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Abstract 

 

 Malaria is responsible for hundreds of thousands of deaths annually and is a challenge to 

treat due to growing resistance to medications by the disease-causing parasite, Plasmodium. 

Therefore, it is necessary to expand the understanding of the Plasmodium parasite life cycle and 

its biochemistry to better treat and prevent this disease. This research explores parasite and host 

protein chemistry and biology to elucidate mechanisms of parasite survival and host response. A 

small molecule inhibitor was recently found to have activity against the Plasmodium falciparum 

kinase 9 (PfPK9), so a structure-activity relationship campaign was used to optimize small 

molecule inhibitors to this orphan kinase. Inhibition of this kinase with no known human 

homologues reduces parasite load in human cell infection and provides a promising route of action 

for future antimalarial chemotherapeutics. Additionally, the Plasmodium binding partners of 

PfPK9 were studied to better understand its essential role in the parasite life cycle. Finally, 

microscopy studies were used to explore a new and exciting area of innate immunology – that of 

human guanylate-binding protein (hGBP) recognition of invading parasites.  
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Chapter 1: Introduction 

Malaria Around the Globe and in the Field of Chemical Biology 

 

 Malaria is one of the most burdensome infectious diseases in the world, causing over 

400,000 deaths a year.1  The human disease is caused by the Plasmodium parasite, most commonly 

Plasmodium falciparum and Plasmodium vivax. This apicomplexan protozoan parasite is 

transmitted by female Anopheles mosquitoes, making its eradication a difficult endeavor. About 

half of the world’s population is at risk of contracting malaria. However, the threat is 

disproportionately distributed throughout the globe, with well over three-fourths of malaria-related 

cases and deaths occurring in sub-Saharan Africa, especially among pregnant women and 

children.2  Many successful efforts have been made to reduce the effects of malaria. For example, 

high rates of insecticide-treated mosquito net usage as well as prophylactic anti-malarial drug 

distribution in high-risk communities provides some protection from the effects of malaria.3,4   

However, this protection does not promise the elimination of the disease in burdened regions of 

the world, and vector resistance to insecticides is becoming an increasing concern.   More 

importantly, there is still a demand for the development of new anti-malarial therapies, as drug-

resistant malaria is a continuous concern.5,6  Research efforts have focused on a combination of 

vaccine development as well as novel drug development. Vaccine development has proven to be 

a challenging endeavor, as the current understanding of the interaction between the human immune 

system and the Plasmodium parasite is still lacking.7 On the other hand, new knowledge of the 

Plasmodium proteome as well as utilization of high-throughput phenotypic and target-based drug 

screens has opened the door for many new potential antimalarial drugs. 
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 The history of antimalarial chemotherapies has been shaped by the rise of parasite 

resistance to new drugs (Fig. 1). In addition to increased resistance to prophylactic measures, there 

is also a cycle of resistance to treatment. In this cycle, new anti-malarial chemotherapies are 

introduced to clinical use, followed by a rise in resistance, often in low-transmission areas. This 

later spreads to high-transmission areas, rendering the chemotherapy ineffective. Resistance to 

chloroquines, some of the first anti-malarial drugs developed in the 1940s, emerged in the mid-

1950s and was widespread by the 1970s. Similarly, sulfadoxine/pyrimethamine drugs, which were 

used beginning in the 1960s, saw an immediate emergence of resistance, which, along with 

mefloquine resistance, was widespread by the 1990s. Today, artemisinin combination therapies 

are the most commonly administered antimalarial chemotherapies, and partial resistance has been 

found in some areas.8 

 

 
Figure 1. Timeline of antimalarial introduction to clinical use and rise of resistance (adapted from 
Kennedy and Read, 2017).8 

    

The eukaryotic Plasmodium parasite life cycle has been extensively studied and has 

inspired the development of targeted therapies. The parasite exists in two stages post-infection 

(Fig. 2). Plasmodium enters the human bloodstream after a bite from an infected female Anopheles 

mosquito as sporozoites, which travel through the blood stream to the liver. In the liver, the parasite 

can exist as sporozoites for 7 to 30 days. There, they multiply and transform into merozoites, 

usually over the course of several days. Once in large enough numbers, the merozoites leave the 

liver and travel to the blood stream. In the blood, the merozoites infect red blood cells, which is 
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when symptoms of malaria arise. Infected patients present with fever, vomiting, and headache, and 

have parasite present in their blood in large, detectable numbers. By the time a patient presents 

symptoms and begins treatment, the parasite is already transmissible. Merozoites can be taken up 

by a new mosquito upon biting an infected human. Much of current anti-malarial drug discovery 

research involves high-throughput methods to screen thousands of diverse drug scaffolds against 

blood-stage malaria. While blood-stage anti-malarial drugs are important in curbing symptoms, 

they do little for prophylaxis. Thus, the future of anti-malarial drug research requires a better 

understanding of pre-blood stage parasite. This would allow the eradication of the parasite in the 

body before it reaches its pathogenic and transmissible stage.  

 

 
Figure 2. The Plasmodium life cycle begins with an obligatory, asymptomatic liver stage infection 
and is followed by a cyclical, symptomatic blood stage.1   
 

 The field of chemical biology provides many useful tools to enhance the understanding of 

the Plasmodium life cycle and to efficiently develop drug scaffolds to probe and inhibit vital 

Plasmodium pathways. The most obvious use for chemical biology tools in malaria research is 
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high-throughput drug screening, in which thousands of variable small molecules are tested for 

inhibitory activity against either whole parasite, known as a phenotypic screen, or against a 

purified molecular target, known as a target-based screen. Agencies such as the Medicines for 

Malaria Venture and GlaxoSmithKline have compiled open-access compound libraries for 

screening use by interested research groups.9,10  Additionally, libraries of inhibitory compounds 

known to act in other specific disease models or against specific protein classes have been adapted 

for use in antimalarial screens.11–14  Natural products are also of great interest for antimalarial 

activity screens, as they provide chemical structural diversity that would be difficult to achieve 

synthetically.15,16 

 Once compounds that interact with Plasmodium targets are identified, they may be used to 

further classify the target’s role in the parasite life and infection cycle and/or tested as viable 

antimalarials. They may also be used in imaging and proteomic analysis of the parasite.17,18 Before 

the introduction of small-molecule inhibitors as chemical probes, the most efficient way to study 

targets within the Plasmodium parasite was through gene knockout models. If the knockout of a 

particular gene caused lethality in the parasite, understanding its role in pathogenic pathways 

became impossible. With the expansion of small-molecule screens, the possibility of studying 

