to use KD in 

determining free Ca
2+

 concentrations. Figure S5.1 (taken from Simon and Bers, 1981) shows this 

http://www.stanford.edu/~cpatton/webmaxc/webmaxcS.htm
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dependence of KD values on ionic strength; with increasing ionic strength, KD decreases non-

linearly (the value at 0.25 M is roughly a third of the value at 0.10 M).  

 

 

 
Figure S5.1: Reproduced from Harrison, M. H.; Bers, D. M. Spec. Comm. 1989, 256, C1250-

C1256, this figure describes the dependence of the dissociation constant of EGTA for Ca
2+

 on 

ionic strength; each curve corresponds to a separate study from different authors.  
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Titration of Fura-2 with Ca
2+

 at pH 5.5 and 7.5 

 

Fura-2 is a ratiometric Ca
2+

 indicator used to measure free Ca
2+

 levels in cells. It was developed 

and introduced by Roger Tsien in 1985, and it has been successfully used to advance the study of 

the role of Ca
2+

 in cellular processes. It is a Ca
2+

 chelator, much like EGTA, with high affinity 

for this metal. It is also highly fluorescent, undergoing an emission shift from 380 nm to 340 nm 

upon binding Ca
2+

.  

 
Figure S5.2: Structure of Fura-2 pentasodium salt 

 

 

Its ratiometric nature allows for measurements that are independent of uneven dye loading, 

leaking, photobleaching and other typical artifacts related to fluorescence. Similar to EGTA, it 

binds Ca
2+

 through four carboxylate groups, so a pH dependent affinity is evident. The extent of 

this pH dependence was studied by titrating a Ca
2+

-free EGTA solution containing 1 μM Fura-2 

with increasing concentrations of Ca
2+

 at pH 5.5 and 7.5 as outlined below. 
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A solution that was 10 mM EGTA, 10 mM cacodylate, and 1 μM Fura-2 in Ca
2+

/Mg
2+

-free 

HBSS was prepared and used for analysis. To an aliquot of this solution, sufficient CaCl2 was 

added in order to make a 10 mM EGTA/cacodylate/CaCl2 and 1 μM Fura 2 stock. 3 mL of the 

Ca
2+

-free solution were placed in a quartz cuvette and a fluorescence scan performed from 300-

450 nm. After this first scan, 200 μL (exchange volume) were removed from the cuvette and 

replaced with 200 uL of the 10 mM CaCl2 stock. Subsequent volume exchanges and scans were 

done until a saturation point was reached. This procedure was carried out at pH 5.5 and 7.5, with 

varying exchange volumes as needed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Titration of Fura-2 with Calcium at pH 5.5
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Figure S5.3: Titrations of Fura-2 solutions at pH 5.5 and 7.5 with CaCl2; the total amount of 

Ca
2+

 present in the cuvette after each addition is detailed in the figure legend. 

 

 

 From Figure S5.3, a saturation point is observed at a lower level of total Ca
2+

 at pH 

5.5 (approximately 1.5-fold). This is likely due to a higher incidence of protonated forms of 

EGTA which do not significantly contribute to Ca
2+

 binding; as a higher level of free Ca
2+

 is 

available, a lesser amount of titrant will be required to reach saturation. Since Fura-2 is also a 

chelator, this argument applies to the amount of Ca
2+

 bound by the dye as well (it should be 

mentioned that, in his 1984 paper
 
(Grynkiewicz et al., 1984), Roger Tsien describes how an 

increase in ionic strength from 0.10 M to 0.25 M causes a four-fold increase in the KD of Fura-2; 

this is not a concern in comparing the traces in Figure S5.3 since the ionic strength of the 

solution is high and any contribution from a 2-unit pH difference would be negligible). Whether 
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lower affinity of EGTA or Fura-2 has a larger impact on saturation and intensity depends on the 