Plasmodium pathways in all stages of the parasite’s life cycle has expanded. Some of the most 

important screens being performed now are against non-blood stage pathways. 
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Chapter 2: Plasmodium Kinases 

PfPK9 and Takinib Structure Activity Relationship 

 

Background 

 In targeting disease phenotypes, drug development is often focused on halting essential cell 

survival pathways such as cell division or glucose metabolism. However, kinases have more 

recently become of interest as drug targets.19 Kinases are an essential class of proteins that have 

the role of phosphorylation in almost every single signaling pathway. While older strategies of 

halting cell growth and development of unwanted disease-causing agents have been successful, 

such as through targeting G-protein coupled receptors, they also target pathways necessary and 

conserved in all cell types. Additionally, the rise in antimalarial drug resistance and the lack of 

attention to Plasmodium kinases as drug targets has created a demand for discovery and 

characterization of Plasmodium kinase signaling pathways. Kinases hold promising potential to 

be potent drug targets in Plasmodium, as about twenty Plasmodium kinases have no known 

homologues to human kinases.20 While the lack of homology is beneficial to the drug development 

process, little is known about structures and functions of Plasmodium orphan kinases, making 

target-based drug screening difficult. Gaining a deeper understanding of the biology of 

Plasmodium kinases and their related pathways can aid in developing targeted drug therapies.  

A recent study by Nisha Philip and Timothy A. Haystead sought to characterize the 

Plasmodium falciparum kinase 9 (PfPK9) because, based on its sequence, it cannot be classified 

into any known eukaryotic protein kinase families.21 Understanding the role of this kinase in 

pathogenic pathways could help in finding drug targets that would be specific to Plasmodium 

without off-target effects in host cells. PfPK9 was found to have autophosphorylating kinase 
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activity at threonine residues T082, T265, and T269. Additionally, kinase substrate tracking and 

elucidation identified the Plasmodium homolog of human ubiquitin-conjugating enzyme 

(HsUBC13) to be a phosphorylation substrate of PfPK9. PfUBC13 is an E2 enzyme, meaning it is 

involved in the transfer of ubiquitin to target proteins. Unlike most E2 enzymes, which are 

involved in proteolysis signaling, PfUBC13 is interestingly involved in non-proteolytic signaling 

pathways. Ubiquitin transfer activity of PfUBC13 was shown to decrease upon phosphorylation 

by PfPK9 at serine residue S106.21 

In a target-based, high-throughput screen against PfPK9, the molecule Takinib (Fig. 3) was 

found to have inhibitory activity against PfPK9 with an apparent KD of 200nM.22 Takinib was one 

of 3,379 known small molecule kinase inhibitors screened, and serves as a starting point for 

developing a more potent and selective inhibitor of PfPK9, which would hopefully have inhibitory 

potential in both in vitro and in vivo infection models. This research involved a structure-activity 

relationship (SAR) campaign of the Takinib molecule to find motifs essential to improving the 

inhibitory capacity of Takinib against PfPK9. 

 

 
 

Figure 3. Chemical structure of Takinib.22 
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Methods 

Development of Takinib Analogues 

 All Takinib analogues were synthesized by Phillip Hughes in the Haystead lab (Duke 

University) (Fig. 4). 

 

 
 

Figure 4. Takinib analogues. 
 

Stable Cell Line Generation 

The P. falciparum PK9 gene (PlasmoDB accession # PF3D7_1315100) was cloned into 

the pEGFP-C1 mammalian expression vector (Clontech) in frame with a C-terminal GFP tag. For 

screening, HEK293 cells obtained from the Duke Cell Culture Facility were transfected with the 

resulting PfPK9-pEGFP-C1 vector to generate HEK293-GFP-PfPK9 expressing cells using X-

tremeGENE HP transfection reagent (Roche) per the manufacturer instructions. The culture 

medium was replaced at 48 hours post-transfection with medium supplemented with 1 mg/mL 
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G418 sulfate (Life Technologies) to select for stably transfected cells. Following stable cell 

selection, fluorescence activated cell sorting (FACS) was used to enrich for GFP-PfPK9 

expressing cells. Protein expression was verified by Western blot analysis probing for anti-GFP 

and by fluorescence intensity using an EnVision (PerkinElmer) system. 

 

HEK293 Culture 

 Stably expressing HEK293-GFP-PfPK9 cells were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM, Life Technologies) with 1% Antibiotic-Antimycotic (Gibco), and 10% 

Fetal Bovine Serum (FBS) (Sigma) and incubated at 37°C and 5% CO2. To select for stably 

expressing, plasmid-containing cells, 0.2 mg/ml Geneticin (Gibco) was added to the culture media. 

 Cells were harvested upon 90% confluency with cold PBS and pelleted at 2000 revolutions 

per minute (rpm) for 2 minutes at 4°C. Excess PBS was decanted and pellets were stored at -80°C 

until needed for use in fluorescence linked enzyme chemoproteomic strategy (FLECS) assays. 

 

FLECS23 

 To perform the FLECS assay, HEK293 cells containing the PfPK9-GFP fusion protein 

were first lysed in FLECS lysis buffer (Table 1) for 30 minutes on ice. Lysates were centrifuged 

at 4000 rpm for 5 minutes at 4°C. Supernatant was incubated in a Labquake (Barnstead) with ATP-

sepharose resin synthesized in house.23 Incubation occurred overnight at 4°C to allow ATP-

binding lysate components to bind to the resin. After removing non-specific binders from the resin 

with 3 high salt wash buffer (HSWB) washes and 3 low salt wash buffer (LSWB) washes, ATP 

resin with bound protein was added to the filter plate (Fig. 5) and incubated for 10 minutes at room 

temperature with dimethyl sulfoxide (DMSO) as a negative control and small molecule 
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compounds as well as ATP (positive control, dose-dependent only) at either 500 µM or in a dose-

dependent manner. The filter plate and catch plate were then centrifuged 1100 rpm for 2 minutes 

so any protein that was competed off the ATP resin by a compound would elute into the catch 

plate. The fluorescence intensity of the eluent in the catch plate was then read on an EnVision 

system. All fluorescence values were normalized to the DMSO control. Analyses of fluorescence 

data was performed in Excel (Microsoft, Corp.). 

 

 
Figure 5. Schematic of FLECS assay workflow.23 

 
 
Table 1. FLECS Lysis Buffer Components 

Component Final Concentration (M) 
Hepes pH 7.4 0.025 

Triton 0.1% 
NaCl 0.150 

MgCl2•6H2O 0.060 
DTT 1M in H2O 0.001 

Microcystin 1mM in EtOH 1µM 
Protease inhibitor 1 tablet 

 

Hit Validation 

 To ensure that hits identified by fluorescence reading were not a result of compound 

fluorescence, but truly due to the presence of PfPK9-GFP fused protein, eluent from hit samples 

were run on SDS-PAGE (Novex, Life Technologies) gel electrophoresis and analyzed by Western 
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Blot on nitrocellulose membranes with an anti-GFP antibody (CAB4211, Pierce). and secondary 

Alexa Fluor 488® goat anti-rabbit IgG antibodies (A-11034, Life Technologies). Precision Plus 

ProteinTM (Bio-Rad) was used as a protein ladder and the blots were imaged using Image Lab 

Software (Bio-Rad). 

 

Results 

 The initial SAR compound screen yielded seven compounds (218, 220, 221, 223, 225, 230, 

and 234) with binding affinity to PfPK9 significantly greater than the negative DMSO control (Fig. 

6A). While Takinib had a 2.2 fold change relative to DMSO, compounds 218, 220, 221, 223, 225, 

230, and 234 all had at least a 3.3 fold change compared to DMSO. This indicated a better affinity 

of binding than Takinib within the context of the FLECS assay. Because of this, these were the 

seven compounds that were used for further binding assays. All seven were used in further FLECS 

assays to produce binding curves from fluorescence as a result of dose-dependent treatment of 

compounds to ATP resin-bound PfPK9 (Fig. 6B-H). Binding curves for all but compound 218 

were produced from two replicates. 
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Figure 6. A) PfPK9 binding to compounds, as measured by fluorescence intensity in competitive 
binding FLECS assay in initial SAR screen. (-) control is DMSO and (+) control is Takinib. 
Unpaired t-test compared to DMSO ((-) control), *p<0.001, **p<0.0001. B-H) Selected inhibition 
curves for compounds with greater affinity for PfPK9 than Takinib. For all data points with error 
bars, n=2; for those without, n=1. I) Western blots probed with anti-GFP antibody for hit 
validation. Cropped at a molecular weight of 70 kDa for the combined molecular weight of PfPK9 
(43 kDa) and GFP (27 kDa). 
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Discussion 

 While most SAR campaigns seek to determine the warhead of a small molecule inhibitor 

or determine chemical modifications that help and hurt target binding of small molecules, this SAR 

campaign was somewhat limited in the scope of binding analysis that could come of it. Because 

Takinib was already known to bind to PfPK9 at an apparent Kd of 200 nM, this screen was merely 

looking at the effects of substituent group changes to the warhead itself. By changing alkyl chain 

lengths, carbonyl substituent identities, and heterocycle atoms, this campaign sought to look 

merely at the ability to create more potent binders of PfPK9. 

A concern from the initial analogue binding screen was the effect of fluorescence of the 

compounds themselves resulting in false positives. However, the Western blot validation (Fig. 6I) 

as well as a fluorescence measurement of the hit compounds (data not shown) confirmed that all 

increases in binding affinity as measured by fluorescence was in fact due to binding of PfPK9 to 

the compounds and not due to extraneous fluorescence.  

Several limitations of the FLECS assay itself made it difficult to achieve binding curves of 

the Takinib analogues to PfPK9 with full saturation. One such limitation is the purity of protein 

incubated with ATP beads. Because whole cell lysates are incubated, the amount of PfPK9 bound 

to the beads is limited both by the amount of recombinantly expressed protein and the amount of 

non-specific binding that occurs. Thus, there is a possibility of simply not having enough protein 

per well to achieve full saturation with the compounds at the treatment concentrations used. To 

solve this problem, more recombinant PfPK9 protein can be incubated with the ATP beads. In the 

initial screens and binding curve assays, PfPK9 was added in an amount of 300,000-800,000 

counts (fluorescence units) per well at a constant volume of ATP beads. However, by increasing 

this number to approximately 106 counts/well with constant ATP bead, more PfPK9 is available 
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to bind the beads and out-compete non-specific binders. This has allowed some fully saturated 

binding curves to be generated (data not shown), as maximal presence of PfPK9 protein is 

achieved. Further replicates of binding assays will use 106 counts/well or more to continue to 

achieve saturation of compounds in all binding curves. This will limit the experiments solely to 

the culturing and harvesting of larger volumes of HEK293-GFP-PfPK9 cells.  

Most important to this Takinib SAR campaign was maximizing binding capacity of 

inhibitory compounds to PfPK9 and increasing specificity of binding to PfPK9 over Tak1. In 

previous follow-up studies of the inhibitory abilities of Takinib against PfPK9, it was difficult to 

discern whether in vitro parasite inhibition was being mediated through Tak1 inhibition or PfPK9 

inhibition. However, compounds 220 and 230 were been shown to have no binding affinity to 

Tak1, but these assay results show binding affinity of both to PfPK9.22 This makes compounds 

220 and 230 exciting compounds for follow-up studies in PfPK9 inhibition, as it is likely to act 

solely through parasite-related mechanisms without unwanted off-target effects in homologous 

human targets. So far, initial experiments of compound 220 and 230 treatment to P. berghei 

infected HuH7 cells have shown inhibitory effects of compound 220 (data not shown) on parasite 

growth. Future studies will likely focus on the optimization of using compound 220 in PfPK9 

studies. 
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Chapter 3: PfPK9 Binding Partners 

Plasmodium Enolase 

 

Background 

The functionality of most Plasmodium kinases remains unknown, so in addition to pushing 

forward for new targeted drug therapies, it is important that malaria research focus on shedding 

light on the biochemical pathways of Plasmodium. While other species, such as humans, have 

extensive libraries and assays for kinase activity, this is not available for malaria research. It is 

likely that Plasmodium kinases such as PfPK9 play a large role in signal transduction vital to the 

parasite. To better understand the role of PfPK9 in parasite pathways, an immunoprecipitation 

assay was performed to identify potential parasitic binding partners of PfPK9. In this 

immunoprecipitation assay, PfPK9 bound to GST beads was incubated with sporozoite cell lysates, 

allowing potential PfPK9 binding partners to interact with the tagged protein. These binding 

partners were then eluted and analyzed by mass spectroscopy (Fig. 7). One of the binding partners 

of PfPK9 was found to be Plasmodium enolase (Pfeno) (Table 2).  Enolase is the protein guiding 

the penultimate step of glycolysis and thus plays an important role in regulating metabolism. 