dissociation constant of each. The KD of EGTA is approximately 1.07E-11 M
-1

, while that of 

Fura-2 is approximately 3.85E-8 M
-1

, both at 20 ºC and 0.10 M KCl. Since EGTA has a higher 

affinity for Ca
2+

 (3 orders of magnitude higher), it is expected that lowering the pH would affect 

the EGTA/Ca
+2

 equilibrium most noticeably. This would be observed as a lower saturation level 

at pH 5.5, but with similar intensities. In reality, the effect of pH on both equilibria is noticeable, 

as can be inferred from Figure S5.3, where a lower saturation level at pH 5.5 is observed along 

with lower intensities (0 Ca
2+

 has a maximum intensity below 30,000 counts at pH 5.5 and above 

30,000 counts at pH 7.5). As expected, the difference in intensity is not as significant as the 

difference in saturation level, so the EGTA equilibrium seems to be more greatly disturbed. 

Figure S5.4 shows more clearly the effects described above; at pH 5.5, a plateau is reached 

below 8 units as opposed to 12 units at pH 7.5. The increase is also steeper at pH 5.5, which 

shows the more limited dynamic range in the absence of Ca
2+

 buffering by EGTA. The slopes of 

the linear regions of both curves were determined and, upon comparison, it was found that at pH 

5.5 the dependence is 1.5 times greater than at pH 7.5. 
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Figure S5.4: Ratiometric titration of Fura-2 with Ca
2+

 at pH 5.5 and 7.5  
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CHAPTER VI 

CONCLUSION AND FUTURE DIRECTIONS 

 P. falciparum malaria continues to be a terrible burden to the global society. The tragic 

advent and continued development of drug resistance makes a necessity of research into drugs 

that target novel aspects of parasite biology. Since 2000, when investigators in this field 

identified the PfCRT gene (Fidock et al., 2000), considerable progress has been made in 

understanding how PfCRT protein mutations confer resistance to cytostatic (IC50) dosages of 

drug (see Roepe, 2011; Eckert et al., 2012 for recent reviews). Although much progress has been 

made in recent decades understanding the genetic, cellular, and molecular basis of antimalarial 

drug resistance phenomena, many questions remain. One of the central questions is whether 

resistance to growth inhibition effects of drugs (cytostatic potential) is via the same, different, or 

overlapping pathways relevant for resistance to the cell killing (cytocidal) effects.   

This thesis sought to analyze the nature of cytocidal CQ resistance. In this context, it is 

important to inspect possible routes of “programmed” cell death or PCD (Sinai & Roepe, 2012).   

Similar to other examples of PCD for unicellular organisms, it is currently unclear how 

intraerythrocytic P. falciparum die from toxic stress induced by antimalarial drugs. Assays for 

cytocidal activity of antimalarials are still in their infancy, so even at the simplest level it is 

difficult to analyze cytocidal potency and resistance to cytocidal effects. Our laboratory has 

published the first assay of this kind (Paguio et al., 2011) and my laboratory colleagues have 

used it to quantify LD50 for common antimalarial drugs.   

A long standing collaboration between our group and that of Professor Michael Ferdig 

(Notre Dame) allowed us to map chromosomal loci that were inherited in an LD50–dependent 
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fashion for progeny of a strain HB3 (CQS) x strain Dd2 (CQR) genetic cross. These initial 

results led us to inspect cytocidal potency and resistance from the perspective of one potential 

PCD pathway, namely, autophagy. Autophagy is a largely unexplored pathway in malaria, and 

has never previously been observed or quantified in intraerythrocytic malaria. Emerging studies 

by the Coppens laboratory, performed while this thesis research was in progress, have begun to 

identify autophagy in liver stages of the parasite life cycle (Hain et al., 2012).  

CQ is both a cytostatic and a cytocidal drug, and it primarily kills parasites at peak 

plasma concentrations of 1-10 µM. Due to its long half-life (approximately 30 days) it is 

cytostatic at down-to-low nM concentrations, which persist while CQ is slowly metabolized. 