Because of this large role in development and proliferation and because Pfeno is a characterized 

Plasmodium protein,24–26 it is a promising candidate to illuminate more of the unknown 

biochemistry of Plasmodium and the function of PfPK9. This project involved the cloning, 

expression, and purification of recombinant Pfeno for use in future protein-protein binding and 

interaction studies. 
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Figure 7. Experimental strategy for identification of PfPK9 protein interactions. 

 
 
Table 2. Summary of MALDI-TOF/TOF hits from PfPK9 protein binding experiments (n = 2). 
Hits identified in both replicates are indicated by an asterisk. 
 

 

 

Methods 

Cloning and Transformation of PfPK9 and Pfeno 

 PfPK9 (PF3D7_1315100) and Pfeno (PF3D7_1015900) were cloned from a cDNA library 

using forward and reverse primers containing XhoI and EcoRI restriction sites (Table 3). PCR 

* * 

* 

* 
* 
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products were run on 1% agarose gel and bands of the correct molecular weight were excised and 

purified using a commercially available gel purification kit (Qiagen). Purified PCR product was 

then ligated within the lac-operon of pET21-a with a His-tag and ampicillin resistance using 

Antarctic Phosphatase (NEB) and T4 DNA ligase (NEB) and transfected into DH5a E. coli cells. 

Transfected DH5a cells were plated on LB agar (source) plates with 200 µg/mL ampicillin and 

grown for 24 hours at 37°C to positively select for colonies containing the plasmid. Plasmid-

containing colonies were subcultured in LB media (source) overnight at 37°C and 250rpm and 

their DNA was purified using Plasmid Miniprep Kit (Qiagen). DNA was sequenced by Eton 

Bioscience Inc. (RTP, NC) to confirm the presences of the full, unmutated gene of interest in the 

plasmid.  

 

Table 3. Primer sequences for Pfeno cloning. 
Primer Sequence 

EcoRI Forward 5’-GCGCGAATTCATGGCTCATGTAATAACTCG-3’ 
XhoI Reverse 5’-GCGCCTCGAGATTTAATTGTAATC-3’ 

 

 

Expression and Purification of PfPK9 and Pfeno 

To express the gene products of PfPK9 (Q8IEG4, 43 kDa) and Pfeno (Q27727, 49 kDa), 

DNA was purified from DH5a cells using the Plasmid Miniprep Kit and transfected into 

chemically competent BL21 (DE3) E. coli cells. Plasmid-containing BL21 colonies were selected 

using ampicillin-containing LB agar plates. Colonies with the plasmid were then subcultured in 

LB media with 200 µg/mL ampicillin at 37°C at 250rpm. After subculturing overnight, 1 mL of 

subculture was transferred 1 liter of LB media for expression. One liter flasks were incubated at 
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37°C and 250rpm until cultures reached an OD600. They were then induced to express using 100-

500 µM isopropyl b-D-1-thiogalactopyranoside (IPTG) for 14-16 hours at 18°C.  

Protein was harvested after 14-16 hours and centrifuged at 6,000rpm for 5 minutes. Cell 

pellets were frozen at -80°C until use. To isolate recombinantly expressed PfPK9 and Pfeno, cell 

pellets were lysed in Nickel buffer (Table 4) and lysozyme (Sigma Aldrich). They were then 

sonicated five times at 60% amplification for 15 seconds. Lysates were centrifuged at 5,000 rpm 

and 10 minutes at 4°C and supernatant was run on a BioLogic LP System at a flow rate of 2 

mL/min using a gradient elution of buffers A and B (Table 4). Eluent was run on SDS-Page gel 

electrophoresis and analyzed by Coomassie blue staining and Western blotting with a His antibody 

to confirm that purified protein had been obtained. 

 

Table 4. Nickel Resin Buffer. 
Component Final Concentration 
NaH2PO4 50 nM 

NaCl 300 mM 
Imidazole 10 mM for lysis (A), 250 mM for elution (B) 

 Final pH = 8.0 
 

Results 

Pfeno was been successfully cloned from a cDNA library by PCR into a His-tagged vector 

(Figure 8A-B). The Pfeno protein was been expressed and purified to >99% purity (Figure 8C-D). 

PfPK9 was also cloned into a His-tagged vector and expressed to >97% purity (data not shown). 

The challenge remains to obtain this protein in high enough quantities for use in future protein 

interaction experiments. 
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Figure 8. Cloning, expression, and purification of Pfeno. A) PCR product of Pfeno amplification. 
B) Map of the pET-21a vector.27 C-D) Lane 2 shows total protein expression. Lanes 6-7 show 
protein bound to Nickel His-Affinity resin. C) SDS-PAGE protein gel stained with Coomassie 
blue. D) Western blot of the protein gel electrophoresis, probed with fluorescent anti-His antibody. 
 

Discussion 

 One of the biggest challenges of cloning Plasmodium genes is the extreme A-T richness of 

the Plasmodium genome. In DNA nucleotide base-pairing, guanine-cytosine (G-C) base pair 

binding involves three hydrogen bonds while adenosine-thymine (A-T) base-pairing only involves 

two hydrogen bonds. This makes A-T bases much more susceptible to mutations during the DNA 

replication process. The Plasmodium genome has an average A-T content of about 70%, with 

coding genes having up to 90% A-T content.28 For comparison, the human genome contains an 

average A-T content of about 60%, with high levels of G-T base pairs in coding genes for increased 

stability.29 This feature of the Plasmodium genome makes cloning extremely difficult, as standard 

PCR conditions are not often conducive to stability of the genes of interest. As a result, cloning 



 21 

required optimization of PCR temperature cycle conditions as well as enzyme type and primer 

concentrations. Ultimately, it was found that extremely low annealing temperatures were required 

to obtain cloning product without mutations. 