Much work has been done to characterize the cytostatic functions of CQ while its cytocidal 

(arguably the primary and most important clinical characteristic) aspect has been neglected. In 

the clinic, CQR parasites are resistant because they do not die while exposed to typical plasma 

levels of CQ (see [Paguio et al., 2011]). This has important implications at the molecular level 

that must be understood if malaria is to be eradicated. As mentioned above, a sensible approach 

is to think about the death pathway or pathways that CQ induces in parasites. Some of the 

literature surveyed in this thesis suggests that autophagy is a leading candidate for CQ induced 

death of malarial parasites. As learned from the bioinformatic analyses carried out in Chapter 3 

of this work (and reiterated by others), malaria parasites possess all the elements required of a 

functional autophagy pathway, although several homologues may be significantly different from 

other species (most notably TOR) as evidenced by the lack of a candidate homologue. 

 Autophagy genes are found in all eukaryotes and a growing number of protozoa show 

evidence of functionality. Besides being a death pathway, autophagy serves housekeeping roles 
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in the cell and it is necessary for processing misfolded or aged proteins as well as damaged 

organelles. It is also a survival pathway under conditions of nutrient deprivation. Typically, it 

only operates as a death mechanism if conditions are too extreme to recover from or if the 

mitochondria become compromised. These roles have been probed in malaria to a very small 

extent; to date, this thesis is one of the first and most comprehensive analyses of autophagy in 

malaria. A well defined PCD pathway in malaria means new approaches for therapy and 

prevention, so further research will be needed. Some of the literature suggests apoptosis or 

necrosis as operating pathways, but the evidence is incomplete. Further work in this area will 

elucidate potential regulatory checkpoints and genetic markers that may be used to induce death 

and/or circumvent resistance.  

Chapter 3 outlines a potential regulatory role for Vps34 in malaria parasites. More 

information is needed about PfVps34. A crystal structure of this protein would give important 

details about its structure and its interaction with substrates and inhibitors. In the near future, it 

would be useful to purify and measure the rate of ATP hydrolysis by PfVps34 under different 

conditions. For instance, based on the results shown in Chapter 5, measuring PfVps34 activity in 

the presence/absence of various levels of Ca
2+

 may give useful information about its regulation. 

Also, parasites can be probed with CaM inhibitors; under these circumstances, it is possible that 

Atg8 puncta will not form due to inhibition of Vps34. It is very possible that Ca
2+

 chelators, as 

well as CaM inhibitors might act synergistically with antimalarials. It would also be interesting 

to test how some of these compounds may modify the level of resistance of CQR parasites.  

In Chapter 5 we also suggest that Ca
2+

 release from acidic stores (mainly the DV) in 

response to cytocidal levels (but not cytostatic levels) of CQ is likely important to drug 
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resistance. It may be the case that this is an ultimate death signal that initiates PCD in parasites 

via autophagy. Somehow CQR parasites are not as responsive to this event. This could be due to 

PfVps34 mutations as I discuss in Chapter 3, but this hypothesis obviously requires additional 

experiments.  These would include creation of transgenic strains of parasites that are constructed 

in otherwise CQS genetic backgrounds in order to see if Vps34 mutations (and hence altered 

regulation via intracellular Ca
2+

) promote resistance.  

It may also be the case that a very early rush of Ca
2+

 out of the DV aides parasites in 

withstanding the effects of the drug.  Either way, the initial release of Ca
2+

 due to CQ treatment 

is rapid and kinetically distinct in CQS vs. CQR parasites. Very useful information will come 

from additional such studies. Particularly, it may be the case that Ca
2+

 transients add a layer of 

complexity to the definition of drug resistance. Low levels of CQ (nM) do not produce a 

significant Ca
2+

 rush out of the DV; this only seems to occur when µM levels of CQ are present. 

Therefore, it is possible that LD50 concentrations of drug have very different effects on CQS 

parasites than the µM levels required of CQR parasites. Pharmacologically speaking LD50 doses 

have the same effect on either CQS or CQR parasites: 50 % of the entire population will be 

cleared after 48 hrs. However, the initial rush of Ca
2+

 out the DV seen in CQR LD50 doses is not 

seen at CQS LD50 doses. This means that the effect of nM levels of drug on CQR parasites is 

perhaps less harsh initially, but sustained over time may be more deadly than a forceful µM dose 

affecting them instantaneously. It would be interesting to further study the kinetics of death at 

LD50 doses, perhaps by plating redundant samples and developing them in intervals throughout a 

whole parasite life cycle (48 hrs). 
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Initially, it is counterintuitive to think that a unicellular organism would choose to self-

destruct as the benefits of such process are not apparent. However, the literature offers examples 

of “population” behavior present in P. falciparum. For instance, it is suggested that 

intraerythrocytic stages synchronize their development with the circadian rhythm of the host 

(Alves et al., 2011). Also, intraerythrocytic parasites produce 16-32 invasive merozoites, but the 

potential level of infection is never realized as parasitemia is maintained at a peak 4-5 % during 

febrile episodes. This suggests that the parasites keep their numbers in check through perhaps a 

combination of limited invasion and PCD. A successful infection results when the host is kept 

alive long enough for parasites to be transmitted to the next mosquito vector; moreover, keeping 

relatively low numbers of parasites (as well as removing excess parasites in an organized 

fashion) help avoid eliciting an immune response. It is difficult to determine when a parasite is 

formally “dead”. In the absence of morphological features, death can be defined in at least two 

ways: inability to grow or inability to infect. Both definitions imply inability to progress to the 

next cycle, and it is in this basis that cytostatic and cytocidal effects are quantified. In many 

instances, cell viability is correlated to mitochondrial function; thus, viability is measured by the 

presence of a sustained mitochondrial potential. Malaria parasites, however, maintain a relatively 

low mitochondrial potential (-60 mV inside as opposed to -150 mV in other species) making 

such measurements unreliable. It is possible, however, to track the development of the 

mitochondrion through the life cycle. Malaria parasites contain a single mitochondrion that 

branches out throughout the cytosol. Mitochondrial branches continue to elongate as the cycle 

progresses until the whole organelle is divided equally among nascent merozoites. This process 

is imperative for the production of viable merozoites and progression to the next cycle. By 
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tagging and outer mitochondrial membrane protein with a fluorescent derivative of GFP, this 

process can be followed under live cell conditions. Moreover, the effect of induced autophagy on 

the mitochondrion can be followed in the same way. Mitochondrial processing by autophagy can 

be tracked under live cell conditions provided that the GFP derivative remains fluorescent at 

acidic pH (autophagosomes and DV are acidic). In this manner, the effect of induced autophagy 

can be observed, and a distinction between live and dead malaria parasites can be made in 

correlation to autophagic response. 

 In sum, the data presented in this work suggest a largely unexplored aspect of parasite 

biology with important implications for drug resistance. First, a functional autophagy pathway 

that is dysregulated in CQR parasites and, second, altered Ca
2+ 

storage and release in CQR vs. 

CQS parasites.  Much work remains to be done in connecting these two facets of cytocidal drug 

resistance that I have uncovered; however, the beginning of a cohesive hypothesis for cytocidal 

CQR is now in hand. 
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include a hyperlink to the original work on AAAS's website (hyperlink may be embedded in 

the reference citation).  

AAAS material reproduced in your work identified herein must not account for more than 

30% of the total contents of that work.  
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AAAS must publish the full paper prior to use of any text.  

AAAS material must not imply any endorsement by the American Association for the 

Advancement of Science.  

This permission is not valid for the use of the AAAS and/or Science logos.  

AAAS makes no representations or warranties as to the accuracy of any information 

contained in the AAAS material covered by this permission, including any warranties of  

merchantability or fitness for a particular purpose.  

If permission fees for this use are waived, please note that AAAS reserves the right to 

charge for reproduction of this material in the future.  