 Another challenge of the cloning and expression model used in this research for 

Plasmodium proteins is the instability of orphan Plasmodium genes in the BL21 E. coli expression 

system. Recombinant Pfeno was expressed and purified in large quantities from transformed BL21 

cultures, likely because the enolase protein is a nearly ubiquitously used protein in glycolysis 

pathways. The Pfeno gene has close homology to other enolase genes, increasing the chances that 

its expression does not lead to significant product degradation in the BL21 cells.30 PfPK9, 

however, is considered an orphan kinase, as it does not have any known homologues in other 

organisms. This lack of similarity in at least the primary structure of the protein increases the 

chance of rejection by the BL21 cells and degradation by E. coli proteases. This created a 

significant challenge in obtaining recombinant PfPK9 high enough volumes and purity for 

experimental use. To overcome these difficulties, many expression parameters were studied in a 

controlled manner, including expression volume, expression time, IPTG induction concentration, 

cell lysis methods, and column purification techniques. The optimization of PfPK9 purification is 

still ongoing, and more pure and stable PfPK9 product will be required to perform further binding 

studies between PfPK9 and Pfeno.  

Enolase is the protein guiding the penultimate step of glycolysis and thus plays an 

important role in regulating metabolism. Because of this large role in development and 

proliferation and because Pfeno is a characterized Plasmodium protein, it is a promising candidate 

to illuminate more of the unknown biochemistry of Plasmodium and the function of PfPK9. In 

order to confirm the binding interaction between PfPK9 and Pfeno, isothermal titration calorimetry 
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(ITC) would be used. If the two proteins interact, not only will ITC experiments show results 

consistent with the laws of binding thermodynamics, but also, information such as the change in 

heat of binding and the dissociation equilibrium constant between the two proteins, KD. This 

binding interaction will provide new evidence of this hypothesized interaction in the Plasmodium 

parasite. If PfPK9 and Pfeno interact as predicted, the ITC experiment will show peaks of heat for 

titration injections that, when integrated, correspond to a heat of binding over a range of 

concentrations of one of the proteins (in this case Pfeno). From these, the enthalpy change of 

binding as well as the KD of PfPK9 and Pfeno can be determined. However, if binding does not 

occur, there should be no pattern of heats of injection, and the data will produce a flat line of 

integration.  
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Chapter 4: Plasmodium-Host Interactions 

Liver Stage Immune Responses with Gaunylate-Binding Proteins 

 

Background 

 Equally important to understanding parasite pathways is understanding how the parasite 

and the host communicate. The first line of defense of any host cell in response to pathogenic 

invasion is the innate immune system, which provides short-lived defense against active invasion. 

The innate immune system consists of several highly conserved signaling pathways that involve 

the recognition of pathogen-associated molecular patterns (PAMPs) by pattern recognition 

receptors (PRRs). PRRs may then begin a signaling cascade that leads to the upregulation of pro-

inflammatory genes, activation of local and global immune responses, and either clearance or 

disruption of the invading pathogen (Figure 9).31 Any cell capable of being invaded by a pathogen 

can elicit some of these innate immune responses, including recognition of the pathogen, induction 

of cell death pathways, and release of inflammatory signaling molecules, known as cytokines, to 

activate other immune cell types. Certain cells perform specific functions of the innate immune 

system, such as macrophages, which reside in almost all tissues. Upon infection of the tissue, 

macrophages phagocytose foreign material and signal the activation of the adaptive immune 

system, thus making their presence, parasite recognition, and signaling essential to host immunity.  
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Figure 9. An overview of cytosolic recognition of protozoan and bacterial pathogens by innate 
immune pathways, including GBP recognition of parasites and downstream inflammasome and 
gene transcription initiation. Adapted from Ngo and Man, Cellular Microbiology, 2017.31 
 
 
 Activation of these innate immune pathways are essential in all stages of infection. Robust 

innate immune responses have been well documented in the blood stage of malaria.31 However, 

the clinically silent liver-stage of malaria has been of greater interest, as it serves as a point during 

which vaccines or drugs may target the parasite and inhibit further pathology and transmission. 

Elucidation of innate immune mechanisms against Plasmodium in the liver stage is only beginning. 

So far, liver innate immune responses have been shown to be highly dependent on both Type I and 

Type II interferons (IFNa/b and IFNg, respectively), cytokines responsible for the signaling of 

various infection types to both local tissue and adaptive immune cells. The production of these 

cytokines as a result of primary infection is effective enough to prevent secondary infection in the 

liver. Resistance to secondary infection is mediated by natural killer T (NKT) cells.32 

Protozoa Bacteria 
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 Research has only breached the surface of understanding host response to Plasmodium 

infection in the liver stage. It is known that when sporozoites reach the liver after initial inoculation 

by a mosquito, the sporozoites traverse the liver cells until they are able to colonize a viable 

hepatocyte. As a single sporozoite enters its host cell, it actively forms a membrane, called the 

parasitophorous vacuole (PV) membrane (PVM). Sporozoites replicate and transform into 

merozoites for blood-stage infection in the PVM. Many host and parasite proteins have been shown 

to be recruited to this PVM, likely for the parasite to gain access to necessary nutrients to grow 

and divide in preparation for the release of thousands of blood-infecting merozoites.31 PAMPs 

known to be associated with Plasmodium include glycosylphosphatidylinositol anchors, 

haemozoin, and nucleic acids.34 However, as with the related apicomplexan intracellular parasite 

Toxoplasma gondii (T. gondii), it is likely that the presence of a tightly regulated PV inhibits the 

recognition of PAMPs by host cell PRRs. The mechanisms by which hepatocytes and immune 

cells are able to eventually recognize and respond to intracellular Plasmodium parasites remain to 

be discovered. 

One protein class known to be involved in the activation of PRRs and their downstream 

pathways are guanylate binding proteins (GBPs). These are IFN-inducible GTPases that, upon the 

binding to and hydrolysis of GTP, are activated to localize to pathogen membranes or membranes 

containing pathogens (as with the PVM of T. gondii).35 This localization either initiates 

programmed cell death pathways to destroy the infected cell or it initiates autophagy pathways to 

clear the invading pathogen. Humans express 7 GBP proteins, all encoded in chromosome 1. The 

results of various studies have shown that the GBPs associated with specific pathogens and 

infected cell-types vary from by the identity of the pathogen and the host.31 Currently, nothing is 

known about the human GBP response to invading Plasmodium parasites. However, recent 



 26 

research has shown the relevance of GBP proteins in mouse models of T. gondii infection. T. gondii 

and Plasmodium are closely related pathogens, both in the Apicomplexa phylum with many 

homologous protein pathways and similar infection mechanisms.36 This, in addition to the known 

role of IFNs in resisting Plasmodium infection, hints at a likely significant role of GBP proteins in 

mounting an immune response to Plasmodium infection.36 This research aims to begin to 

understand the role of the 7 human GBPs in P. berghei (a murine-infecting strain of Plasmodium) 

infection in cancer cell line models. 