Permission is not valid unless payment is received within sixty (60) days of the issuance of 

this permission. If payment is not received within this time period then all rights granted 

herein shall be revoked and this permission will be considered null and void.  

In the event of breach of any of the terms and conditions herein or any of CCC's Billing and 

Payment terms and conditions, all rights granted herein shall be revoked and this permission 

will be considered null and void.  

AAAS reserves the right to terminate this permission and all rights granted herein at its 

discretion, for any purpose, at any time. In the event that AAAS elects to terminate this 

permission, you will have no further right to publish, publicly perform, publicly display, 

distribute or otherwise use any matter in which the AAAS content had been included, and 

all fees paid hereunder shall be fully refunded to you. Notification of termination will be 

sent to the contact information as supplied by you during the request process and 

termination shall be immediate upon sending the notice. Neither AAAS nor CCC shall be 

liable for any costs, expenses, or damages you may incur as a result of the termination of 

this permission, beyond the refund noted above.  

This Permission may not be amended except by written document signed by both parties.  

The terms above are applicable to all permissions granted for the use of AAAS material. 

Below you will find additional conditions that apply to your particular type of use.  

FOR A THESIS OR DISSERTATION 
If you are using figure(s)/table(s), permission is granted for use in print and electronic 

versions of your dissertation or thesis. A full text article may be used in print versions only 

of a dissertation or thesis.  



 

195 

 

Permission covers the distribution of your dissertation or thesis on demand by ProQuest / 

UMI, provided the AAAS material covered by this permission remains in situ. 

If you are an Original Author on the AAAS article being reproduced, please refer to your 

License to Publish for rules on reproducing your paper in a dissertation or thesis. 

FOR JOURNALS: 
Permission covers both print and electronic versions of your journal article, however the 

AAAS material may not be used in any manner other than within the context of your article.  

FOR BOOKS/TEXTBOOKS: 
If this license is to reuse figures/tables, then permission is granted for non-exclusive world 

rights in all languages in both print and electronic formats (electronic formats are defined 

below). 

If this license is to reuse a text excerpt or a full text article, then permission is granted for 

non-exclusive world rights in English only. You have the option of securing either print or 

electronic rights or both, but electronic rights are not automatically granted and do garner 

additional fees. Permission for translations of text excerpts or full text articles into other 

languages must be obtained separately. 

Licenses granted for use of AAAS material in electronic format books/textbooks are valid 

only in cases where the electronic version is equivalent to or substitutes for the print version 

of the book/textbook. The AAAS material reproduced as permitted herein must remain in 

situ and must not be exploited separately (for example, if permission covers the use of a full 

text article, the article may not be offered for access or for purchase as a stand-alone unit), 

except in the case of permitted textbook companions as noted below.  

You must include the following notice in any electronic versions, either adjacent to the 

reprinted AAAS material or in the terms and conditions for use of your electronic products: 

"Readers may view, browse, and/or download material for temporary copying purposes 

only, provided these uses are for noncommercial personal purposes. Except as provided by 

law, this material may not be further reproduced, distributed, transmitted, modified, 

adapted, performed, displayed, published, or sold in whole or in part, without prior written 

permission from the publisher."  

If your book is an academic textbook, permission covers the following companions to your 

textbook, provided such companions are distributed only in conjunction with your textbook 

at no additional cost to the user:  

 

- Password-protected website  

- Instructor's image CD/DVD and/or PowerPoint resource  
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- Student CD/DVD  

All companions must contain instructions to users that the AAAS material may be used for 

non-commercial, classroom purposes only. Any other uses require the prior written 

permission from AAAS.  

If your license is for the use of AAAS Figures/Tables, then the electronic rights granted 

herein permit use of the Licensed Material in any Custom Databases that you distribute the 

electronic versions of your textbook through, so long as the Licensed Material remains 

within the context of a chapter of the title identified in your request and cannot be 

downloaded by a user as an independent image file. 

Rights also extend to copies/files of your Work (as described above) that you are required to 

provide for use by the visually and/or print disabled in compliance with state and federal 

laws.  

This permission only covers a single edition of your work as identified in your request. 

FOR NEWSLETTERS: 
Permission covers print and/or electronic versions, provided the AAAS material reproduced 

as permitted herein remains in situ and is not exploited separately (for example, if 

permission covers the use of a full text article, the article may not be offered for access or 

for purchase as a stand-alone unit)  

FOR ANNUAL REPORTS: 
Permission covers print and electronic versions provided the AAAS material reproduced as 

permitted herein remains in situ and is not exploited separately (for example, if permission 

covers the use of a full text article, the article may not be offered for access or for purchase 

as a stand-alone unit)  

FOR PROMOTIONAL/MARKETING USES: 
Permission covers the use of AAAS material in promotional or marketing pieces such as 

information packets, media kits, product slide kits, brochures, or flyers limited to a single 

print run. The AAAS Material may not be used in any manner which implies endorsement 

or promotion by the American Association for the Advancement of Science (AAAS) or 

Science of any product or service. AAAS does not permit the reproduction of its name, logo 

or text on promotional literature.  

If permission to use a full text article is permitted, The Science article covered by this 

permission must not be altered in any way. No additional printing may be set onto an article 

copy other than the copyright credit line required above. Any alterations must be approved 

in advance and in writing by AAAS. This includes, but is not limited to, the placement of 

sponsorship identifiers, trademarks, logos, rubber stamping or self-adhesive stickers onto 
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the article copies.  

Additionally, article copies must be a freestanding part of any information package (i.e. 

media kit) into which they are inserted. They may not be physically attached to anything, 

such as an advertising insert, or have anything attached to them, such as a sample product. 

Article copies must be easily removable from any kits or informational packages in which 

they are used. The only exception is that article copies may be inserted into three-ring 

binders.  

FOR CORPORATE INTERNAL USE: 
The AAAS material covered by this permission may not be altered in any way. No 

additional printing may be set onto an article copy other than the required credit line. Any 

alterations must be approved in advance and in writing by AAAS. This includes, but is not 

limited to the placement of sponsorship identifiers, trademarks, logos, rubber stamping or 

self-adhesive stickers onto article copies.  

If you are making article copies, copies are restricted to the number indicated in your 

request and must be distributed only to internal employees for internal use.  

If you are using AAAS Material in Presentation Slides, the required credit line must be 

visible on the slide where the AAAS material will be reprinted  

If you are using AAAS Material on a CD, DVD, Flash Drive, or the World Wide Web, you 

must include the following notice in any electronic versions, either adjacent to the reprinted 

AAAS material or in the terms and conditions for use of your electronic products: "Readers 

may view, browse, and/or download material for temporary copying purposes only, 

provided these uses are for noncommercial personal purposes. Except as provided by law, 

this material may not be further reproduced, distributed, transmitted, modified, adapted, 

performed, displayed, published, or sold in whole or in part, without prior written 

permission from the publisher." Access to any such CD, DVD, Flash Drive or Web page 

must be restricted to your organization's employees only.  

FOR CME COURSE and SCIENTIFIC SOCIETY MEETINGS: 
Permission is restricted to the particular Course, Seminar, Conference, or Meeting indicated 

in your request. If this license covers a text excerpt or a Full Text Article, access to the 

reprinted AAAS material must be restricted to attendees of your event only (if you have 

been granted electronic rights for use of a full text article on your website, your website 

must be password protected, or access restricted so that only attendees can access the 

content on your site).  

If you are using AAAS Material on a CD, DVD, Flash Drive, or the World Wide Web, you 

must include the following notice in any electronic versions, either adjacent to the reprinted 

AAAS material or in the terms and conditions for use of your electronic products: "Readers 
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may view, browse, and/or download material for temporary copying purposes only, 

provided these uses are for noncommercial personal purposes. Except as provided by law, 

this material may not be further reproduced, distributed, transmitted, modified, adapted, 

performed, displayed, published, or sold in whole or in part, without prior written 

permission from the publisher."  