 

Methods 

Culture of HeLa and HuH7 Cells 

 HeLa and HuH7 cells were cultured in DMEM with 1% Antibiotic-Antimycotic, and 10% 

(FBS) and incubated at 37°C and 5% CO2. One day before transfection (Day -1), cells were 

trypsinized with 0.25% trypsin (Promega) and plated in a 96-well plate at a density of 5,000 

cells/well. 

 

Transfection of GBP-mCherry Plasmids 

 All plasmids were obtained from the Coers Lab at Duke University. On Day 0, cells were 

transfected using Lipofectamine 2000 (Invitrogen) in Opti-MEM (Gibco) as described.37 DNA and 

Lipofectamine 2000 were added in a mass ratio of 100 ng:0.3 µL. After transfection, cells were 

left at room temperature for 20 minutes and then incubated at 37°C and 5% CO2 until infection. 
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Infection with P. berghei 

At Day 1 or Day 2 post-transfection, Plasmodium berghei ANKA strains (i.e. P. berghei-

GFP, P. berghei-Luc) were freshly harvested from dissected salivary glands prior to experiments 

from infected Anopheles stephensi mosquitoes purchased from the New York University Langone 

Medical Center Insectary. The salivary glands were grinded to release the sporozoites and the 

suspension filtered through a 35-µm cell strainer (Falcon) via centrifugation to remove mosquito 

debris. 10,000-20,000 sporozoites were used to infect each well. 

 

Imaging of Transfected and Infected Cells 

Cells were fixed at 3 hours post-infection with 4% paraformaldehyde (PFA) in PBS for 15 

mins at room temperature (RT), and washed 3× (5 min each) in PBS. They were imaged with a 

Zeiss Axio Observer Widefield Inverted Fluorescence Microscope using wavelengths of 568 nm 

(mCherry), 488 nm (GFP), and bright field light (cell volume). Analysis was performed on 

MetaMorph software (Molecular Devices). 

 

Results 

 Imaging of transfected HuH7 cells confirmed successful transfection of the pmCherry-C1 

plasmid containing GBP constructs (Fig. 10). Cytosolic expression of mCherry-tagged proteins 

was confirmed in about 50% of seeded cells by overlaying differential image contrast (DIC) 

images with fluorescence images at 568 nm (data not shown). While the mCherry protein alone 

seemed to be dispersed throughout the entirety of transfected cells’ cytoplasm, many of the 

mCherry-tagged hGBPs seemed to aggregate within the cytoplasm of the cells in which they were 

being ectopically expressed. Of potential interest is the way in which GBPs localize within cells, 
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either in granules or vesicles, even if expressed ectopically or without induction with IFNs. GBPs 

are known to require various forms of post-translational modification, especially lipid 

modification, such as farnesylation and prenylation.38,39 These modifications allow either the 

aggregation of many GBPs or the localization of GBPs to membranes. Visualization of aggregation 

patterns of each GBP has the potential to shed light on the post-translational modifications required 

of their expression and recognition of pathogen surfaces. Fluorescence images of the transfected 

HuH7 cells showed some distinct granule- or vesicle-like aggregations of hGBPs, specifically with 

hGBP1, hGBP4, hGBP6, and hGBP7 (Fig. 10). 

 After confirming expression of the hGBPs in HuH7 cells, fluorescence images were taken 

of cells both transfected with the hGBP constructs and infected with P. berghei-GFP. Expression 

of endogenous GBPs normally requires priming of infected cells with IFN-g in order to induce 

expression of the GBP genes.40 However, in this ectopically expressing system, it is expected that 

the localization of GBPs would be similar in naïve versus primed cells, as the pmCherry-C1 

plasmid lacks the same regulatory gene sequences required of endogenous GBP (lacking the 

mCherry tag) expression. Naïve cells were infected 24 hours post-transfection, then fixed and 

imaged 3 hours post-infection. Most infections should occur within 2.5 of adding parasite to cell 

cultures, and fixing after 3 hours ensured that the parasites would not grow beyond the sporozoite 

stage. Additionally, GBP recognition of invading parasite should occur within several hours of 

infection.41 Fluorescence imaging of GFP-expressing P. berghei at 488 nm wavelength light 

overlaid with imaging of mCherry at 568 nm wavelength light and DIC images of cell volumes 

(not shown) confirmed both the infection and transfection of cells. Figure 11 shows representative 

images of cell samples in which both transfection and infection can be seen in the same field. 
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Parasites can be seen as the green, moon-shaped species. No images were taken in which there 

was an obvious localization of the mCherry-tagged hGBPs around the parasite. 

 

 
Figure 10. Fluorescent images of HuH7 cells transfected with mCherry-GBP constructs. Presence 
of red fluorescence upon excitation with irradiation at a wavelength of 568 nm confirms the 
transfection and successful expression of hGBP proteins in this human hepatocyte cell line. 
Distinct aggregates of GBP protein can be observed in cells expressed mCherry-tagged hGBP1, 
hGBP4, hGBP6, and hGBP7. 
 

 
Figure 11. Representative fluorescence images of transfected HuH7 cells infected with GFP-
expressing P. berghei. Cells were fixed 3 hpi. GFP was imaged at an excitation wavelength of 488 
nm and is represented in green. mCherry was imaged at an excitation wavelength of 568 nm. 
 

  

empty pmCherry-C1 hGBP1 hGBP2 hGBP3
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Discussion 

In the time allowed for this research, no images were taken that showed co-localization of 

hGBPs with infection P. berghei parasite. However, these results do not confirm any lack of 

localization of hGBPs during Plasmodium infection. While it is possible that GBPs are not 

involved in human innate immunity to Plasmodium in the liver stage, there are many experimental 

factors that could have inhibited the ability to obtain images of co-localization.  One of the most 

common issues with experiments involving infection with Plasmodium is the infection efficiency 

itself. While 10,000-20,000 parasites are added to each well of cell culture for infection, often 

numbers of parasites found in microscopy are only on the order of tens. This means the probability 

of imaging an infected cell is low. To compound this, efficiency of transfection is approximately 

50%, making the likelihood of imaging a cell that is both transfected and infected very low.  