FOR POLICY REPORTS: 
These rights are granted only to non-profit organizations and/or government agencies. 

Permission covers print and electronic versions of a report, provided the required credit line 

appears in both versions and provided the AAAS material reproduced as permitted herein 

remains in situ and is not exploited separately.  

FOR CLASSROOM PHOTOCOPIES: 
Permission covers distribution in print copy format only. Article copies must be 

freestanding and not part of a course pack. They may not be physically attached to anything 

or have anything attached to them.  

FOR COURSEPACKS OR COURSE WEBSITES: 
These rights cover use of the AAAS material in one class at one institution. Permission is 

valid only for a single semester after which the AAAS material must be removed from the 

Electronic Course website, unless new permission is obtained for an additional semester. If 

the material is to be distributed online, access must be restricted to students and instructors 

enrolled in that particular course by some means of password or access control.  

FOR WEBSITES: 
You must include the following notice in any electronic versions, either adjacent to the 

reprinted AAAS material or in the terms and conditions for use of your electronic products: 

"Readers may view, browse, and/or download material for temporary copying purposes 

only, provided these uses are for noncommercial personal purposes. Except as provided by 

law, this material may not be further reproduced, distributed, transmitted, modified, 

adapted, performed, displayed, published, or sold in whole or in part, without prior written 

permission from the publisher."  

Permissions for the use of Full Text articles on third party websites are granted on a case by 

case basis and only in cases where access to the AAAS Material is restricted by some 

means of password or access control. Alternately, an E-Print may be purchased through our 

reprints department (brocheleau@rockwaterinc.com).  

REGARDING FULL TEXT ARTICLE USE ON THE WORLD WIDE WEB IF YOU 

ARE AN ‘ORIGINAL AUTHOR’ OF A SCIENCE PAPER 

If you chose "Original Author" as the Requestor Type, you are warranting that you are one 

of authors listed on the License Agreement as a "Licensed content author" or that you are 
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acting on that author's behalf to use the Licensed content in a new work that one of the 

authors listed on the License Agreement as a "Licensed content author" has written. 

Original Authors may post the ‘Accepted Version’ of their full text article on their personal 

or on their University website and not on any other website. The ‘Accepted Version’ is the 

version of the paper accepted for publication by AAAS including changes resulting from 

peer review but prior to AAAS’s copy editing and production (in other words not the AAAS 

published version). 

FOR MOVIES / FILM / TELEVISION:  
Permission is granted to use, record, film, photograph, and/or tape the AAAS material in 

connection with your program/film and in any medium your program/film may be shown or 

heard, including but not limited to broadcast and cable television, radio, print, world wide 

web, and videocassette.  

The required credit line should run in the program/film's end credits.  

FOR MUSEUM EXHIBITIONS: 
Permission is granted to use the AAAS material as part of a single exhibition for the 

duration of that exhibit. Permission for use of the material in promotional materials for the 

exhibit must be cleared separately with AAAS (please contact us at permissions@aaas.org).  

FOR TRANSLATIONS:  
Translation rights apply only to the language identified in your request summary above.  

The following disclaimer must appear with your translation, on the first page of the article, 

after the credit line: "This translation is not an official translation by AAAS staff, nor is it 

endorsed by AAAS as accurate. In crucial matters, please refer to the official English-

language version originally published by AAAS."  

FOR USE ON A COVER:  
Permission is granted to use the AAAS material on the cover of a journal issue, newsletter 

issue, book, textbook, or annual report in print and electronic formats provided the AAAS 

material reproduced as permitted herein remains in situ and is not exploited separately  

By using the AAAS Material identified in your request, you agree to abide by all the terms 

and conditions herein.  

Questions about these terms can be directed to the AAAS Permissions department 

permissions@aaas.org.  

Other Terms and Conditions:  
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