While some images were obtained in which the area of mCherry labeling overlapped with 

GFP expression, issues of obtaining a monolayer cell culture make these images difficult to 

interpret. Having cell cultures in a monolayer is necessary for fluorescence microscopy 

experiments because of the two-dimensional nature of this imaging technique. There should be 

confidence that the fluorescence seen in a single area from separate channels are coming from a 

single cell. However, if cells are clumped or growing on top of one another in the culture well, this 

confidence cannot be achieved, as with the images in Fig. 10. 

If human GBPs are in fact involved in the intracellular recognition of and localization to 

invading Plasmodium sporozoites, there may be several factors related to experimental conditions 

that are causing this localization not to be seen. Although GBP response to pathogens most often 

occurs within several hours of infection, it is possible that the three-hour time point at which these 

images were taken was not sufficient to observe co-localization. Similarly, it is possible this time 
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point is too long after localization events to image maximum co-localization. As mentioned 

previously, endogenous GBPs require induction of expression by IFNs, most often IFN-g. While 

the mCherry-tagged hGBPs in the plasmids used for these experiments do not contain the 

regulatory genes that would be involved in transcription of genomic GBP genes, it is possible that 

the priming of cells with IFN-g activates other related gene expression and protein pathways that 

are necessary to initiate the localization of hGBPs to Plasmodium. 

Future experiments would require optimization of seeding conditions so that cells will be 

grown in a monolayer at the time of fixing with paraformaldehyde. This requires consideration of 

the growth that occurs between seeding and fixing as well as the toxicity effects due to transfection 

of DNA with Lipofectamine2000. Images obtained using confocal scanning microscopy may also 

be able to resolve issues associated with two-dimensional imaging, allowing fluorescence signal 

to be associated with its position in three-dimensional space. To address the importance of priming 

and timing of GBP induction, future experiments should also look at the significance of IFN-g 

priming upon P. berghei infection as well as image at various time points post-infection. These 

future improvements will allow microscopy studies to provide useful information on the conditions 

required for GBP recognition of Plasmodium parasites in liver-stage infection. 
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Chapter 5: Conclusions 

 

 The Plasmodium parasite is one of the most harmful on this planet and its complex biology 

poses many challenges to the fields of chemistry, biology, and medicine. From drug development 

to lifecycle elucidation, chemical biology can provide many useful tools in understanding the 

Plasmodium parasite in ways that can help reduce its burden as a human disease. Protein kinases 

play essential roles in all eukaryotes through phosphorylation in signaling pathways. The biology 

of many Plasmodium kinases is still not understood, so the discovery of specific and potent small 

molecule inhibitors of PfPK9 will certainly help shed light on the essential role of this protein in 

the parasite’s ability to survive and infect human hosts. The SAR campaign described here 

provides exciting molecules for probing and inhibiting the PfPK9 protein, and confirms the 

usefulness of the FLECS assay in target-based small molecule screens of Plasmodium proteins. 

However, there is still much to be done in understanding the structure of the protein. This SAR 

campaign provided minimal information as to the binding site of Takinib or its analogues against 

PfPK9, so a solved crystal structure of the protein may be critical for more conclusive future drug 

binding studies. Attempts have been made by several crystallography labs and the Derbyshire lab. 

However, to date these attempts have been unsuccessful. 

 In addition to determining the molecular structure of the PfPK9 protein, understanding its 

role in Plasmodium from a biochemical standpoint will aid in understanding its upstream 

regulators and downstream targets in essential parasite pathways. This is ever more important due 

to the difficulty in obtaining a crystal structure. The immunoprecipitation pulldown experiment 

previously performed with PfPK9 to determine binding partners from parasite cell lysate provides 

useful information as to the proteins PfPK9 may interact with in vivo. Further binding and activity 
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studies looking at the interactions between PfPK9 and Pfeno will determine the role of PfPK9 in 

parasite metabolism. Other biochemical studies using tools of chemical biology may also help 

elucidate the role of PfPK9 in parasite pathways. For example, imaging with fluorescence 

resonance energy transfer (FRET) could provide a visual means of determining PfPK9 activity and 

localization in cells. Given the hurdles in obtaining Plasmodium antibodies, this may be a more 

guided approach. Additionally, optimization and modification of compounds found to inhibit 

PfPK9 in the SAR campaign could provide fluorescent probes for microscopy or probes for 

chemical genetics approaches of uncovering PfPK9 biology. 

 Fluorescence images of ectopically expressed hGBPs in P. berghei-infected HuH7 (human 

hepatocyte) cells provides an exciting step forward in uncovering host-pathogen protein 

interactions. Several bacterial, viral, and protozoan infection models have shown the localization 

of GBPs to invading pathogens, so these microscopy studies in Plasmodium infection will likely 

show a role of these human innate immune proteins in fighting liver-stage infection. This will be 

revealing of the defense mechanisms utilized by the human body before infection becomes 

symptomatic and contagious. By better understanding the host-pathogen communication that 

occurs in the asymptomatic liver-stage, medicine can seek to take advantage of characterized 

pathways to inhibit development of the Plasmodium parasite into blood-stage malaria. 

 The research presented here provides a few examples of the many ways in which chemical 

biology techniques may be used in understanding the complex biology and chemistry of the 

Plasmodium parasite. Moving forward, there are many innovative ways in which these 

experiments may be improved and expanded on. These are just the first steps in discovering 

Plasmodium and human protein pathways related to infection that have not been understood 

before.   
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Appendix A: Terms and Abbreviations 

Term/Acronym/Abbreviation Explanation 
Anopheles This is the genus of mosquito which carries the Plasmodium 

parasite and transfers it to human hosts as sporozoites. It is 
the female Anopheles specifically that carries out this 
transmission. 

Apicomplexa The phylum of single-cellular, eukaryotic parasites that 
Plasmodium belongs to. 

Cytokine Chemicals secreted by infected or damaged cells to signal 
inflammatory responses to neighboring or remote cells. 

FLECS Fluorescence Linked Enzyme Chemoproteomic Strategy: 
Target-based small molecule screening assay developed 
based on competitive binding of fluorescent-labeled target 
protein to a bead-bound molecule as compared to a small 
molecule library of interest. 

GBP Guanylate-binding protein: GBPs are a class of dynamin-
like GTPases. They are known to undergo post-translational 
modifications that allow their recognition of cell membranes. 
GBPs have been implicated in recognition of pathogen 
invasion and signal pathogen clearance or programmed host 
cell death.  

GST Glutathione S-transferase: a small protein that is involved 
in the reduction/oxidation process of glutathione. In this 
research, it is used as a protein tag, expressed at the C-
terminal of the protein of interest, useful because of its strong 
binding to glutathione and its well-known antibody.  

His Histidine: one of 20 amino acids used in proteins. The His-
tag is a string of 6 histidines attached to the C-terminal of a 
protein. It is useful for affinity based isolation and probing in 
assays. 

HsUBC13 Homo sapiens Ubiquitin-Conjugating Enzyme 13: A 
human E2 ligase known to be a phosphorylation target of 
PfPK9. 

IFN Interferon: A class of cytokine released by infected cells. 
These cytokines bind to neighboring cells to signal for the 
upregulation of pro-inflammatory genes. 

Immunoprecipitation Using antibodies and beads to pull down proteins based on 
binding interactions with the antibody/bead.  

IPTG Isopropyl b-D-1-thiogalactopyranoside: The sugar used to 
activate the lac operon in which the desired protein is cloned 
for expression. Induction of E. coli with IPTG promotes 
expression of the desired protein by the cells. 

ITC Isothermal Titration Calorimetry: ITC involves putting a 
protein in solution into a reaction cell. A substrate (or another 
protein in this case) in solution is then slowly titrated into the 
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reaction cell from a needle. This titration is perfectly timed 
by the calorimeter and between each inject of substrate, the 
reaction cell is allowed to come to equilibrium. The 
calorimeter the heat changes of each inject, allowing heat of 
binding between the proteins to be determined. 

KD This is the equilibrium constant of the dissociation of the two 
proteins. 

Kinase A kinase is a protein that catalyzes the transfer of a phosphate 
group from ATP to a substrate. 

Kinome The kinome of an organism is the collective group of all 
kinases expressed by that organism. 

Macrophage A phagocytic cell type that functions within the innate 
immune system as stationary cells in various tissue types for 
the phagocytosis and presentation of invading pathogens.  

Orphan kinase This term refers to a kinase for which binding partners, 
phosphorylation targets, and homologous kinases are 
unknown. Also referred to as an atypical kinase.  

PAMP Pathogen-associated molecular pattern: Macromolecular 
structures associated with pathogens that may be recognized 
by host defense proteins. These may include membrane 
proteins, intracellular proteins, or genetic material.  

Pfeno Plasmodium falciparum enolase: The enolase protein 
expressed from the Plasmodium falciparum genome by 
Plasmodium. Enolase is the penultimate protein in the 
glycolysis pathway and is responsible for 2-
phosphoglycerate into phosphoenolpyruvate. 

PfPK9 Plasmodium falciparum Protein Kinase 9: This protein was 
predicted based on common kinase motifs in the Plasmodium 
genome. It was expressed and activity was found by the 
Haystead lab at Duke University. 

Plasmodium The malaria-causing, apicomplexan protozoan parasite. This 
is a unicellular parasite that can survive in both mosquito and 
human hosts. The two most common human-infecting forms 
of this parasite are P. falciparum and P. vivax. 

Prophylactic A term referring to therapies intended to prevent 
development and transmission of disease rather than treat 
disease symptoms. 

PRR Pattern recognition receptor: Host proteins that recognize 
PAMPs and induce signaling pathways to create an immune 
response such as inflammatory gene upregulation or parasite 
clearance. 

PVM Parasitophorous vacuole membrane: This is the 
membrane produced by parasites upon entry of a host cell. It 
is within this vacuole that parasites may develop and 
replicate before release from the host cell. 
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SAR Structure-Activity Relationship: This describes the 
relationship between the chemical structure of small 
molecule probe or inhibitor and its ability to bind to its target 
binding site. This can be explored and determined by 
chemical modification of various functional groups of a 
molecule and experimentally determining the modifications’ 
effect on target binding. 

Sporozoite The spore-like stage of Plasmodium life cycle upon 
inoculation by a mosquito into the human bloodstream and 
infection of a human hepatocyte. 

T. gondii Toxoplasma gondii: An apicomplexan parasite closely 
related to Plasmodium. The natural host of T. gondii is feline, 
but it can infect many human cell types. 
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Appendix B: Safety 

Safety considerations are based on the following numerical codes: 0 = no known hazard, 1 = slight, 
2 = moderate, 3 = severe, and 4 = extreme. Abbreviations used for personal protective equipment 
(PPE) are: G = goggles, G&S = goggles and face shield, LC = lab coat, LC&A = lab coat and 
apron, and H = vented hood. Abbreviations used for types of gloves are: R = rubber, PVC = 
polyvinyl chloride, BV = butyl viton, Nit = nitrile, Neo = neoprene. For Standard Operating 
Procedure “RD” indicates that it was provided by research director. Citations (author, year) are 
given for other sources of SOP. 
 
Table 1. Chemical Hazards and Mitigations 
Chemical CAS # Health Fire Reactivity Contact PPE SOP 
Triethylamine 121-

44-8 
3 3 0 N/A Nit, 

LC, 
G 

Fisher 
Scientific, 
2009 

DTT 3483-
12-3 

2 0 0 N/A Nit, 
LC, 
G 

Cell 
Signaling 
Technology, 
2008 

EDTA 60-00-
4 

2 1 0 1 G, 
Nit, 
H, 
LC 

Fisher 
Scientific, 
2007 

Sodium 
dodecylbenzenesulfonate 
(SDS) 

25155-
30-0 

2 1 0 1 G&S, 
Nit, 
LC 

Sigma 
Aldrich, 
2017 

 
 
Table 2. Physical Hazards and Mitigations 
Equipment Hazard PPE SOP 
Glassware Cuts Nit, LC RD 
Centrifuge Aerosol production, 

mechanical failure 
Nit, LC RD 

Cryogenic liquids Freezing burns Nit, LC, Insulated 
gloves 

RD 

Vacuum Implosion Nit, LC RD 
Sonicator Hearing damage Nit, LC, noise-

cancelling 
headphones 

RD 

 
 
Table 3. Biological Hazards and Mitigations 
Biological entity Hazard PPE SOP 
Ampicillin-resistant 
E. coli 

Transmission of 
antibiotic resistance 

Nit RD (use of sterile 
field, ethanol) 

 


